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Laminin β2 Chain Regulates Cell Cycle
Dynamics in the Developing Retina
Dmitri Serjanov, Galina Bachay, Dale D. Hunter and William J. Brunken*

Department of Ophthalmology and Visual Sciences, Upstate Medical University, Syracuse, NY, United States

Vertebrate retinal development follows a highly stereotyped pattern, in which the retinal
progenitor cells (RPCs) give rise to all retinal types in a conserved temporal sequence.
Ensuring the proper control over RPC cell cycle exit and re-entry is, therefore, crucially
important for the generation of properly functioning retina. In this study, we demonstrate
that laminins, indispensible ECM components, at the retinal surface, regulate the
mechanisms determining whether RPCs generate proliferative or post-mitotic progeny.
In vivo deletion of laminin β2 in mice resulted in disturbing the RPC cell cycle dynamics, and
premature cell cycle exit. Specifically, the RPC S-phase is shortened, with increased
numbers of cells present in its late stages. This is followed by an accelerated G2-phase,
leading to faster M-phase entry. Finally, the M-phase is extended, with RPCs dwelling
longer in prophase. Addition of exogenous β2-containing laminins to laminin β2-deficient
retinal explants restored the appropriate RPC cell cycle dynamics, as well as S and
M-phase progression, leading to proper cell cycle re-entry. Moreover, we show that
disruption of dystroglycan, a laminin receptor, phenocopies the laminin β2 deletion cell
cycle phenotype. Together, our findings suggest that dystroglycan-mediated ECM
signaling plays a critical role in regulating the RPC cell cycle dynamics, and the
ensuing cell fate decisions.

Keywords: extracellular matrix, laminin, dystroglycan (DG), cell cycle, retinal progenitor cell (RPC), retinal
development

INTRODUCTION

The retina is a highly structured portion of the central nervous system (CNS). During vertebrate
retinal development, retinal progenitor cells (RPCs) give rise to all retinal cell types in a conserved
temporal sequence. With each cell cycle, a subpopulation of RPCs leaves the cells cycle to become
retinal neurons. The first retinal cells to exit the cell cycle are ganglion cells, followed by overlapping
waves of differentiating horizontal cells, amacrine cells, cone photoreceptors, rod photoreceptors,
bipolar cells, and Müller glia (R. W. Young, 1985; Turner and Cepko, 1987; Holt et al., 1988; Turner
et al., 1990). The balance between RPC self-renewal and differentiation is of great importance to
ensure the proper development and organization of the retina and this orderly array of cell fates.

The RPC fate choice is tightly regulated by a number of intrinsic and extrinsic cues. Mitotic
spindle orientation has been strongly linked to cell fate in various systems (Huttner and Kosodo,
2005; Morin and Bellaiche, 2011). We have previously reported that β2-containing laminins
modulate the RPC fate by modulating their mitotic axis (Serjanov et al., 2018). However, mitotic
spindle orientation is not the only factor regulating cell fate decisions. Cell cycle dynamics have
been shown to be of crucial importance in governing the cell fate determination in CNS
progenitors (Calegari, 2003; Calegari, 2005; Baye and Link, 2007a; Baye and Link, 2007b; Pilaz
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et al., 2009). The cell cycle consists of four distinct phases. DNA
duplication occurs during the synthesis phase (S-phase), and
separation of duplicate chromosomes between two daughter
cells occurs in mitosis (M-phase). S and M-phases are separated
by two gap phases—G1 andG2. G1 occurs betweenmitosis and the
succeeding S-phase, while G2 lies between S and M-phases. Earlier
studies noted extended G1 duration of the radial glia (RG)
correlated with the timing of neurogenesis (Calegari, 2003;
Calegari, 2005; Baye and Link, 2007a; Baye and Link, 2007b;
Pilaz et al., 2009), suggesting that cell cycle timing plays a role
in cell fate determination. A later study determined that G1
extension is associated with the restricted intermediate
progenitor cells (IPCs), and that the observed progenitor
population-wide G1 lengthening is associated with the increased
presence of these cells (Arai et al., 2011). Both RG and IPCs that
underwent terminal division displayed shortened S-phase length
with cells presumably spending less time error checking. Extended
mitosis duration has also been observed in conditions associated
with premature progenitor differentiation such as lissencephaly
and microcephaly (Pilaz et al., 2016; Bershteyn et al., 2017).

Various ECM components such as collagens (Koohestani
et al., 2013) and laminins (Domogatskaya et al., 2008), as well
as their receptors (Clements et al., 2017), have been shown to
affect cell proliferation, though the exact mechanisms of these
interactions remain relatively unknown. A link between ECM
rigidity and cell cycle regulators had been noted previously
(Gerard and Goldbeter, 2014). Taken together, all these data
suggest that ECM regulates cell cycle dynamics as well as cell
fate via a combination of molecular signaling and biophysical
interactions with cells. Previous studies demonstrated that
laminins, which are indispensable components of the
basement membrane assembly, play important roles
throughout retinal development. Laminins, heterotrimeric
proteins, containing an α, a β and a γ chain are produced
by the retinal neural epithelium early in development and then
later by Müller cells (Libby et al., 1997). β2-containing
laminins are indispensable for the formation of the inner
limiting membrane (ILM) but are not for other retinal
basement membranes such as vascular and Bruch’s (Pinzón-
Duarte et al., 2010). β2-containing laminins have been shown

to play a role in the development of rod and bipolar cell
production (Hunter et al., 1992; Hunter and Brunken,
1997). Genetic ablation of the laminin β2 subunit results in
a host of retinal developmental abnormalities including:
retinal dysplasia (Pinzón-Duarte et al., 2010); photoreceptor
synapse malformation and instability (Libby et al., 1999;
Hunter et al., 2019); dysgenesis of dopaminergic amacrine
cells (Denés et al., 2007); and vascular development (Biswas
et al., 2017; Biswas et al., 2018).

In particular, β2-containing laminins in the ILM are critical
components for a wide variety of cell-matrix interactions. β2-
containing laminins were identified as substrates for integrin-
mediated astrocyte migration (Gnanaguru et al., 2013) as well
an attachment site for Müller cells thereby providing polarity
cue for the normal distribution of aquaporin channels
(Hirrlinger et al., 2011). Moreover, Lamb2 deletion resulted
in the loss of basal processes from RPCs, producing an IPCs-
like morphology with disruptions in the cytokinesis and a
premature cell cycle exit with a concomitant overproduction of
rods at the expenses of later born cell types (Serjanov et al.,
2018). Because of the critical role ILM laminins play in cellular
processes of cells adherent to it, we investigated the effects of
β2-containing laminins on the RPC cell cycle dynamics.

In this study, we determined the cell cycle dynamics of the
RPCs in postnatal WT mouse retina, and compared them with
those of the Lamb2−/− animals in vivo. Here, we show that
deletion of laminin β2 results in a substantial decrease of the
RPC S and G2-phase lengths, as well as extended M-phase
durations. Ultimately, these changes result in an increased
rate of cell cycle exit. We further analyzed the effects of β2-
containing laminins on RPC cell cycle using the organotypic
retinal culture approach, and showed that addition of
exogenous β2-containing laminin to the retinal surface ex
vivo rescues the cell cycle dynamics. Furthermore, we
identified the laminin receptor dystroglycan (DG) as the
receptor mediating the ECM-RPC signaling responsible for
the observed cell cycle changes. Our data suggest a
mechanism in which ECM contact is of key importance in
regulating RPC cell cycle progression and the ensuing fate
choice.
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METHODS

Antibodies
Phospho-Histone H3 (pSer28) (Sigma-Aldrich, Cat# H9908
RRID:AB_260096), Ki67 (BD Pharmigen, Cat# 550609), α-
Dystroglycan blocking antibody (Ervasti et al., 1990; Ervasti
and Campbell, 1991) Kevin Campbell, HHMI, University of
Iowa, IIH6), β-1 Integrin blocking antibody (BD Biosciences,
Cat# 553715 RRID:AB_395001), IgM Isotype Control from
murine myeloma (Sigma-Aldrich, Cat# M5909 RRID:
AB_1163655), Rat IgG2ak (BD Biosciences, Cat# 559073
RRID:AB_479682).

Chemicals, Peptides, and Recombinant
Proteins
EdU (Life Technologies, Cat# C10337), Hoechst (Invitrogen,
Cat# H3570), Laminin-521 (BioLamina, Cat# LN521-3), and
Donkey Serum (Sigma-Aldrich, Cat# D9663).

Experimental Organisms
C57Bl6/JMice (Jackson Laboratories, Bar HarborME, United States,
RRID:IMSR_JAX:000664), Lamb2−/− Mice (Noakes et al., 1995).

Software
Volocity 3D Image Analysis Software (Perkin Elmer, RRID:
SCR_002668, SCR_002668), Graphpad Prism (Graphpad,
RRID:SCR_002798, SCR_002798).

Experimental Model
Deletion of the Lamb2 gene and production of the Lamb2−/− mice
have been described previously (Noakes et al., 1995). Lamb2−/−

animals have been backcrossed to C57BL/6J over nine generations.
Animals were maintained as heterozygotes. All animal procedures
were performed in accordance with the Institutional Committee
(IACUC) and the Institutional Biosafety Committee.

Immunostaining
The following primary antibodies were used: rat anti-phospho
Histone H3 (1:3,000, Sigma-Aldrich, H9908), mouse anti-Ki67
(1:300, BD Pharmigen, Cat# 550609). The following secondary
antibodies were used: donkey anti-mouse 488 (1:300), donkey
anti-rat 594 (1:500) (Life Technologies). Hoechst (1:100,000,
Invitrogen, H3570) was used to stain cell nuclei. EdU was
detected per vendor’s instructions.

Retinal Preparations
Radial sections were prepared by making an incision in the ora
serrata, fixing the eyes in 4% paraformaldehyde (PFA) for 15 min,
cryoprotected in 20% sucrose, and mounted in O.C.T. embedding
medium. 12 μm sections were collected on microscope slides with
a cryostat. Sections were washed in PBS and then blocked for
30 min at room temperature in 5% donkey serum in PBS with
0.3% Triton X-100. Following washing in PBS, sections were
incubated with primary antibodies overnight at 4°C in 5% donkey

serum in PBS with 0.01% Triton X-100 (25 μl per section).
Following washing in PBS, sections were incubated with
secondary antibodies for 4 h at room temperature. Following
incubation with secondary antibodies, sections were washed and
mounted in Vectashield mounting medium (Vector Laboratories,
H-1000) and imaged. To ensure comparable regions of the retina
were analyzed, all sections used were oriented nasal-temporally
and traversed the optic nerve. For flat-mount retinal
preparations, eyes were enucleated and an incision was made
in the ora serrata. The eye was then fixed in 4% PFA in PBS at 4°C
for 30 min. The cornea and lens were then removed, and the
sclera was peeled off. Four radial cuts were made to flatten the
retina, which was then transferred to a well of a 24-well plate with
PBS. After washing in PBS, retinas were incubated overnight at
4°C in blocking solution (5% donkey serum in PBS with 0.3%
Triton X-100). Next, retinas were incubated with primary
antibodies in 300 μl solution of 5% donkey serum in PBS with
0.01% Triton X-100, at 4°C for 24 h, washed, and incubated with
secondary antibodies in same solution overnight. Following
washing, tissues were mounted in ProLong® Gold Antifade
Reagent (Life Technologies, P36930).

Ex vivo Rescue and Receptor Blocking
Experiments
Organotypic retinal cultures with RPE intact were prepared as
described previously (Serjanov et al., 2018). For rescue studies:
following the medium change after first 24 h in culture, 10 μl
medium containing 50 pMol laminin-521 was placed on the
retinal surface. Medium containing no laminin was used as
negative control. For receptor blocking studies: following the
medium change, 10 μl medium containing 1nMol α-DG blocking
antibody or 500 pMol β1-integrin blocking antibody or both was
placed on the retinal surface. Nonspecific IgM and IgG2ak were
used as isotype controls, respectively. After 3 days in vitro,
cultures were fixed for flat-mounts or cryosections as
described above.

Cumulative S-phase EdU Labeling
In vivo cumulative S-phase labeling was performed by
administering intraperitoneal injections of EdU in sterile saline
at 3 h intervals, up to 33 h, at a dose of 100 mg/kg. Mice were
collected 30 min following the last injection, and retinal
preparations were performed as described above. To ensure
consistent result, and control for possible circadian changes of
cell cycle dynamics, all mine were collected at 11am at P3. Ex vivo
cumulative S-phase labeling was performed by adding medium
containing 2 μMEdU to the top and bottom compartments of the
transwell inserts housing the retinal explants. The explants stayed
in the labeling medium until being collected, for up to 21.5 h,
prior to being collected and analyzed. To ensure consistent result,
and control for possible circadian changes of cell cycle dynamics,
all explants were collected at 11am of 3DIV.

Percentage of Labeled Mitoses Studies
In vivo labeledmitoses studies were performed by administering a
single intraperitoneal injection of EdU in sterile saline at a dose of
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100 mg/kg. Retinas were collected at intervals of 1, 1.5, 2, and
2.5 h following the injection. To ensure consistent result, and
control for possible circadian changes of cell cycle dynamics,
every mouse was collected at 11am at P3. Ex vivo labeled mitoses
studies were performed by adding medium containing 2 μMEdU
to the top and bottom compartments of the transwell inserts
housing the retinal explants. The explants stayed in the labeling
medium until being collected, 1, 1.5, 2, and 2.5 h prior to being
collected and analyzed. To ensure consistent result, and control
for possible circadian changes of cell cycle dynamics, all explants
were collected at 11am of 3DIV.

Analysis of Cell Cycle Parameters
TC and TS calculations were done as follows. Labeling indices
(LIs) for each cumulative label time point (from LI[0.5] to LI[33.5],
reflecting the cumulative time of EdU labeling in hours) were
calculated as a percentage of EdU+ cells within the neuroblastic
layer (NBL) from 12 μm retinal sections. This approach allows for
a quantification of samples of varying size and thickness due to
the data being normalized to the total number of cells within the
NBL rather than the number of EdU+ cells alone. The data points
were then plotted as LI vs time of cumulative label. TC and TS

were calculated as described previously (Nowakowski et al.,
1989), with modification. Briefly, the original method relies on
assumption that LI increased linearly until reaching a plateau, while
our data demonstrate that the saturation curve is clearly non-linear.
A quadratic function was used to describe the LI rise phase instead.
As there appeared to be two plateaus in the in vivo experiments, a
combination of two quadratic functions, or a quartic function, was
identified as the best-fit model. Growth fractions (GFs) were defined
as the average of LI values lying on the plateau. TC-TS points were
determined mathematically by calculating the intercept between
the cumulative labeling curve and the line defining GF.

TG2 and TM were determined as follows. The percentages of
labeled mitoses were calculated from 12 μm retinal cross-sections
of samples collected at 1, 1.5, 2, and 2.5 h after a single EdU
injection, as percentages of PH3+ cells that were also EdU+. The
data were then plotted as percentage of labeled mitoses vs time
after EdU pulse. TG2 was calculated as the intersect of the abscissa
and the line connecting the first two time points, as it reflects the
time when PH3+ cells first start becoming EdU+. TM was
calculated as the time when the line connecting the last two
time points reached 100% label, as it reflects the time when
EdU+PH3+ cells replace EdU-PH3+ cells.

TG1 was calculated by combining the data from the cumulative
S-phase EdU labeling, and labeled mitoses studies, as the former
allows calculation of TC and TS, and the latter allows calculation of
TG2 and TM. The following formula was used: TG1 � TC-TS-TG2-TM.

Experimental Design and Statistical
Analysis
Mice or retinal explants were collected following respective EdU
course. Sex of the animals was not assessed. Retinal sections were
imaged using OptiGrid structured illumination microscopy
(Qioptiq Imaging Solutions, Advanced Imaging Concepts,
Princeton NJ) from peripheral regions of three retinas per

genotype or ex vivo condition per time point, on a Nikon
Eclipse Ni microscope with 40X oil immersion, or 20X air
objectives at room temperature. 60X oil immersion objective
was used to obtain 0.2 μm-step z stacks of retinal flat-mounts
for mitotic staging studies. All measurements were performed
using Volocity (Perkin-Elmer, Waltham, MA, United States).
Labeling indices, percentages of labeled mitoses, and mitosis
staging counts were performed by manually counting cells of
interest in retinal cross-sections. The data points were compared
using Student’s t-test (for two-condition comparison) or
ANOVAs with Bonferroni’s multiple comparisons test (three
or more conditions). Data were represented as mean ± S.E.M.
Line slope comparisons were performed using ANCOVA. All
statistical analyses and graphical representations were performed
using GraphPad Prism 6.0. In figures, significances are
represented as follows: *p ≤ 0.05; **p ≤ 0.01; and ***p ≤ 0.001.
Adobe Illustrator CS3 and Adobe Photoshop CS3 were used for
non-quantitative image editing and arrangement, such as image
rotation and figure composition.

RESULTS

RPC Cell Cycle Dynamics Are Laminin
Dependent
To determine whether RPC cell cycle progression is affected by
the ILM composition, we examined the cell cycle dynamics using
cumulative S-phase labeling with 5-ethynyl-2-deoxyuridine
(EdU). P3 animals received consecutive intraperitoneal EdU
injections at 3-h intervals to sequentially label cells in the
S-phase, with an injection 30 min prior to tissue harvest
(Figure 1A). Number of EdU+ cells within the neuroblastic
layer (NBL) increases with time, until reaching a plateau at
the maximum labeling index (LI), allowing determination of
the growth fraction (GF—proliferating cell population relative
to total cells in the tissue). Studying the increase and saturation of
EdU+ population allows determination of lengths of the cell cycle
(TC) as well as the S-phase (TS) (Figure 1B) (Nowakowski et al.,
1989). LIs for each time point were calculated as percentages of
EdU+ nuclei in the NBL (Figure 1C). Curiously, the saturation
curves for both WT and Lamb2−/− retinas displayed a clear
biphasic shape, with two rise-phases and plateaus, suggesting
distinct waves of cell cycle exit and re-entry (Figure 1D). While
the GFs were not different between the WT and Lamb2−/−, the
LI[0.5] (LI in mice that received a single EdU injection 30 min
prior to tissue harvest) was significantly reduced in the Lamb2−/−

retinas. This suggests that there is a decreased proportion of RPCs
in S-phase at a given time in Lamb2−/− retinas. Calculation of TC

and TS resulted in values of 42.6 and 24.4 h for WT, and 29.3 and
11.5 h for Lamb2−/− retinas, respectively. The calculated WT
values are similar to the ones previously reported (Alexiades
and Cepko, 1996). These data suggest that Lamb2 deletion results
in shortening of the S-phase and the cell cycle in general. It is
noteworthy that a previous study demonstrated S-phase
shortened in RG and IPCs undergoing neurogenic divisions,
compared to proliferative divisions (Arai et al., 2011).
Together, these data are consistent with our previous report
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that Lamb2 deletion results in a shift of multipotent RPCs
towards fate-restricted rod progenitors (Serjanov et al., 2018).

Exogenous Laminin β2 Rescues RPC Cell
Cycle and S-phase Timing
To confirm our findings and to test whether β2-containing
laminins at the ILM directly affect RPC cell cycle dynamics,
we performed cumulative EdU labeling studies ex vivo. Retinal

explants were prepared from P0 eyes, and grown in the top
compartment of transwells, with the retinal pigmented epithelium
(RPE) intact, ganglion cell layer up. After 1 day in vitro (DIV), a
droplet of medium containing recombinant laminin 521 (trimer
containing α-5, β-2, and γ-1 chains) was added to the retinal surface.
In so doing, laminin β2 is introduced into the retina as a functional
trimer. Mediumwithout recombinant laminin was used as a control.
Rescue by exogeneous addition of laminin in vitro has been
previously used to great success (Li et al., 2002; Gnanaguru et al.,

FIGURE 1 | RPC TC and TS are laminin-dependent. (A). Model illustrating the principle of cumulative S-phase labeling. This method relies on continuous EdU
exposure, labeling successive populations of cells entering the S-phase. Red linemarks the distribution of EdU-labeled cells within the cell cycle. (B). Model illustrating the
quantification of the results of cumulative EdU labeling. The proportion of EdU+ cells within the NBL was measured and plotted vs. the time off EdU exposure. A sharp
initial rise in the labeling index reflects entry of unlabeled cells into the S-phase. This is followed by a plateau, which indicates the time when the entire proliferating
population has been labeled. Growth fraction (GF) is measured as the ratio of EdU+ cells to total cell number in the NBL. TC–time of cell cycle. TS–time of the S-phase. (C).
Representative images of cross-sections of P3 retina that had been continuously labeled for 27.5 h. (D). EdU saturation curves resulting from cumulative EdU labeling
experiments in P3 retinas. (E). Representative images of cross-sections of retinal explants that had been continuously labeled for 21.5 h. (F). EdU saturation curves
resulting from cumulative EdU labeling experiments performed on retinal explants. Dotted lines designate the GF at plateaus in the curves. Arrows indicate time when
labeling index reached the plateau (TC-TS).
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2013; Serjanov et al., 2018). Following that, culture medium
containing 2 µM EdU was used to replace half the volume of the
bottom compartment, as well as added to the top compartment at
times ranging from 0.5 to 21.5 h prior to tissue fixation at 3DIV.
Analysis of the resulting saturation curves revealed a decrease in
GF in Lamb2−/− explants compared to the WT. Addition of
laminin 521 to the surface of the Lamb2−/− cultures rescued this
phenotype (Figure 1E). Calculation of TC and TS resulted in values
of 36.5 and 16.0 for WT; 30.1 and 10.3 for Lamb2−/−; and 37.4 and
16.3 h for Lamb2−/− +521, respectively. Together, these data
demonstrate that the presence of β2-containing laminins at the

retinal surface is necessary for proper timing of the cell cycle and
the S-phase.

RPC G2/M Progression Is
Laminin-dependent
To further investigate the effects of β2-containing laminins on RPC
cell cycle dynamics, we examined the timing of G2 and M phases
using the percent of labeled mitoses approach (Quastler and
Sherman, 1959). To examine the G2/M dynamics, P3 mice were
injected with EdU, and retinas were collected at 1, 1.5, 2, and 2.5 h

FIGURE 2 | RPC G2/M progression is laminin-dependent. (A). Model representation of the principles of the percentage of labeled mitosis method. This procedure
relies on a brief EdU exposure of proliferating cells. Tracking the dynamics of mitotic entry of EdU+ cells (red), allows determining the time it takes to go fromS toM-phase.
(B). Model illustrating the quantification of the labeled mitosis experiments. The time of G2 (TG2) is determined as the time needed for EdU+ cells to enter mitosis (become
PH3+). Time of mitosis (TM) is calculated as the time required for EdU+/PH3+ population to replace EdU-/PH3+ population. (C). Representative images of labeled
mitosis experiments performed at P3, and collected 1 h after EdU injection. Dashed line indicates the apical surface of the retina. Arrowheads indicate EdU+/PH3+ cells,
marking RPCs that have gone from S, into M-phase within 1 h. (D). In vivo percentage of labeled mitosis saturation graphs of P3 retinas. Lamb2−/− retinas present faster
rate of M-phase entry and delayed initial mitotic progression, compared to WT. (E). Ex vivo percentage of labeled mitosis saturation graphs of retinal explants. Lamb2−/−

explants present faster rate of M-phase entry and delayed initial mitotic progression, similar to in vivo results. Each data point represents the average of technical and
biological experimental replicates ±SEM. Statistical analysis was performed using Student’s t-test. *—p ≤ 0.05. **—p ≤ 0.01. NS—not significant.
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intervals to assess the EdU saturation of mitotic cells labeled with
anti-phospho-Histone H3Ser28 (PH3) antibodies. (Figure 2A).
Observing the dynamics of EdU saturation of the PH3+
population allowed calculation of lengths of G2 (TG2), as
determined by the time needed for EdU+ cells to become PH3+,
reflecting time needed for cells to go from S to M phases; and M
(TM), as quantified by the time between EdU+ cells becoming PH3+
and all PH3+ cells becoming EdU+, reflecting the time needed for
EdU + cells to replace all EdU- mitotic cells (Figure 2B). Inspection
of PH3+ RPCs revealed an increased number of mitotic EdU +
RPCs 1 hour after EdU injection in Lamb2−/− retinas relative to the
WT (Figure 2C). Analysis of later time points revealed a slower
initial rate of EdU saturation in Lamb2−/− retinas, as determined by
comparing the slopes of the lines connecting the one and 1.5 h time
points, while the later phase was unaffected (Figure 2D). Our WT
EdU+/PH3+ saturation values closely resemble those reported
previously (Pacal and Bremner, 2012). Analysis of the mitotic
EdU saturation dynamics allowed calculation of TG2 and TM,
which were 0.9 and 1.7 h for WT; and 0.6 and 2.1 h for
Lamb2−/−, respectively. These data suggest that Lamb2 deletion
results in accelerated G2 and prolonged M in the RPCs.

Exogenous Laminin β2 Rescues RPC G2
and M Phase Progression
To confirm our findings and to test whether β2-containing
laminins at the ILM directly affect RPC G2/M progression, we

performed the percent of labeled mitosis studies ex vivo. Retinal
explants were prepared as described above, but the EdU-
containing medium was added to the top chamber of the
transwells containing the retinal explants at 1, 1.5, 2, or 2.5 h
prior to tissue collection. Similar to our in vivo findings, Lamb2−/−

cultures displayed accelerated G2 and delayed M progression,
with slower initial EdU+/PH3+ saturation rate as compared to
WT explants. Addition of laminin 521 to the surface of Lamb2−/−

retinal explants rescued G2/M dynamics (Figure 2E). Analysis of
the mitotic EdU saturation revealed TG2 and TM to be 1.0 and
1.8 h for WT; 0.8 and 2.2 h for Lamb2−/−; and 1.0 and 1.7 h for
Lamb2−/− +521 cultures, respectively. Together these data
demonstrate that the presence of β2-containing laminins at
the retinal surface is necessary for proper timing of the G2
and M phases in RPCs.

β2-Containing Laminins Modulates RPC
Cell Cycle Dynamics via Dystroglycan
We have previously reported that Lamb2 deletion results in RPC
basal process retraction, leading to disruption of ECM-RPC
contact and mislocalization of its receptors—DG and intβ1,
and that their proper localization is restored by addition of
laminin 521 ex vivo (Serjanov et al., 2018). Thus, we
proceeded to investigate the role of these receptors in
transducing the signals that regulate the cell cycle progression,
from the ECM to the RPCs. To do so, we performed a series of ex

FIGURE 3 | DG and intB1 regulate RPC cell cycle dynamics. (A). Cumulative S-phase EdU labeling graphs of WT retinal explants with a-DG blocking antibodies.
(B). Cumulative S-phase EdU labeling graphs of WT retinal explants with intβ1 blocking antibodies. (C). Cumulative S-phase EdU labeling graphs of WT retinal explants
with α-DG and intβ1 blocking antibodies. Arrows indicate TC-TS. (D). Labeledmitoses graphs forWT retinal explants with α-DG blocking antibodies. (E). Labeledmitoses
graphs for WT retinal explants with intβ1 blocking antibodies. (F). Labeled mitoses graphs for WT retinal explants with a-DG and intB1 blocking antibodies. Each
data point represents the average of technical and biological experimental replicates ±SEM. Statistical analysis was performed using Student’s t-test. *—p ≤ 0.05.
NS—not significant.
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vivo cumulative EdU labeling experiments. WT retinal cultures
were prepared as described above, with an additional step of
applying either α-DG (IIH6) or intβ1 (9EG7) function-blocking
antibodies to the retinal surface. Blocking α-DG signaling resulted
in reduction of both LI[0.5] as well as the GF, relative to control
antibodies (Figure 3A), and similar to the Lamb2−/− (Figure 1E).
The resulting TC and TS values were 34.6 and 14.3 h for the
control antibody cultures, and 27.2 and 7.5 h for the α-DG
blocking cultures, respectively. Blocking intβ1 signaling did
not affect LI[0.5], but decreased the GF as well as the time
needed to reach the saturation plateau (Figure 3B). The
resulting TC and TS values were 33.0 and 13.1 h for the control
antibody cultures, and 23.9 and 11.3 h for the intβ1 blocking
cultures, respectively. Blocking both receptors resulted in a
curve similar to one obtained from α-DG, without intβ1-block
features (Figure 3C). The resulting TC and TS values were 33.5 and
12.9 h for the control antibody cultures, and 24.8 and 5.0 h for the
compound blocking cultures, respectively. These data suggest that
the shortening of TC and TS observed in Lamb2−/− RPCs are due to
impaired DG-mediated signaling.

To further assess the roles of the laminin receptors in
controlling cell cycle dynamics, we performed a series of
labeled mitoses studies in retinal explants that were treated
with α-DG or intβ1 blocking antibodies. Similar to the mitosis
labeling dynamics observed in Lamb2−/− cultures (Figure 2E), α-
DG blocking resulted in accelerated mitotic entry, and slower
initial progression through mitosis (Figure 3D). Analysis of the
mitotic EdU saturation revealed TG2 and TM to be 1.0 and 2.0 h in
control cultures, and 0.7 and 2.4 h in α-DG block cultures,
respectively. Intβ1 blocking did not have an effect on mitosis
labeling relative to the control (Figure 3E). Analysis of the mitotic
EdU saturation revealed TG2 and TM to be 0.97 and 1.9 h in
control cultures, and 0.95 and 2.0 h in intβ1 blocked cultures,
respectively. Compound block of both α-DG and intβ1 resulted in

accelerated mitotic entry and delayed initial progression, similar
to blocking α-DG alone (Figure 3F). Analysis of the mitotic EdU
saturation revealed TG2 and TM to be 0.9 and 1.8 h for the control
cultures, and 0.6 and 2.3 h for the compound block cultures,
respectively. Together these data demonstrate that DG-mediated
signaling controls cell cycle dynamics in RPCs, independently of
intβ1.

Combining all the data from both in vivo and ex vivo studies,
we were able to calculate the lengths of G1 (TG1) for each
condition by simple arithmetic: TG1 � TC-TS-TG2-TM. The
resulting TG1 values reveal no effect on TG1 in Lamb2−/−, or
α-DG blocked conditions, while showing that it was considerably
decreased in intβ1 blocked conditions. Complete cell cycle
dynamics are summarized in Table 1. Taken together, these
data suggest that β2-containing laminins regulate RPC cell
cycle progression through DG-mediated signaling.

RPC S-phase Progression Is
Laminin-dependent by DG Pathway
Having observed a shortening of the S-phase in Lamb2−/− retinas,
we proceeded to further investigate the effects of β2-containing
laminins on dynamics of the S-phase progression. Eukaryotic
nuclei contain over 104 replication domains (Hand, 1978). In
early S-phase, hundreds of these domains are active and
distributed throughout the nucleoplasm, while only tens are
active in late S-phase (Manders et al., 1992; 1996). This allows
for an easy identification of cells in early vs late stages. Thymidine
analogue labeling of newly synthesized DNA of cells in early
S-phase appears as largely uniform staining, composed of
hundreds of small labeled domains scattered throughout the
nucleoplasm, while late S-phase replicons appear much larger
in size and fewer in number, both in vitro as well as in vivo
(Manders et al., 1992; Manders et al., 1996; Jaunin et al., 1998; Ma
et al., 1998; Yamada et al., 2005). We used this cytological feature
to assess whether Lamb2 deletion affects RPC S-phase
progression in addition to duration. P3 retinas were collected
1 hour after a single EdU injection, and analyzed in cross sections
(Figure 4A). Consistent with the literature, RPC nuclei in early
and late S-phases were easily discernable. EdU labeling of early
S-phase nuclei was largely uniform throughout the nucleoplasm,
while the late S-phase nuclei presented a small number of large
EdU+ puncta (Figure 4B). Additionally, the positioning of the
EdU+ RPCs was consistent with the interkinetic nuclear
migration, where early S-phase cells were located basally, while
the late S-phase cells were located apically (Figure 4A). Analysis
of the EdU labeling revealed a significant increase in late S-phase
RPCs in Lamb2−/− retinas (Figure 4C). These findings suggest
that Lamb2 deletion causes an increase in RPCs residing in late
stages of S-phase.

To test whether the observed increase in late S-phase RPCs is
directly due to the loss of β2-containing laminins at the retinal
surface, we performed ex vivo rescue studies, and analyzed early
to late S-phase ratios. As culture system cannot clear EdU,
medium containing 2 µm EdU was added to the top transwell
compartment 30 min prior to fixation, rather than 1 h, as was
done in vivo, to prevent continuous labeling, which may alter the

TABLE 1 | In vivo and ex vivo RPC cell cycle parameters.

In Vivo

TC TG1 TS TG2 TM GF±SD TC-TS

WT 42.6 15.5 24.4 0.9 1.7 37.9 ± 1.7% 18.2
Lamb2−/− 29.3 15.2 11.5 0.6 2.1 39.6 ± 2.1% 17.9

Ex Vivo

TC TG1 TS TG2 TM GF±SD TC-TS

WT 36.5 17.8 16.0 1.0 1.8 52.6 ± 4.2% 20.6
Lamb2−/− 30.1 16.9 10.3 0.8 2.2 39.3 ± 3.4% 19.9
Lamb2−/− +521 37.4 18.4 16.3 1.0 1.7 48.9 ± 1.8% 21.1

Control IgM 34.6 17.5 14.3 1.0 2.0 48.0 ± 2.8% 20.3
α-DG 27.2 16.8 7.5 0.7 2.4 37.3 ± 6.9% 19.7

Control IgG 33.0 17.1 13.1 0.97 1.9 52.1 ± 4.7% 19.9
IntB1 23.9 9.6 11.3 0.95 2.0 39.9 ± 5.2% 12.6

Control IgM + IgG 33.5 17.8 12.9 0.9 1.8 50.2 ± 2.0% 20.6
α-DG + IntB1 24.8 16.8 5.0 0.6 2.3 38.3 ± 5.7% 19.8

Cell cycle parameters were calculated from the data in Figures 1D,E, 2D,E, 3A–F.
Times shown in hours. TC, time of cell cycle, TG1, time of G1, TS, time of S, TG2, time of
G2, TM, time of M.
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results. Similar to the in vivo results, the percentage of late
S-phase RPCs was significantly increased in Lamb2−/− explants
compared to WT. Addition of laminin 521 rescued this effect and
restored the early-to-late S-phase ratios toWT levels (Figure 4D).
Together, these data demonstrate that β2-containing laminins at
the retinas surface directly affect RPC S-phase progression.

Following these results, we proceeded to investigate
whether DG was responsible for mediating the ECM-RPC
signaling that regulates the S-phase progression, in addition

to duration. As α-DG blocking phenocopies the Lamb2−/− cell
cycle dynamics (Table 1), we hypothesized that it would also
affect the S-phase dynamics in the same way Lamb2 deletion
does. Indeed, blocking α-DG in retinal explants resulted in a
significant increase of late S-phase RPCs (Figure 4E), while
intβ1 blocking had no effect (Figure 4F). Compound blocking
of both receptors resulted in an increase of late S-phase RPCs
as well, though not as pronounced as α-DG block alone
(Figure 4G). Taken together, these data demonstrate the

FIGURE 4 | β2-containing laminins regulate RPC S-phase progression via DG. (A). EdU labeling in P3 retinal cross-sections. Dashed lines delineate the retinal
tissue limits. ILM—inner limiting membrane. (B). High power representative images of RPCs in early (left) and late (right) S-phases. Replicon activity is reflected in pattern
of EdU incorporation. Early S-phase is characterized by high number of active replicons, leading to a uniform EdU incorporation. Late S-phase is characterized by low
number of active replicons, leading to punctate EdU incorporation. (C). Quantification of RPCs in late S-phase relative to RPCs in all stages of S-phase in P3WT and
Lamb2−/− cross-sections. Lamb2−/−RPCs display higher percentage of cells in late S-phase relative toWT. (D). Quantification of RPCs in late S-phase in retinal explants.
Lamb2−/− explants display higher percentage of late S-phase cells, compared to WT. Addition of laminin 521 rescues this effect, restoring normal early/late S-phase
ratios. (E). Quantification of RPCs in late S-phase in WT retinal explants with and without α-DG blocking antibodies. Blocking α-DG signaling results in increased
percentage of late S-phase RPCs. (F). Quantification of RPCs in late S-phase in WT retinal explants with and without intβ1 blocking antibodies. Blocking intβ1 signaling
has no effect on percentage of late S-phase RPCs. (G). Quantification of RPCs in late S-phase in WT retinal explants with and without a combination of α-DG and intβ1
blocking antibodies. Blocking both signaling pathways results in increased percentage of late S-phase RPCs. Each data point represents the average of technical and
biological experimental replicates ± SEM. Statistical analysis was performed using Student’s t-test. *—p ≤ 0.05. **—p ≤ 0.01. NS—not significant.
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RPC S-phase dynamics are laminin-dependent and regulated
by DG.

RPC Mitosis Progression Is
Laminin-dependent and Modulated by DG
Cell fate choice of the RG in the developing cortex is known to be
affected by the length of mitosis as well as its progression
dynamics. Previous study reported that cells dwelling for an

extended period in prometaphase have an increased propensity
to produce postmitotic or apoptotic daughter cells (Pilaz et al.,
2016). We have observed an extended M-phase duration
(Table 1) and an apparent initial delay in mitotic progression
in Lamb2−/− RPCs (Figures 2D,E). We, therefore, proceeded to
investigate whether the M-phase dynamics are affected by β2-
containing laminins. Mitotic RPCs were visualized in retinal flat-
mounts using PH3. Mitosis phases were inferred from the PH3
staining pattern obtained from z-stacks of the retinal apical

FIGURE 5 | β2-containing laminins regulate RPC M-phase progression via DG. (A). Extended focus view of a z stack obtained from the apical surface of a retinal
flat-mount. As PH3 is associated with condensed chromatin, it allows for mitotic staging, based on its staining pattern within the cell. (B). Quantification of RPCs in
various stages of mitosis in WT and Lamb2−/− retinas. Lamb2−/− retinas display higher relative percentages of RPCs in prophase with a concomitant decrease of ones in
prometa/metaphase, compared to WT. (C). Quantification of RPCs in various stages of mitosis in WT and Lamb2−/− retinal explants. Lamb2−/− explants display
higher relative percentages of RPCs in prophase with a concomitant decrease of ones in prometa/metaphase, similar to in vivo results. Addition of laminin 521 to
Lamb2−/− explants rescues normal mitosis stage ratios. (D). Quantification of RPCs in various stages of mitosis in WT retinal explants with and without α-DG blocking
antibodies. Blocking α-DG signaling results in higher relative percentages of RPCs in prophase with a concomitant decrease of ones in prometa/metaphase, relative to
control. (E). Quantification of RPCs in various stages of mitosis inWT retinal explants with and without intB1 blocking antibodies. Blocking intβ1 signaling has no effect on
mitotic stage distribution of RPCs. (F). Quantification of RPCs in various stages of mitosis in WT retinal explants with and without a compound α-DG/intβ1 blockade.
Blocking both signaling pathways results in higher relative percentages of RPCs in prophase with a concomitant decrease of ones in prometa/metaphase, similar to
Lamb2−/− and WT+α-DG block. Each data point represents the average of technical and biological experimental replicates ±SEM. Statistical analysis was performed
using Student’s t-test. *—p ≤ 0.05. **—p ≤ 0.01. ***—p ≤ 0.001. NS—not significant.
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surface (Figure 5A). As Histone H3 phosphorylation is associated
with chromosome condensation and segregation (Rossetto et al.,
2012), PH3 staining provides a useful tool in determining the
mitotic state of the cell. In prophase, when chromosomes begin to
condense, PH3 appears discontinuous and punctate, reflecting
the state of chromatin condensation (Figures 5A–1). In
prometaphase, the chromosomes become fully condensed, and

PH3 labels the chromosomes entirely. The chromosomes then align at
the metaphase plate during metaphase (Figures 5A–2). At anaphase,
the chromosomes segregate towards the opposing mitotic spindle
poles (Figures 5A–3). During late anaphase, Histone H3 becomes
dephosphorylated by PP1 due to chromosome decondensation,
and can be observed in late anaphase/telophase as faint staining
surrounding the chromosomes (not shown). Analysis of the

FIGURE 6 | β2-containing laminins regulate RPC cell cycle re-entry via DG and intβ1. (A). Experimental paradigm for determining the rate of RPC cell cycle reentry.
P3mice were administered a single intraperitoneal EdU injection, and their retinas were collected 24 h later. The resultant retinal cross-sections were then stained for EdU
(proliferating RPCs at P3) and Ki67 (proliferating RPCs at P4) to assess the rate of RPC cell cycle re-entry. (B). Representative images of P4 retinal cross-sections stained
for EdU and Ki67. (C). Quantification of EdU/Ki67 stained retinas. EdU+Ki67 + RPCs (RPCs that have re-entered the cell cycle) were significantly decreased in
Lamb2−/− retinas, compared to WT. (D). Experimental paradigm for determining the rate of RPC cell cycle reentry in retinal explants. Explants were prepared from P0
retinas and grown ganglion cell layer up in transwells. After 24 h, a drop of medium containing either laminin 521, function-blocking antibodies, or control antibodies, was
added to the retinal surface. After 48h, medium containing EdU was added to the top compartment, and the retinas were collected 24 h later. The resultant cross-
sections were then stained for EdU and Ki67. (E). Quantification of EdU/Ki67 stained retinal explants. EdU+Ki67 + RPCs (RPCs that have re-entered the cell cycle) were
significantly decreased in Lamb2−/− explants, compared to WT. Addition of laminin 521 to Lamb2−/− explants restored normal cell cycle re-entry. (F). Blocking α-DG
signaling in WT retinal explants significantly reduced the rate of RPC cell cycle re-entry. (G). Blocking intβ1 signaling in WT retinal explants significantly reduced the rate of
RPC cell cycle re-entry. (H). Blocking both α-DG and intβ1 signaling in WT retinal explants significantly reduced the rate of RPC cell cycle re-entry. Each data point
represents the average of technical and biological experimental replicates ±SEM. Statistical analysis was performed using Student’s t-test. *—p ≤ 0.05. **—p ≤ 0.01.
NS—not significant.
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mitotic RPCs in P3 retinas revealed a significant increase in the
number of cells in prophase with a concomitant significant decrease in
the prometa/metaphase population, in Lamb2−/− retinas. The late-M
populationwas unaffected (Figure 5B). These data are consistent with
EdU/PH3 saturation dynamics, where the initialmitosis progression is
significantly slower, while the late stage is unaffected (Figure 2D).

To confirm that the prophase extension is directly affected by
β2-containing laminins at the retinal surface, we performed ex
vivo rescue studies. Analysis of the flat-mounted retinal explants
revealed a significant increase in prophase and a significant
decrease in prometa/metaphase, without affecting the late-M
populations, in Lamb2−/− cultures. Addition of laminin 521 to
Lamb2−/− retinas restored the normal M-phase dynamics. These
data are consistent with the EdU/PH3 saturation dynamics
described above (Figure 2E). Together these data demonstrate
the direct link between the β2-containing laminins in the ECM
and mitosis dynamics in the RPCs.

To further investigate the molecular mechanisms governing
the regulation of RPC mitosis dynamics, we performed a series of
ex vivo receptor blocking studies to elucidate the roles of laminin
receptors in this pathway. α-DG blocking resulted in a significant
increase in the prophase population, with a concomitant decrease
in prometa/metaphase population. The late-M population was
not affected (Figure 5D). Intβ1 blocking did not change mitosis
dynamics (Figure 5E). Compount α-DG and intβ1 blocking
resulted in a significant increase in the prophase population,
with a concomitant decrease in prometa/metaphase population,
similar to α-DG-only block. The late-M population was not
affected (Figure 5F). These data are in agreement with the
results of EdU/PH3 saturation studies described above
(Figures 3D–F). Together, these data demonstrate that the
M-phase dynamics are laminin-dependent, and mediated by
the DG signaling pathway.

RPC Cell Cycle Re-entry Is Laminin
Dependent
Having observed altered cell cycle dynamics in Lamb2−/− retinas,
we proceeded to investigate whether the observed changes
affected the RPC self-renewal. P3 mice were administered a
single intraperitoneal EdU injection, and the retinas were
collected 24 h later (Figure 6A). Retinal cross-sections were
then stained for EdU and Ki67, to detect RPCs that were
proliferating at P3 and those proliferating at P4, respectively
(Figure 6B). As Ki67 is expressed from late G1 to the end of M
(Pacal and Bremner, 2012), it provides a useful tool for
discriminating between EdU+ cells that have re-entered, or
exited the cell cycle. Analysis of the percentage of EdU+ cells
that were also Ki67+ revealed a significant decrease of the double-
labeled RPC population in Lamb2−/− retinas compared to WT
(Figure 6C).

To confirm that increased RPC cell cycle exit is the direct result
of lack of β2-containing laminins at the retinal surface, we
performed a series of ex vivo rescue studies. Medium
containing 2 µM EdU was added to the top transwell
compartment of 3DIV retinal explants, and the tissues were
collected 24 h later, at 4DIV (Figure 6D). Similar to the in

vivo results, Lamb2−/− explants exhibited a significant decrease
of the EdU+Ki67+ population compared to WT. Addition of
laminin 521 rescued this effect (Figure 6E). Together, these
results demonstrate that RPC cell cycle re-entry is directly
affected by β2-containing laminins at the retinal surface.

DG and intβ1 Modulate RPC Cell Cycle
Re-entry
Having established the role of β2-containing laminins in regulating
RPC cell cycle re-entry and exit, we proceeded to examine the roles
of DG and intβ1 in mediating this effect. Using the ex vivo
approach, we assessed RPC cell cycle re-entry following receptor
blockade. Blocking either α-DG or intβ1 resulted in a significant
decrease of the EdU+/Ki67+ population compared to control
(Figures 6F,G). Combining the two treatments also resulted in
a significant decrease in RPC cell cycle re-entry. These effects did
not appear to be additive, as compound blocking of both receptors
did not result in a significantly greater effect than either receptor
blocking alone (Figure 6H). These data suggest that DG and intβ1
mediated signaling pathways are involved in the regulation of RPC
proliferation in rather complex fashion (see discussion for further
comments).

DISCUSSION

Recent progress in understanding of the ECM functions in
development has greatly expanded our appreciation of the
importance of the complex microenvironment in which
developmental processes take place. While ECM has been
shown to play important roles in multiple processes on
both cellular and tissue levels, its effects on cell cycle
dynamics have remained largely unexplored. Here, we have
identified the molecular signaling mechanism by which β2-
containing laminins regulate RPC cell cycle dynamics and, as a
result, the choice between RPCs producing proliferating or
post-mitotic progeny. We have established that 1) laminin-
dependent signaling is involved in the regulation of the RPC
cell cycle dynamics; 2) DG-mediated signaling is responsible
for mediating the laminin-RPC signaling responsible for
control of the cell cycle dynamics; 3) laminin-DG signaling
is responsible for proper S-phase progression; 4) laminin-DG
signaling is responsible for proper M-phase progression.
Figure 7 presents a schematic summary of these findings.
The role of ECM in modulating RPC cell cycle dynamics
has wide reaching implications not only in the field of
developmental biology, but in pathobiology as well,
shedding light on basic cellular processes.

Laminins Guide Proper RPC Cell Cycle
Dynamics
Numerous studies have noted the existence of a relationship
between the cell cycle dynamics and progenitor cell fate
determination. The initial reports noted that lengthening of
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G1 is associated with increased cortical neurogenesis (Calegari,
2003; Calegari, 2005; Pilaz et al., 2009). Further studies of the
neurogenesis dynamics revealed G1-extension to be specifically
associated with the IPCs, which are biased towards more
neurogenic than proliferative divisions (Arai et al., 2011).
Additionally, both RG and IPCs undergo a notably shorter
S-phase in the cell cycle preceding terminal division (Arai
et al., 2011). More recent studies demonstrated detrimental
effects of prolonged M-phase on progenitor self-renewal (Pilaz
et al., 2016). While changes in cell cycle dynamics during tissue
histogenesis are well known to have profound effects on
differentiation, the underlying mechanisms regulating these
changes remain to be determined. Our current findings
suggest that laminins in the ILM provide essential signaling
cues that regulate RPC cell cycle progression.

The effects of Lamb2 deletion of cell cycle dynamics and rate of
mitotic exit reveal the importance of proper 3D
microenvironment in development and morphogenesis. Our
analysis of the cell cycle in Lamb2−/− provides further insight
into the relationship between cell cycle and neurogenesis in the
retina. Consistent with previous reports, we observed a reduced
S-phase (Arai et al., 2011), and prolonged mitosis durations (Pilaz
et al., 2016), accompanied by increased rate of cell cycle exit in
Lamb2−/− retinas. Prolonged M-phase has been observed in
lissencephaly and microcephaly models (Pilaz et al., 2016;
Bershteyn et al., 2017). These findings are consistent with
studies performed in zebrafish microcephaly models. RPCs of
stil and odf2-deficient zebrafish embryos display prometaphase
progression defects, followed by cell cycle exit or apoptosis
(Novorol et al., 2013). These findings correlate with reports

that both Lamb2-and DG-deficient mice also present cortical
dysplasias (Moore et al., 2002; Satz et al., 2010; Radner et al.,
2012).

Interestingly, our analysis of the prolongedM-phase dynamics
differs from those reported previously. Reduced duration of
prophase, and extended duration of prometa/metaphase has
been observed in RG leaving cell cycle (Pilaz et al., 2016). We,
on the other hand, observed increased numbers of RPCs in
prophase, and reduction of those in prometa/metaphase in
Lamb2−/− retinas. This difference in observations may be due
to methodology. Studies describing prometaphase lengthening
rely on live imaging of cortical slices, where mitosis stages are
inferred from the appearance of the dividing cells. As such, live
imaging in tissue is not reliable in distinguishing between late G2
and prophase. Our method, instead, relies on a molecular marker
(PH3) that reflects the state of chromosome condensation,
allowing for greater precision in determining the exact stage.
Alternatively, it is possible that both observations are correct and
describe differences in M-phase progression between different
conditions and tissues. Accelerated G2, followed by prolonged
prophase had been previously described in models with aberrant
Cyclin A/CDK2 activity, and was proposed to be related to
premature condensation of incompletely replicated DNA
(Furuno et al., 1999). This raises the possibility that the overall
length of mitosis, rather than that of its specific phases, is
important in regulating cell fate. It has recently been proposed
that cells with prolonged M-phase are deemed as “problematic”
and removed from the cell cycle (Pilaz et al., 2016). Interestingly,
altered prophase/prometaphase/metaphase dynamics have also
been noted in cancer (Therman et al., 1984), suggesting that

FIGURE 7 | β2-containing laminins govern RPC proliferation by modulating the cell cycle dynamics via DG. Contact between RPCs and the ILM is maintained
throughout the cell cycle via a variety of receptors. The signaling cascades modulated by these receptors play important roles in controlling the cell cycle dynamics and
the ensuing cell fate. (A). DG mediates the signaling between RPCs and β2-containing laminins in the ILM. Cells progress through cell cycle and proceed to divide in a
self-renewing fashion, maintaining proper progenitor pool, or exit the cell cycle to produce retinal neurons. (B). Loss of laminin β2 leads to disrupted ILM, which fails
to provide proper binding sites to DG. This leads to mislocalization of the receptor and alters its molecular signaling pathways. As a result, RPC cell cycle dynamics are
altered, and the resulting mitoses lead to premature cell cycle exit with overproduction of rods and premature progenitor pool depletion.
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proper M-phase progression plays a role not only in
development, but pathogenesis as well. Taken together with
our current observations, all these findings suggest that
prolonged mitosis is a common feature of limited progenitor
self-renewal throughout the CNS both in development and
pathology, and underlines the importance of DG-mediated
ECM signaling in development.

Distinct Roles of DG and intβ1 Signaling in
Cell Cycle Regulation
We have previously reported that disruption of both DG and
intβ1 signaling decreased RPC proliferation in a non-additive
fashion (Serjanov et al., 2018). Consistent with those
observations, our current study found that blocking α-DG
or intβ1 in WT retinal explants decreased the progenitor pool
and increased the rate of cell cycle exit, with the effects not
appearing to be additive. Moreover, analysis of the cell cycle
revealed completely different effects of either condition on its
dynamics. While DG blocking results in shortening of S and
G2-phases, with an extension of M, intβ1 blocking only
shortened G1. Combination of both treatments mimics the
cell cycle dynamics of DG block without any of the effects of
intβ1 blockade. This suggests that the two receptors have
distinct signaling pathways in regulation of the cell cycle,
with DG being the main transducer of ECM-RPC signaling.
This idea is corroborated by the fact that cell cycle dynamics of
DG block phenocopy those of Lamb2−/− retinas, while intβ1
blocking does not.

Interestingly, while intβ1 blocking causes shortening of the
G1-phase, there is still a significant increase in the rate of cell
cycle exit. Previous studies noted that forced reduction of G1-
phase duration by overexpression of cyclins D1 and E1
promoted cell cycle re-entry and reduced differentiation in
the developing cortex (Pilaz et al., 2009). Our data suggest that
the relationship between cell cycle dynamics and the ensuing
cell cycle exit or re-entry decision is more complex than a
straightforward length-dictates-fate scenario, and may be
context-dependent. An alternative explanation could be that
intβ1 blockade causes G1 arrest in a subpopulation of RPCs. As
cumulative S-phase labeling method relies on cells
continuously entering the S-phase, G1 arrest would prevent
this from happening, thus making this population inaccessible
to EdU label. This, however, is unlikely as LI[0.5], which
describes the ratio of cells in S-phase at any given time, is
unaffected by intβ1 blockade, suggesting no defect in G1-S
transition. Further investigation into the interplay between
DG and intβ1, and their molecular signaling pathways in cell
cycle regulation is required to shed more light on these
processes.

It should be noted that there is a similarity between our
observations of laminin-DG dependent regulation of the
mitotic spindle (Serjanov et al., 2018) and the data presented
here. Our observations of disrupted S-phase dynamics in DG-
blocked retinal explants may in part explain the alterations in the
behavior of the RPC centrosomes as centrosomal replication also
occurs during the S-phase and disruptions of one have an effect

on the other (Stearns, 2001; Sluder and Nordberg, 2004; Sluder,
2005; Kuriyama et al., 2007; Acilan and Saunders, 2008).
Interestingly, in both cases ECM-intβ1 mediated signaling has a
distinctly different effect on RPC proliferation and maintenance
than does DG-mediated signaling. Also, in both cases of regulation
of the mitotic spindle orientation as well as of the cell cycle, DG-
mediated signaling appears to be the dominant pathway, as
demonstrated by DG-block phenotype in DG+intβ1 retinal
cultures. A similar dichotomy was seen between integrin and
DG signaling in early embryonic development (Li et al., 2002).

Implication of Laminin-DG Signaling in RPC
Chromatin State Regulation
Shorter S-phase has been suggested to mean that differentiating
cells spend less time error checking than in cells that need to
produce more progenitors to ensure fidelity of the passed genetic
material (Arai et al., 2011). Though this interpretation is logically
sound, there may be deeper implications of this observation.
Lamb2 deletion, as well as blocking of α-DG, resulted in shorter
S-phase, with a higher ratio of late vs early S-phase RPCs. The
number and location of replicons differ between early and late
S-phase (Manders et al., 1992; Manders et al., 1996), and reflect
the higher order chromosome organization. During early
S-phase, euchromatic regions are replicated, while the stable
heterochromatin is replicated later (O’Keefe et al., 1992).
Increased numbers of late S-phase RPCs in Lamb2−/− mice
suggest higher heterochromatin content. This is consistent
with an increase in rate of differentiation, as stem cells have
largely euchromatic genomes, that becomemore transcriptionally
restricted and condensed as they differentiate (Efroni et al., 2008;
Cremer and Cremer, 2010; R. A.; Young, 2011). Whether
chromatin condensation is the direct result of ECM-mediated
signaling, or is secondary to disrupted proliferative cues remains
to be determined. In either case, the role of ECM in regulating
chromatin state as it pertains to neurogenesis offers a very
interesting avenue of studies. Our data presented here suggest
that laminins in the ILM regulate the chromatin state of the RPCs,
which could in turn, affect the expression of multiple genes. As
the role of the ECM composition in regulation of gene expression
has been well established (Bissell et al., 1982; Maniotis et al., 1997;
Kheradmand et al., 1998; Engler et al., 2006; Le Beyec et al., 2007),
it is possible that deletion of Lamb2 results in altered expression
of signaling molecules that regulate the cell cycle progression and
re-entry. The affected genes may include cell cycle regulators,
various cytokines, and other ECM molecules that influence the
stiffness of the ILM, which would affect the RPC cytoskeleton
tension forces, as well as alter the biomolecular signaling
properties of the surrounding ECM. Future studies would shed
light on this phenomenon.
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Roles of Eph-Ephrin Signaling in the
Eye Lens Cataractogenesis,
Biomechanics, and Homeostasis
Subashree Murugan and Catherine Cheng*

Indiana University, School of Optometry and Vision Science Program, Bloomington, IN, United States

The eye lens is responsible for fine focusing of light onto the retina, and its function relies on
tissue transparency and biomechanical properties. Recent studies have demonstrated the
importance of Eph-ephrin signaling for the maintenance of life-long lens homeostasis. The
binding of Eph receptor tyrosine kinases to ephrin ligands leads to a bidirectional signaling
pathway that controls many cellular processes. In particular, dysfunction of the receptor
EphA2 or the ligand ephrin-A5 lead to a variety of congenital and age-related cataracts,
defined as any opacity in the lens, in human patients. In addition, a wealth of animal studies
reveal the unique and overlapping functions of EphA2 and ephrin-A5 in lens cell shape, cell
organization and patterning, and overall tissue optical and biomechanical properties.
Significant differences in lens phenotypes of mouse models with disrupted EphA2 or
ephrin-A5 signaling indicate that genetic modifiers likely affect cataract phenotypes and
progression, suggesting a possible reason for the variability of human cataracts due to
Eph-ephrin dysfunction. This review summarizes the roles of EphA2 and ephrin-A5 in the
lens and suggests future avenues of study.

Keywords: EphA2, ephrin-A5, fiber cell, epithelial cell, suture

INTRODUCTION

Eph-ephrin signaling plays an important role in development, homeostasis, and disease in humans
(Henkemeyer et al., 1994; Holmberg et al., 2000; Clevers and Batlle, 2006; Zhao et al., 2006) and other
organisms (Park et al., 2004; Picco et al., 2007; Lisabeth et al., 2013). This signaling pathway can act
bidirectionally to initiate canonical signaling through kinase activity if receptor-ligand interaction
occurs in trans on neighboring cells or can bring about non-canonical signaling if the receptors or
ligands signal in cis within a single cell (Liang et al., 2019). Several organ systems and diseases
influenced by this canonical or non-canonical pathway have been reviewed in detail previously
(O’Leary and Wilkinson, 1999; Pasquale, 2004; Himanen et al., 2007; Pasquale, 2008, 2010; Lisabeth
et al., 2013; Barquilla and Pasquale, 2015; Kania and Klein, 2016; Darling and Lamb, 2019; Defourny,
2019; Kaczmarek et al., 2021). Recently, disruption of Eph-ephrin signaling in human patients has
been associated with congenital and age-related cataracts, defined as any opacity in the transparent
eye lens (Shiels et al., 2008; Jun et al., 2009; Zhang et al., 2009; Kaul et al., 2010; Tan et al., 2011;
Sundaresan et al., 2012; Dave et al., 2013; Patel et al., 2017; Berry et al., 2018; Zhai et al., 2019). Mouse
models are now being used to understand the mechanism of cataractogenesis (Cooper et al., 2008;
Jun et al., 2009; Cheng and Gong, 2011; Shi et al., 2012; Cheng et al., 2013; Son et al., 2013; Biswas
et al., 2016; Cheng et al., 2017; Cheng et al., 2021; Zhou et al., 2021; Cheng et al., 2022). In this review,
we highlight the different functions of Eph-ephrin signaling in the lens, describe how genetic
background influences cataract phenotypes, as well as provide some insights into future directions
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and potential therapeutic strategies that can be tested to
understand the pathogenesis of age-related cataracts.

Eph-ephrin Bidirectional Signaling
Erythropoietin-producing hepatocellular carcinoma (Eph)
receptors are transmembrane proteins that make up a large
subfamily of receptor tyrosine kinases (RTK) (Pasquale, 2010;
Pitulescu and Adams, 2010; Darling and Lamb, 2019). Eph
receptors interact with cell surface-bound ligands, known as
Eph receptor-interacting proteins (ephrins), to mediate many
important cellular functions, including cell proliferation (Zhang
et al., 2001), migration (Davy and Robbins, 2000), adhesion
(Davy et al., 1999; Davy and Robbins, 2000), and repulsion
(Holmberg et al., 2000). Human Eph receptors are divided
into two subclasses, EphAs (nine members; A1-8, A10) and
EphBs (five members; B1-4, B6), based on their sequence
similarity and ligand affinity (Pasquale, 2004; 2005; Himanen
et al., 2007; Noberini et al., 2012; Lisabeth et al., 2013; Darling and
Lamb, 2019). The extracellular region of Eph receptors consists of
an ephrin-binding domain, a cysteine-rich EGF-like motif, and 2
fibronectin repeats (type III). The intracellular region of Eph
receptors is made up of a tyrosine kinase domain, sterile alpha
motif (SAM), and a PDZ-binding motif; the extracellular and
intracellular domains are connected through a transmembrane
section (Figure 1A) (Davis et al., 2008; Darling and Lamb, 2019).

The ligands are categorized into two groups based on their
structural differences. Ephrin-As (five members; A1-5) are
anchored via a glycosylphosphatidylinositol (GPI) moiety to
the membrane, while ephrin-Bs (three members; B1-3)
traverse the cell membrane and have a short cytoplasmic
extension (Figure 1A) (Kullander and Klein, 2002; Pasquale,
2004, 2005; Darling and Lamb, 2019).

Due to the membrane-bound nature of these receptors and
ligands, cell-cell contact and binding between Ephs and ephrins
are required to initiate intracellular signals for canonical ligand-
mediated signaling, in which dimerization of the Eph receptors is
regulated by the clustering of ligand complexes (Poliakov et al.,
2004; Liang et al., 2019). Interactions between Eph receptors and
ephrin ligands influence several physiological processes during
development and aging, like axon guidance (Pasquale et al., 1992;
Henkemeyer et al., 1994), tissue patterning (Xu et al., 1995),
angiogenesis in developing embryos (Wang et al., 1998), bone
homeostasis (Zhao et al., 2006), insulin production
(Konstantinova et al., 2007), immune surveillance (Luo et al.,
2011; Darling and Lamb, 2019), retinal cell patterning (Frisen
et al., 1998; Marler et al., 2008), cochlear development (Defourny,
2019), actin cytoskeleton regulation (Carter et al., 2002; Yang
et al., 2006; Cheng et al., 2013), cellular adhesion through
intercellular junctions (Jorgensen et al., 2009), and cell
migration (Matsuoka et al., 2005; Pasquale, 2008). EphA and

FIGURE 1 | Eph-ephrin bidirectional signaling. (A) Transmembrane Eph receptor tyrosine kinases consist of a ligand binding domain (purple semi-circle), cysteine-
rich EGF-like motif (yellow rectangle), and fibronectin type III repeats (green rectangle) in the extracellular region and have a tyrosine kinase domain (blue oval), SAM
domain (red triangle), and a PDZ-binding motif (green hexagon) intracellularly. The extracellular and intracellular domains are linked by a transmembrane domain. Eph
receptors are divided into two classes, EphAs, and EphBs, and bind to membrane-bound ligands called ephrins. Ephrin-As are membrane-anchored via a
glycosylphosphatidylinositol (GPI) moiety, and ephrin-Bs have a transmembrane domain with a short cytoplasmic extension containing a PDZ-binding motif (orange
hexagon) for autophosphorylation. (B)Binding of Ephs to ephrins leads to bidirectional signaling with forward signaling in the Eph-bearing cell and reverse signaling in the
ephrin-bearing cell through phosphorylation of tyrosine residues. Downstream activation of various kinases and pathways has been reviewed in detail previously
(Pasquale, 2008). Illustration not drawn to scale and created with the aid of BioRender.com.
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EphB receptors mainly interact and bind to ephrin-As and
ephrin-Bs, respectively (Takemoto et al., 2002; Himanen et al.,
2004), and each receptor can interact with multiple ligands, and
vice versa (Gale et al., 1996). Cross interactions between EphAs
and ephrin-Bs or EphBs and ephrin-As can also occur, though
those interactions are relatively less common (Gale et al., 1996;
Kullander and Klein, 2002). Upon receptor-ligand binding, the
signaling pathway acts bidirectionally to initiate forward
signaling through receptor kinase activity and reverse signaling
in the ligand-bearing cell (Liang et al., 2019). Forward signaling in
Ephs involves phosphorylation of tyrosines in a juxtamembrane
location located N-terminal to the tryosine kinase domain and
within the activation loop of the tyrosine kinase domain (Wiesner
et al., 2006; Fang et al., 2008; Balasubramaniam et al., 2011; Taylor
et al., 2017; Liang et al., 2019). Reverse signaling in ephrin-As
usually requires recruitment of other kinases to the cell
membrane (e.g. Fyn, a member of the Src kinase family), and
activation of ephrin-Bs occurs through the phosphorylation of
the tyrosinses in the cytoplasmic tail by Src family kinases
(Pasquale, 2008; Lisabeth et al., 2013; Taylor et al., 2017; Wu
et al., 2019). Although ephrin-As do not have a cytoplasmic tail,
they can still activate intracellular signals, in cis, within the cell
and in trans, on neighboring cells (Lisabeth et al., 2013). Non-
canonical signaling that is independent of ligand or receptor
binding can also occur. Ephrin-independent non-canonical
EphA2 signaling is a hallmark of cancers where the receptor is
upregulated, accompanied by low expression of ephrin-As or
dysfunction of forward signaling in ephrin-A-bearing cells
(Gopal et al., 2011; Stahl et al., 2011; Lisabeth et al., 2013).
Non-canonical ligand-independent EphA2 signaling depends
on phosphorylation of S897 in linker segment connecting the
tyrosine kinase and SAMdomains by Akt, Rsk, or PKA, leading to
increased cell invasion (Miao et al., 2009; Zhou et al., 2015;
Barquilla et al., 2016). The ephrin-B1 ligand can induce a cellular
response by transducing signals independently, without being
activated by any Eph receptors, through phosphorylation by
fibroblast growth factor receptors (FGFR) (Lee et al., 2009).

Eph-ephrin signaling initates widespread signal cascades
during development, growth, and disease in various tissues
and organ systems through cell-cell interactions. These
signaling pathways have been reviewed in detail previously
(Pasquale, 2008), and we provide a brief overview here
(Figure 1B). Crosstalk between integrins and Eph-ephrin
signaling results in cell-cell adhesion (Davy and Robbins,
2000; Gu and Park, 2001). These two pathways meet at the
level of cytoplasmic kinases including PI3K, MAPK or small
GTPases, such as Rho, Rac or Ras (Figure 1B) (Arvanitis and
Davy, 2008). E-cadherin can play a direct role by inhibiting
phosphorylation of EphA2 leading to cell adhesion or have an
indirect function by stabilizing cell-cell contacts to promote
interactions between ephrins and Ephs, including EphB/
ephrin-B binding, to promote adherens junction formation
(Zantek et al., 1999; Ireton and Chen, 2005; Noren and
Pasquale, 2007). Downstream effectors of Eph-ephrin
signaling, like Rac/Rho GTPases, are responsible for the
cytoskeletal organization and cell-cell interactions involving
cell shape, adhesion, and migration (Lisabeth et al., 2013).

PI3K-Akt/PKB and Ras/MAPK signaling have been reported
to be influenced by EphA2 during cell migration and cell
proliferation, respectively (Jiang et al., 2015; Liang et al.,
2019). Gap junctions and connexins are involved in embryo
patterning and organogenesis, and gap junction
communication can be inhibited by the Eph-ephrin signaling
(Mellitzer et al., 1999; Arvanitis and Davy, 2008). Claudins
interact with EphA2 or ephrin-B1 to control
intercellular permeabilization and cell adhesion (Arvanitis and
Davy, 2008).

Eye Lens Pathology and Eph-ephrin
Signaling in Human Lenses
The eye has two main refractive tissues, the cornea and the lens.
Although the cornea contributes 2/3 of the focusing power of the
eye, the lens is responsible for the fine focusing component of
vision. The lens is a transparent, ellipsoid organ in the anterior
chamber that changes shape to focus light from objects that are
far or near (Lovicu and Robinson, 2004). During
accommodation, the lens becomes more convex to focus light
from near objects clearly onto the retina (Figure 2A). With age,
the lens loses its accommodative function, resulting in presbyopia
and the need for reading glasses (Lovicu and Robinson, 2004;
Michael and Bron, 2011). The increasing stiffness of the aging
lens has been postulated to be a cause for presbyopia (Heys et al.,
2004; Heys et al., 2007; Weeber et al., 2007). In addition to its
biomechanical properties, the transparency of the lens is essential
to its function. Cataracts are the leading cause of blindness
worldwide (World Health Organization, 2019). There are
several risk factors associated with cataract formation, such as
exposure to UV radiation, the effects of reactive oxygen species,
nutritional deficits, and the influence of genetic mutations (Shiels
and Hejtmancik, 2017; Sella and Afshari, 2019; Uwineza et al.,
2019). However, little is known about the cellular and molecular
mechanisms for age-related cataracts. Currently, surgery is the
only option to remove cataracts, and there are no treatments to
prevent or delay cataracts.

Recent reports have linked dysfunction of Eph-ephrin
signaling to congenital and age-related cataracts in human
patients. Mutations in the EPHA2 gene can cause a variety of
congenital (Zhang et al., 2009; Kaul et al., 2010; Park et al.,
2012; Dave et al., 2013; Li et al., 2016; Berry et al., 2018; Zhai
et al., 2019) and age-related (Jun et al., 2009; Tan et al., 2011;
Sundaresan et al., 2012; Lin et al., 2014) cataracts (Table 1).
Non-synonymous single nucleotide polymorphisms (nsSNPs)
in the EFNA5 gene, which encodes the ephrin-A5 protein,
have also been reported to cause age-related cataracts in
humans (Table 1) (Lin et al., 2014). nsSNPs are missense
or nonsense mutations resulting from the substitution of a
single nucleotide leading to one amino acid change in a
protein sequence that could potentially, but not necessarily,
affect the protein structure, folding, interactions, and/or
functions (Yates and Sternberg, 2013; Zaharan et al., 2018).
In addition to nsSNPs in the coding region of genes, there are
also non-coding SNP. SNP rs6603883, which is in the
promoter region of EPHA2 within the PAX2-binding motif,
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has been reported to affect EphA2 protein levels. This
downregulation of EphA2 levels alters the downstream
MAPK/AKT pathway and affects other extracellular matrix
(ECM) and cytoskeletal genes to cause cataracts (Ma et al.,
2017). Studies of EPHA2 and EFNA5 mutations have been
carried out in diverse populations, including American,
Indian, Pakistani, Chinese, British, and Australian families
(Shiels et al., 2008; Zhang et al., 2009; Sundaresan et al., 2012).
The most common EPHA2 mutations occur in the tyrosine
kinase domain, which affects adherens junctions (Jun et al.,
2009; Kaul et al., 2010; Patel et al., 2017; Zhai et al., 2019), or in

the SAM domain, which results in structural disruption of the
EphA2 receptor (Shiels et al., 2008; Zhang et al., 2009; Dave
et al., 2013; Shentu et al., 2013). Several nsSNPs in EPHA2
affect the stability and translational regulation of the protein
(Lin et al., 2014; Li et al., 2016; Li et al., 2021) and have been
associated with congenital and age-related cataracts in
humans (Jun et al., 2009; Kaul et al., 2010; Dave et al.,
2013; Zhai et al., 2019; Li et al., 2021). The mechanisms for
cataractogenesis in human patients with these mutations
remain unclear and require further study. Hence, several
groups are working on knockout or mutant mouse models

FIGURE 2 | Lens accommodation and anatomy. (A) The lens changes shape to fine focus light coming from sources at various distances onto the retina. When
viewing objects that are far away, the lens is unaccommodated and relatively flat (left). During accommodation, the lens becomes more spherical to focus near objects
(right). Adapted from an open-source Pearson Scott Foster illustration (not drawn to scale). (B) An illustration (not drawn to scale) depicting a longitudinal (anterior-
posterior) section of the lens with a monolayer of epithelial cells on the anterior hemisphere (colored cells) and a bulk mass of elongated lens fibers (white cells). Lens
fibers extend from the anterior to posterior poles. The lens capsule, a thin basement membrane, encapsulates the entire tissue. Anterior epithelial cells (blue) are
cobblestone in shape and quiescent. These cells normally do not proliferate. Equatorial epithelial cells (orange) in the germinative zone proliferate, migrate and
differentiate into new layers of lens fibers. During migration and differentiation, equatorial epithelial cells transform from randomly organized cells (orange) into highly
organized hexagonal cells arranged into neat rows (green). Lifelong lens growth depends on the addition of new fiber cells in concentric shells at the periphery of the lens.
Lens fibers retain the organized hexagonal rows as seen in the cross-section view. Newly formed fibers elongate toward the anterior and posterior poles, migrating along
the apical surface of epithelial cells or the posterior capsule, respectively. Fully elongated fibers at the anterior and posterior poles will detach from the epithelial cells or
lens capsule and contact the elongating fiber from the opposing sides forming the Y-suture. Fiber cell maturation eliminates light-scattering cell organelles in the inner
fiber cells, and the lens nucleus, or the central core of the tissue, is composed of tightly compacted fiber cells in the middle of the lens (purple). Modified from (Cheng et al.,
2019).

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 8522364

Murugan and Cheng Eph-ephrin Signaling in Lens

24

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


TABLE 1 | EPHA2 and EFNA5 cataract-causing mutations in humans.

EPHA2 mutation (location) Population Phenotype Potential cause References

Juxtamembrane domain mutation
(p.Pro548Leu); SAM domain variants
(p.Asp942fs + Cys71); (p.Ala959Thr)

South-Eastern
Australians - AD

Nuclear, total, subcapsular,
and cortical congenital cataract

Affected phosphorylation profile of tyrosine
residues

Dave et al.
(2013)

Mutation in the tyrosine kinase domain
(p.Gly668Asp)

Han Chinese family - AD Congenital posterior sub-
capsular cataract

Destabilization of EphA2, change in amino
acid polarity, change in subcellular
localization

Zhai et al.
(2019)

Kinase domain mutation (p.Gln669His) Saudi Arabian family
- AD

Nuclear, posterior subcapsular
infantile cataract

Not known Patel et al.
(2017)

Kinase domain mutation (p.Ala785Thr) Pakistani family - AR Autosomal recessive
congenital cataracts

Deleterious effect on the protein structure,
effect on adherens junction

Kaul et al.
(2010)

SAM domain mutation (p.Arg890Cys) Chinese family - AD Progressive congenital
posterior sub-capsular cataract

Structural alteration of EphA2 protein Shentu et al.
(2013)

SAM domain mutations (p.Thr940Ile);
(p.Val972GlyfsX39); (c.2826-9G>A)

Chinese, British, and
Australian families - AD

Congenital posterior polar
cataract

Defective oligomerization interface, Loss of
function due to binding with Low molecular
weight protein tyrosine phosphatase
(LMW-PTP)

Zhang et al.
(2009)

SAM domain mutation (p.Gly948Trp) American family - AD Congenital posterior
subcapsular cataract

EphA2 receptor dysfunction Shiels et al.
(2008)

Synonymous mutation (p.Lys935); Non-
synonymous mutation (p.Glu934Lys)

Han Chinese - Sporadic Sporadic congenital cataracts
(total/cortical cataract)

Not known Li et al. (2016)

Recurrent splice-site mutation c.2826-9G>A
in EPHA2 gene

British family - AD Congenital posterior nuclear
cataracts

Not known Berry et al.
(2018)

Intergenic variant (rs477558 G>A) and
regulatory region variant (rs7548209 G>C)

Han Chinese Age-related cortical cataracts Not known Tan et al. (2011)

Intergenic variant (rs477558 G>A) and
regulatory region variant (rs7548209 G>C),
Intron variant (rs3768293 G>A,C,T)

Han Chinese Age-related cataracts Not known (Huang et al.,
2019)

Non-synonymous SNP (rs137853199 C>A) Han Chinese Age-related cortical cataracts Altered protein stability and degradation,
and cell mobility

Li et al. (2021)

Non-synonymous SNPs (rs2291806 C>T) SNP database Age-related cataracts Not known (Masoodi et al.,
2012)

3′ EphA2 SNP (rs7543472 C>T) Indians Age-related posterior sub-
capsular cataracts

Not known Sundaresan
et al. (2012)

3′ EphA2 SNP (rs7543472 C>T) Indians Age-related cataracts (nuclear,
cortical, posterior-sub-
capsular and mixed cataract)

Not known (Aslam et al.,
2020)

Tyrosine kinase domain mutation
(c.Arg721Gln); Regulatory region mutation
(rs7548209 G>C); Synonymous mutation
(rs6678616 C>G/T)

Caucasians Age-related cortical cataracts Impaired adherens junction and cellular
stress

Jun et al. (2009)

Synonymous polymorphism rs3754334 Meta-analysis (Indian,
Chinese and American
populations)

Age-related cataracts Changes in the EPHA2 protein
configuration

(Yang et al.,
2013)

Functional non-coding SNP rs6603883 in the
promoter region

Americans (Cystinosis
samples)

Age-related cataracts Alterations in the MAPK/ AKT signaling
pathways, extracellular matrix and
cytoskeletal genes

Ma et al. (2017)

EFNA5 mutation (Location) Population Phenotype Potential cause References

Non-Synonymous SNPs (c.668C>T –

p.Ala223Val), (c.-27C>G), Synonymous SNP
(c.102C>T)

Chinese Age-related cataracts Affect translational and post-translational
regulation

Lin et al. (2014)

AD, Autosomal dominant; AR, autosomal recessive; SNPs, Single nucleotide polymorphisms; SAM, Sterile-alpha motif.
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to dissect the roles of Eph-ephrin signaling in cataractogenesis
and lens homeostasis.

Roles of Ephrin-A5 in Maintaining Anterior
Epithelial Cells and Fiber Cells
The lens, derived from the surface ectoderm (McAvoy, 1978a;
McAvoy, 1978b), is an ellipsoidal mass of cells composed of a
monolayer of epithelial cells covering the anterior hemisphere
and many layers of concentrically organized fiber cells extending
from the anterior to posterior poles (Figure 2B) (Lovicu and
Robinson, 2004). The entire lens is encapsulated by a basement
membrane, known as the lens capsule (Lovicu and Robinson,
2004). The anterior epithelial cells are normally mitotically
inactive while epithelial cells in the germinative zone of the
equatorial region undergo continuous proliferation, migration,
differentiation, and elongation to form new generations of lens
fiber cells (Figure 2B) (Piatigorsky, 1981; Kuszak et al., 2004a;

Kuszak et al., 2006). Direct immunofluorescence studies showed
that the ephrin-A5 protein is detected in anterior epithelial cells,
anterior tips of fiber cells and peripheral equatorial fibers in
mouse lenses (Figure 3A) (Cheng and Gong, 2011; Cheng et al.,
2017; Zhou and Shiels, 2018). Indirect immunofluorescence,
using EphA5–alkaline phosphatase affinity probe for ephrin
ligand detection, showed a similar epithelial and peripheral
fiber staining pattern for ephrin-A5 in the lens (Son et al., 2013).

The lens phenotype for ephrin-A5 knockout (−/− or KO) mice
varies greatly depending on genetic background (Table 2)
(Cooper et al., 2008; Cheng and Gong, 2011; Son et al., 2013;
Biswas et al., 2016; Cheng et al., 2017). Ephrin-A5−/− mice in a
mixed genetic (129/Sv:C57BL/6) background have severe and
nearly whole cataracts at 6 months of age with posterior
capsule rupture, and lenses from younger mice have many
cellular abnormalities, including vacuoles and alterations in
the fiber cell shape, size, organization, and packing (Cooper
et al., 2008; Son et al., 2013; Biswas et al., 2016; Zhou and

FIGURE 3 | EphA2 and ephrin-A5 in mouse lenses. (A) EphA2 (green) is mainly expressed in equatorial epithelial cells and lens fiber cells, while ephrin-A5 (red) is
mainly present in anterior epithelial cells with some expression in peripheral fiber cells and in fiber cell tips near the lens suture. (B) InC57BL/6J genetic background mice,
loss of ephrin-A5 leads to abnormal cell-cell adhesion between anterior epithelial cells and epithelial-to-mesenchymal transition (EMT) of these normally quiescent cells. In
contrast, disruption of EphA2 inC57BL/6Jmice leads to disorder of the equatorial epithelial cells, which leads to abnormal lens fiber cell shape. (C) The normal wild-
type (WT) lens is clear on a darkfield background. In contrast, ephrin-A5−/− lenses often have anterior cataracts (arrowhead), and EphA2−/− lenses often display nuclear
cataracts at the center of the lens (arrow). These images are of lenses from three-week-old mice in the C57BL/6J genetic background. Modified from (Cheng et al.,
2017). Illustrations are not drawn to scale. Scale bar, 1 mm.
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TABLE 2 | EphA2 and ephrin-A5 knockouts and mutations in mice.

EphA2−/−

genetic
background

Knock-out/-in
strategy

Phenotype (age) Cellular changes Potential cause
for cataracts

References

129/SvJ:
C57BL/6J

Secretory gene
trapping (intron 1)

Cortical cataracts progressing
to involve the whole lens and
lens rupture (not provided)

Jun et al. (2009)

FVB/NJ Secretory gene
trapping (between
exon 5 and
intron 6)

Cortical cataracts (3 months)
progressing to involve the
whole lens (6 months) and
finally lens rupture (8 months)

Clusters of cortical vacuoles
(1 month), upregulation of Hsp25
protein

Cellular stress and protein
misfolding

Jun et al. (2009)

Mixed FVB:
C57BL6J

Secretory gene
trapping (between
exon 5 and
intron 6)

Mild anterior cortical lens
opacity (11 weeks); severe
anterior cortical opacities
(18 weeks)

Dave et al. (2021)

C57BL/6J Secretory gene
trapping (between
exon 5 and
intron 6)

Mild anterior cortical lens
opacity (11 weeks); severe
anterior cortical opacities
(38 weeks)

Disorganized, irregularly shaped
and swollen fiber cell and lens
epithelium have vacuoles

Fiber cell disorganization Dave et al. (2021)

C57BL/6J Insertion of vector
in exon 5

Mild nuclear cataract (P21),
disrupted gradient refractive
index (8 weeks) and increased
resilience (8 weeks)

Misaligned meridional equatorial
epithelial cells and lens fulcrum,
disorganized fiber cells, disrupted
suture apex centration and
abnormal fiber cell membrane
conductance

Abnormal nuclear fiber
morphology and
compaction

Cheng and Gong (2011), Cheng
et al. (2013), Cheng et al. (2017),
Cheng (2021), Cheng et al.
(2021), Cheng et al. (2022)

C57BL/6J Insertion of vector
in exon 5

Smaller spherical lenses (2+
weeks) with reduced refractive
power of the outer lens layers

Disorganized fiber cells,
disturbed lens gradient index,
and suture misalignment

Disrupted migration of fiber
cells

Shi et al. (2012)

C57BL/6J Insertion of vector
in exon 5

Small lens with degraded
optical quality (P21)

Decreased proliferation of lens
epithelial cells, misaligned fiber
cells with disturbed suture
formation

Defective early patterning in
cell differentiation
contribute to later defects in
patterning

Zhou and Shiels, (2018)

Ephrin-A5 mutant
genetic background

Knock-out/-in
strategy

Phenotype (Age) Cellular changes Potential cause for cataracts References

EphA2-R722Q
C57BL/6J

CRISPR/Cas9
gene editing

No obvious cataracts
(P21–12 months)

Longer/unequal posterior suture
branches at P30

Patterning defects due to the disruption
of cytoskeleton-associated protein
expression

Zhou et al.
(2021)

EphA2-del722
C57BL/6J

CRISPR/Cas9
gene editing

Translucent regions
(P21–12 months)

Disrupted meridional epithelial-to-fiber
cell alignment at the equator, deviated
polar axis at the posterior pole with
severe suture defects, misaligned
hexagonal fiber cell radial columns, and
retention of EphA2 in the cytoplasm

Patterning defects in the epithelial and
fiber cells and disruption of
cytoskeleton-associated protein
expression

Zhou et al.
(2021)

Ephrin-A5−/−

genetic background
Knockout
strategy

Phenotype (Age) Cellular changes Potential cause for
cataracts

References

Mixed 129/Sv:
C57BL/6

Insertion of
vector in exon

Progressive cortical cataracts
with rupture of the posterior
lens capsule (2 months)

Disorganized and rounded fiber
cells

Loss of cell-cell adhesion
due to loss of N-cadherin
from the cytoplasmic
membrane

Cooper et al. (2008)

Mixed 129/Sv:
C57BL/6

Insertion of
vector in exon

Nuclear cataract (P21) Presence of large vacuoles in the
equatorial region, severe fiber
cell degeneration, and lens
rupture

Affected fiber cell packing
during epithelial cell
differentiation

Son et al. (2013)

(Continued on following page)
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Shiels, 2018). In C57BL/6J background mice, ephrin-A5−/− lenses
displayed anterior polar cataracts caused by abnormal
proliferation of anterior epithelial cells undergoing epithelial-
to-mesenchymal (EMT) transition (Figure 3B) (Cheng and
Gong, 2011; Cheng et al., 2017). Ephrin-A5−/− anterior
epithelial cells showed punctate, rather than membrane-
localized, β-catenin immunostaining signals along with
abnormal E-cadherin staining (Cheng and Gong, 2011). These
defects in cell-cell adhesion through adherens junctions likely
lead to EMT, and the cluster of abnormal anterior epithelial cells
invade the underlying fiber cell layer to cause anterior cataracts in
the ephrin-A5−/− mice (Figures 3B,C) (Cheng and Gong, 2011).
Interestingly, the hexagonal packing of fiber cells in ephrin-A5−/−

lenses in C57BL/6J background mice appears relatively normal
(Cheng and Gong, 2011; Cheng et al., 2017; Cheng et al., 2021).
Based on these studies, genetic background strongly influences
cataract phenotype and severity in ephrin-A5−/− mice. While
there are anterior epithelial cell defects and cataracts in
C57BL/6J background ephrin-A5−/− lenses, severe fiber cell
defects are more obvious in mixed (129/Sv:C57BL/6)
background KO mice.

Function of EphA2 in Organizing Equatorial
Epithelial Cells and Fiber Cells
The expression of EphA2 receptor proteins in the lens was
identified at equatorial epithelial cell and fiber cell membranes
and in fiber cell tips (Figure 3A) (Jun et al., 2009; Cheng and
Gong, 2011; Cheng et al., 2017; Zhou and Shiels, 2018). The levels

of EphA2 in normal mouse lenses were found to decline with age
(Jun et al., 2009). The first report of the lens phenotype in
EphA2−/− mice revealed cortical cataracts that progressed to
whole cataracts and lens rupture with age (Table 2) (Jun
et al., 2009). These KO animals were in the FVB/NJ genetic
background, and EphA2 proteins were sequestered through gene
trapping (Mitchell et al., 2001; Guo et al., 2006), leading to the
formation of aggregates in these EphA2−/− lenses (Dave et al.,
2021). A member of the heat shock protein family, Hsp25, was
found to be significantly upregulated in these EphA2−/− lenses
(Jun et al., 2009). The progressive and severe cataracts in these
KO animals were hypothesized to be due to increased cellular
stress and misfolding of proteins (Jun et al., 2009). The secretory
gene trapping KO strategy involves the insertion of a secretory
trapping vector between exon 5 and intron 6 of the EphA2 gene,
resulting in a truncated form of EphA2 without exons 6 through
17 (Mitchell et al., 2001). The partial translated EphA2
ectodomain is bound to a reporter protein, β-galactosidase,
that traps the fusion protein in the cytoplasm and forms
aggregates. The aggregates trigger a moderate unfolded-protein
response (UPR) (Jun et al., 2009; Dave et al., 2021). A second gene
trapping EphA2−/− mouse line in the mixed 129/SvJ:C57BL/6J
genetic background was also examined (Jun et al., 2009). This
second gene trap mouse line had insertion of the gene trap in
intron 1 resulting in truncated EphA2 protein with exon 1 fused
to β-galactosidase (Naruse-Nakajima et al., 2001). The two gene
trapping EphA2−/− mouse lines have similar cataract phenotypes
(Jun et al., 2009). It is not clear whether UPR in these EphA2−/−

lenses directly affects cataract phenotype and severity.

TABLE 2 | (Continued) EphA2 and ephrin-A5 knockouts and mutations in mice.

Ephrin-A5−/−

genetic background
Knockout
strategy

Phenotype (Age) Cellular changes Potential cause for
cataracts

References

Mixed 129/Sv:
C57BL/6

Insertion of
vector in exon

Nuclear cataracts (2 months)
followed by posterior capsule
rupture

Disruption of N-cadherin-β-
catenin complex that affects the
interlocking protrusions causing
cataract

Presence of membranous
globules along the fiber cells
disrupted interlocking
protrusions in fiber cells

Biswas et al. (2016)

C57BL/6J Insertion of
vector in exon

Anterior polar cataracts (P21),
mild decrease in maximum
refractive index (8 weeks) and
increased resilience (8 weeks)

Disruption of cell-cell adhesion
(E-cadherin and β-catenin) in
anterior epithelial cells leading to
abnormal proliferation,
disorganized suture apex
centration and abnormal fiber
cell membrane conductance

Aberrant EMT in anterior
epithelial cells invading
underlying fiber cells

Cheng and Gong (2011),
Cheng et al. (2017), Cheng
(2021), Cheng et al. (2021),
Cheng et al. (2022)

C57BL/6J Insertion of
vector in exon

Small lens with degraded
optical quality (P21)

Disturbed epithelial meridional
pattern, radial fiber cell pattern,
and suture disorganization

Defective early patterning in
cell differentiation
contributes to later defects in
patterning

Zhou and Shiels, (2018)

EphA2−/− ephrin-A5−/−

double knockout
genetic background

Knockout
strategy

Phenotype (Age) Cellular changes Potential cause for
cataracts

References

C57BL/6J Insertion of
vector in exon

Mild nuclear cataract (P21) and
anterior polar cataract (P21)
(additive phenotype from each
single knockout)

Misaligned meridional equatorial
epithelial cells and disorganized fiber
cells and aberrant proliferation of
anterior epithelial cells

Fiber cell disruptions and
aberrant EMT in anterior
epithelial cells

Cheng et al.
(2017)
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A recent report showed that when the exon 5/intron 6 gene-
trapping EphA2−/− mice were backcrossed to the C57BL/6J
genetic background, the KO lenses developed progressively
more severe cortical cataracts, but the opacity did not progress
to whole cataracts or lens rupture (Dave et al., 2021). Thus, it is
likely that genetic modifiers in the C57BL/6J background affect
cataract severity and phenotype. This notion is supported by
previous studies showing that the severity of nuclear cataracts due
to gap junction disruption is modulated by the C57BL/6J genetic
background (Gong et al., 1998; Gong et al., 1999). Subsequent
studies of another EphA2−/− mouse line, which utilized an exon
deletion strategy, in the C57BL/6J genetic background, revealed
mild nuclear cataracts (Figure 3C) in young mice and abnormal
refractive properties (Cheng and Gong, 2011; Shi et al., 2012;
Cheng et al., 2022). Consistent with data from the gene-trapping
EphA2−/− lenses, there is disorganization of lens fiber cells due to
the loss of EphA2 (Figure 3B) (Cheng and Gong, 2011; Shi et al.,
2012; Cheng et al., 2013; Cheng et al., 2017; Cheng, 2021; Cheng
et al., 2022). The genetic modifier(s) that affect cataract
phenotype in the C57BL/6J background have yet to be
identified in any KO mouse line.

Lens fiber cells, hexagonal in cross-section, allow low energy
and tight packing conformations to minimize light scattering
(Figure 2B) (Bassnett et al., 2011; Cheng et al., 2016). Hexagonal
cell shape is initially established in equatorial epithelial cells as
these differentiating cells organize into meridional rows (Bassnett
et al., 2011). The mechanism for this remarkable morphogenesis
relies on EphA2 signaling. EphA2 receptors are present at the cell
membrane (Bassnett, 2009; Cheng et al., 2013; Cheng et al., 2017)
of equatorial epithelial cells, differentiating and mature lens fibers
as well as anterior fiber cell tips (Figure 3A) (Jun et al., 2009;
Cheng et al., 2017; Zhou and Shiels, 2018). EphA2 recruits Src
kinase to the vertices of hexagonal equatorial epithelial cells. Src is
then activated by phosphorylation to recruit and activate
cortactin to enrich actin at the cell vertices to establish and
maintain hexagon cell shape (Figure 3B) (Cheng et al., 2013).
Loss of EphA2 causes equatorial lens epithelial cells to have
disrupted cell shape that leads to misaligned meridional rows,
which in turn leads to disorganization of lens fiber cells (Cheng
et al., 2013). In addition to abnormal cell shape, the characteristic
undulating surface morphology and presence of protrusions and
interdigitations in fiber cells were also disturbed in EphA2−/−mice
(Shi et al., 2012; Cheng et al., 2022).

The avascular lens relies on a network of gap junction plaques,
water channels, and active transport of sodium ions out of the
lens to generate its own microcirculation current to bring in
nutrients and remove waste (Mathias et al., 1981; Mathias et al.,
1997). The loss of EphA2 alters connexin 50 (Cx50) localization
to lens fiber cell membranes, presumably compromising gap
junction plaque formation and cell-cell communication
(Cheng et al., 2021). Loss of either ephrin-A5 or EphA2 also
changes the localization of aquaporin 0, a protein that makes up
water channels between cells (Cheng et al., 2021). Surprisingly,
these defects do not affect cell-cell coupling in the lens, but
disrupt the normal intracellular voltage and membrane
conductance of lens fibers. This is the first evidence that these
properties of lens fibers could be modulated and that Eph-ephrin

signaling is involved in maintaining the ion homeostasis of fiber
cells (Cheng et al., 2021).

In vitro studies have been used to understand the mechanism
and effect of EphA2 mutations in cataract formation. In
HEK293T and αTN4-1 cells, mutations in the SAM domain of
EphA2 were found to induce instability, insolubility and
dergradation of mutant proteins via a proteasome-dependent
pathway (Park et al., 2012). In addition, transfection experiments
using epithelial cell culture systems, such as Madin-Darby canine
kidney (MDCK) and human colorectal adenocarcinoma (Caco-2)
epithelial cells, revealed that SAM domain mutations of EphA2,
namely p.T940I and p.D942fsXC7, affect the intercellular
contacts due to destabilization of mutant EphA2 proteins
(Dave et al., 2016). These two mutations were previously
identified to cause severe total, nuclear or posterior polar
congenital cataracts in humans (Zhang et al., 2009; Dave et al.,
2013). Thus, changes in the EphA2 protein characteristics and
conformation results in cataract formation.

Eph-ephrin Signaling and Lens
Biomechanics
Elongating fiber cell tips migrate along the apical surface of
epithelial cells anteriorly and along the capsule posteriorly
(Figure 2B). At the anterior and posterior poles, the fiber cell
tips detach from the anterior epithelium or posterior capsule,
respectively, and contact fiber cells from the opposing directions
to form the Y-suture (Kuszak et al., 2004a; Kuszak et al., 2004b;
Lovicu and Robinson, 2004). Examination of EphA2−/− and
ephrin-A5−/− lenses revealed changes in the formation of
Y-sutures at the anterior and posterior poles. In both
EphA2−/− and ephrin-A5−/− lenses, the apex of the Y-suture is
disorganized between concentric fiber cells layers (Cheng, 2021),
and these KO lenses more often display additional, abnormal
branching of the Y-suture (Zhou and Shiels, 2018; Cheng, 2021),
with branching patterns similar to human lenses (Koretz et al.,
1994; Kuszak et al., 2004b). Loss of either EphA2 or ephrin-A5
causes mouse lenses to become more spherical, possibly due to
the suture patterning defect (Shi et al., 2012; Zhou and Shiels,
2018; Cheng, 2021). Unexpectedly, these suture defects did not
change the stiffness of EphA2−/− and ephrin-A5−/− lenses, but
these KO lenses were more resilient and recovered more fully
after compressive load removal (Cheng, 2021). Increased
resilience in KO lenses was due to a change in suture gap area
under compression and recovery after load removal (Cheng,
2021). These data indicate that Eph-ephrin signaling
influences suture formation, possibly by guiding the migration
of lens fiber cell tips toward the anterior and posterior poles and
determining the location of the suture apex. The change in
resilience due to suture mispatterning suggests that the shape
of the Y-suture constrains the elasticity of the lens (Cheng, 2021).

Mice containing an EphA2 mutation (p.R722Q), which is
homologus to the human EPHA2 mutation (p.R721Q)
associated with age-related cataracts (Jun et al., 2009), were
generated using CRISPR/Cas9 technology (Zhou et al., 2021).
The generation of mutant EphA2-R722Q mice also resulted in a
separate off-target insertion-deletion mutant allele in exon 13
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(EphA2-indel722). EphA2-R722Q mutant lenses (homozygous
and heterozygous) were similar in size and transparency to
control wild-type lenses, but EphA2-indel722 mutant lenses
exhibited translucent regions, disrupted alignment of
equatorial hexagonal epithelial and fiber cells, and polar axis
shift of the fiber cell tips with severely disrupted suture pattern at
the posterior pole (Zhou et al., 2021). There was no significant
manifestation of cataract in young (3 weeks old) and old
(12 months old) heterozygous and homozygous EphA2-R722Q
and EphA2-indel722 mutant mice (Zhou et al., 2021). These
results strengthen the hypothesis that EphA2 is required for the
precise alignment of fiber cells at the equator and the formation of
suture at the posterior pole.

Lifelong lens growth relies on the addition of new layers of lens
fiber cells that surround previous generations of cells in
concentric shells (Figure 2B). As the fiber cells mature, they
are compacted and form a stiff lens nucleus, the center region of
the lens (Al-Ghoul et al., 2001; Heys et al., 2004; Lovicu and
Robinson, 2004). Recent studies have shown that the compacted
lens nucleus is correlated with areas of high refractive index in
mouse lenses (Cheng et al., 2019; Cheng et al., 2022). It has long
been hypothesized that increased stiffness of the lens nucleus with
age increases overall lens stiffness and contributes to the
development of presbyopia (Heys et al., 2004; Weeber et al.,
2007). We recently examined the morphometric properties of
control, EphA2−/−, and ephrin-A5−/− lenses. Unexpectedly, we
found that EphA2−/− lenses had smaller and softer lens nuclei,
which correlated with decreased gradient refractive index (Cheng
et al., 2022). Loss of EphA2 affects mature and perinuclear lens
fiber cell morphology leading to abnormal tongue-and-groove
interdigitations and loss of normal interlocking protrusions
(Cheng et al., 2022). Interestingly, the change in lens nucleus
size and stiffness in EphA2−/− lenses does not affect overall whole
lens stiffness (Cheng et al., 2022).

Binding Partners of EphA2 and Ephrin-A5
and Crosstalk With Other Signaling
Pathways
Some tissue and cell culture studies have shown that EphA2 and
ephrin-A5 interact with each other to regulate cellular functions,
like cell migration (Park et al., 2012), tumorigenicity (Li et al.,
2009), and invasive properties of breast cancer (Shaw et al., 2014).
Built on these findings, some groups have suggested that EphA2
and ephrin-A5 could be binding partners in the lens (Cooper
et al., 2008; Shi et al., 2012; Son et al., 2013). In lens epithelial cells,
differences in the epithelial cell phenotype between EphA2−/− and
ephrin-A5−/− lenses suggested that the two proteins function
independently of each other. Genetic studies of double KO
EphA2−/− ephrin-A5−/− lenses revealed that anterior and
equatorial lens epithelial cell phenotypes were additive in the
double mutant mice, indicating that EphA2 and ephrin-A5 are
not receptor-ligand pair in lens epithelial cells (Cheng et al.,
2017). Ephrin-A5 maintains the quiescence of anterior lens
epithelial cells, while EphA2 regulates equatorial epithelial cell
shape and organization (Cheng and Gong, 2011; Cheng et al.,
2013). Studies of lens fiber cell tips and Y-suture formation

suggest that loss of EphA2 or ephrin-A5 lead to similar
defects in fiber cells at that specific location, indicating
possibly that EphA2 and ephrin-A5 interact in this region of
the lens (Zhou and Shiels, 2018; Cheng, 2021). This hypothesis is
supported by EphA2 and ephrin-A5 immunostaining signals
being present at the fiber cell tips near the lens suture (Cheng
and Gong, 2011; Cheng et al., 2017). Most cells express a
complement of Ephs and ephrins, and thus, in the lens,
compensatory mechanisms for the loss of one receptor or
ligand could lead to upregulation or downregulation of other
receptors and/or ligands in the lens epithelial and fiber cells,
which has yet to be investigated.

EphA2 signals through the Src and cortactin pathway to
influence actin cytoskeleton in equatorial lens epithelial cells to
regulate hexagon cell shape and cell organization (Cheng et al.,
2013), similar to interactions previously shown in other tissues
between EphA2 and Src (Baldwin et al., 2006; Parri et al., 2007;
Faoro et al., 2010). A recent study has confirmed complex
formation between EphA2 and Src kinase thereby supporting
their direct downstream interaction (Zhou et al., 2021). The
development and maintenance of the lens’ unique structure
are determined by growth factors and signaling pathways
(Beebe et al., 1987; Belecky-Adams et al., 1997; Faber et al.,
2002; Lovicu and McAvoy, 2005). Fibroblast growth factors
(FGF), another group of RTK, have been identified to
antagonistically interact with ephrin-B ligands (Pasquale,
2008), resulting in asymmetric cell division and cell fate
determination in Ciona embryos (Picco et al., 2007) and in
Xenopus eye field formation (Moore et al., 2004). Discs large-1
(Dlg-1), a PDZ protein (Rivera et al., 2009), and FGF (Wang et al.,
2010) were found to be involved in lens fiber cell differentiation.
Loss of Dlg-1 (Rivera et al., 2009) in mouse lens led to defective
fiber cell patterning and cell-cell adhesion. Dlg-1 interacts with
EphA2 to influence FGF signaling and regulate lens fiber cells
during differentiation and structural maintenance (Lee et al.,
2016), suggesting crosstalk between Eph-ephrin signaling, FGF
signaling and adherens junctions. In addition, loss of ephrin-A5
caused abnormal association of N-cadherin and β-catenin in lens
fibers of mixed background KO mice (Cooper et al., 2008) as well
as disrupted E-cadherin and β-catenin staining in anterior
epithelial cells of C57BL/6J background KO anterior epithelial
cells (Cheng and Gong, 2011). These data further indicate the
Eph-ephrin signaling is needed for normal cell-cell adhesion and
adherens junctions in the lens.

Future Directions and Therapeutic
Opportunities
Eph-ephrin signaling has a wide range of roles during
development (e.g., angiogenesis (Salvucci and Tosato, 2012),
tissue patterning (Henkemeyer et al., 1994) and neural
development (Holmberg et al., 2000)), as well as in the
physiology of adult tissues (e.g., insulin secretion
(Konstantinova et al., 2007; Jain et al., 2013), bone
homeostasis (Zhao et al., 2006)) and in diseases including
cancer (Clevers and Batlle, 2006; Guo et al., 2006) and
neurological disorders (Fu et al., 2014)). The receptors and
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ligands can play both inhibitor and activator roles through
canonical ligand-mediated or non-canonical ligand-
independent pathways. From studies using mice to understand
the roles of Eph-ephrin signaling in cataractogenesis, the strain
background can greatly influence the phenotype and severity and
progression of cataracts (Cheng and Gong, 2011; Shi et al., 2012;
Cheng et al., 2013; Son et al., 2013; Biswas et al., 2016; Zhou and
Shiels, 2018). This has complicated our interpretation of the lens
phenotypes and the ability to compare data across different
studies. However, the variable cataract phenotypes in mice
recapitulate the large variety of human cataracts and suggests
the possibility that multiple genetic modifiers modulate cataract
severity and progression. Studies to identify genetic modifiers in
mice could help unravel cataractogenesis mechanisms in human
patients.

While Ephs and ephrins have been studied extensively in other
tissues, we are still working toward mapping the spatiotemporal
expression patterns of relevant Ephs and ephrins in the lens and
determining their direct binding partners and the downstream
signaling pathways. In-depth knowledge of the receptors, ligands,
their interactions with each other and with other downstream
effectors is necessary to understand and formulate therapeutic
strategies. Recently, studies have shown the role of Ephs and
ephrins in age-related diseases, like Alzheimer’s (Cisse et al.,
2011) and Parkinson’s disease (Jing et al., 2012). Inhibition of
specific Ephs can promote the regeneration of damaged neural
networks (Fabes et al., 2007; Goldshmit et al., 2011; Spanevello
et al., 2013) and control tumor microenvironment (Miao and
Wang, 2012; Salvucci and Tosato, 2012), and their activation can

affect vascular development, cardioprotection and heart tissue
maintenance (Stephen et al., 2007; Genet et al., 2012; Goichberg
et al., 2013). Recombinant extracellular domains, antibodies,
peptides, small molecule agonists and antagonists, antisense
oligonucleotides, or siRNAs are some of the therapeutic
molecules that can be used to target the Eph-ephrin signaling
to either inhibit or activate the signaling pathway to treat various
diseases (Barquilla and Pasquale, 2015). We hope that a better
understanding of the universe of Ephs and ephrins in the lens and
the mechanisms for current therapeutic strategies can be
translated to future anti-aging treatment for ocular diseases,
like presbyopia and cataracts.
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Primary open-angle glaucoma progression is associated with increased human
trabecular meshwork (HTM) stiffness and elevated transforming growth factor beta
2 (TGFβ2) levels in the aqueous humor. Increased transcriptional activity of Yes-
associated protein (YAP) and transcriptional coactivator with PDZ-binding motif
(TAZ), central players in mechanotransduction, are implicated in glaucomatous
HTM cell dysfunction. Yet, the detailed mechanisms underlying YAP/TAZ
modulation in HTM cells in response to alterations in extracellular matrix (ECM)
stiffness and TGFβ2 levels are not well understood. Using biomimetic ECM
hydrogels with tunable stiffness, here we show that increased ECM stiffness
elevates YAP/TAZ nuclear localization potentially through modulating focal
adhesions and cytoskeletal rearrangement. Furthermore, TGFβ2 increased nuclear
YAP/TAZ in both normal and glaucomatous HTM cells, which was prevented by
inhibiting extracellular-signal-regulated kinase and Rho-associated kinase signaling
pathways. Filamentous (F)-actin depolymerization reversed TGFβ2-induced YAP/TAZ
nuclear localization. YAP/TAZ depletion using siRNA or verteporfin decreased focal
adhesions, ECM remodeling and cell contractile properties. Similarly, YAP/TAZ
inactivation with verteporfin partially blocked TGFβ2-induced hydrogel contraction
and stiffening. Collectively, our data provide evidence for a pathologic role of aberrant
YAP/TAZ signaling in glaucomatous HTM cell dysfunction, and may help inform
strategies for the development of novel multifactorial approaches to prevent
progressive ocular hypertension in glaucoma.
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INTRODUCTION

Primary open-angle glaucoma (POAG) is a leading cause of
irreversible vision loss worldwide, and elevated intraocular
pressure (IOP) is the primary modifiable risk factor (Quigley,
1993; Quigley and Broman, 2006; Kwon et al., 2009; Tham et al.,
2014; Tamm et al., 2015). Elevated IOP results from increased
resistance to aqueous humor outflow in the juxtacanalicular
region of the conventional outflow pathway where the
trabecular meshwork (TM) and Schlemm’s canal inner wall
cells interact (Brubaker, 1991). Human trabecular meshwork
(HTM) cells within the juxtacanalicular tissue are surrounded
by a complex extracellular matrix (ECM), which is primarily
composed of non-fibrillar and fibrillar collagens, elastic fibrils,
proteoglycans and the glycosaminoglycan hyaluronic acid (Acott
and Kelley, 2008; Tamm, 2009; Hann and Fautsch, 2011; Keller
and Acott, 2013; Abu-Hassan et al., 2014). In addition to
providing structural support, the ECM imparts biochemical
signals (e.g., hormones, growth factors and diffusible
morphogens) and mechanical cues (e.g., matrix stiffness;
tensile, compressive and shear forces; topographical strain) to
regulate cell behaviors (Frantz et al., 2010). These external
biophysical cues are translated into internal biochemical
signaling cascades through a process known as
mechanotransduction, and cells play an active role in
remodeling their matrix to promote mechanical homeostasis
and maintain tissue-level functionality (Lampi and Reinhart-
King, 2018).

HTM cells are exposed to a variety of biophysical cues through
cell-cell and cell-ECM interactions, and fluctuations in IOP. In
POAG, impaired HTM cell function (i.e., remodeling of cell
cytoskeleton, increased cell stiffness) and increased ECM
deposition contribute to HTM stiffening (Schlunck et al., 2008;
Han et al., 2011; McKee et al., 2011; Wang et al., 2017b; Li et al.,
2021a). Tissue stiffening affects HTM cell function and IOP in a
feed-forward cycle characterized by dynamic reciprocity. HTM
stiffening in POAG indicates that a biophysical component likely
contributes to IOP regulation. Therefore, targeting
mechanotransduction pathways in the HTM to interrupt this
feed-forward cycle between HTM stiffening and cellular response
to the stiffened ECM is emerging as a promising strategy for
managing ocular hypertension.

Yes-associated protein (YAP) and transcriptional coactivator
with PDZ-binding motif (TAZ, encoded by WWTR1) are central
players in mechanotransduction. YAP/TAZ can be activated by
increased ECM stiffness, mechanical stress and growth factors
(Dupont et al., 2011; Boopathy and Hong, 2019). It has been
demonstrated that certain glaucoma related molecules that
influence outflow function, such as dexamethasone,
lysophosphatidic acid and interleukin-6, mediate the
expression of YAP and TAZ in HTM cells (Ho et al., 2018;
Honjo et al., 2018; Peng et al., 2018; Yemanyi and Raghunathan,
2020). YAP was found to be reduced in HTM cells incubated on
stiff two-dimensional (2D) polyacrylamide hydrogels, while TAZ
levels were increased (Raghunathan et al., 2013). Other research
showed that both YAP and TAZ were significantly higher in
HTM cells on stiffer polyacrylamide substrates or stiffened HTM

cell-derived matrices (Thomasy et al., 2013; Yemanyi et al., 2020).
Whilst it appears that these findings may be contradictory, it is
important to note that functional outcomes of YAP and TAZ are
governed by their subcellular localization which is substrate and
context dependent. Together, these highlight the importance of
studying YAP/TAZ signaling in a microenvironment mimicking
the native tissue to further our understanding of HTM cell
mechanobiology with an emphasis on cell-ECM interactions.
This is especially important considering a recent multi-ethnic
genome wide meta-analysis report that identified YAP1 as a
potential genetic risk factor for POAG across European, Asian,
and African ancestries implicating a causal relationship for
outflow dysfunction (Gharahkhani et al., 2021).

Biomaterials for cell culture applications are designed to mimic
aspects of the ECM and provide researchers with methods to better
understand cell behaviors. Protein-based hydrogels (i.e., water-
swollen networks of polymers) are attractive biomaterials owing
to their similarity to in vivo cellular microenvironments,
biocompatibility, biodegradability and tunable mechanical
properties (Drury and Mooney, 2003; Panahi and Baghban-
Salehi, 2019). Recently, we developed a bioengineered hydrogel
composed of HTM cells and ECM biopolymers found in the
native HTM tissue, and demonstrated its viability for
investigating cell-ECM interactions under normal and simulated
glaucomatous conditions in both 2D and 3D conformations (Li et al.,
2021a; Li et al., 2021b).

Here, we hypothesized that altered YAP/TAZ activity drives
HTM cell dysfunction under simulated glaucomatous conditions.
The TM from POAG eyes is stiffer than that from healthy eyes
(Last et al., 2011; Wang et al., 2017a; Vahabikashi et al., 2019);
transforming growth factor beta 2 (TGFβ2), the predominant
TGFβ isoform in the eye and aqueous humor, has been identified
as a major contributor to the pathologic changes occurring in
ocular hypertension and POAG (Granstein et al., 1990; Quigley,
1993; Inatani et al., 2001; Fuchshofer and Tamm, 2009; Agarwal
et al., 2015; Kasetti et al., 2018). Using TGFβ2 as a glaucomatous
stimulus and tuning the stiffness of our hydrogels, here, we
investigated the effects of ECM stiffening and TGFβ2 on
regulating YAP/TAZ in HTM cells in 2D and 3D cultures. In
this tissue-mimetic environment, we then investigated whether
YAP/TAZ inhibition would alleviate ECM stiffness- or TGFβ2-
induced HTM cell pathobiology.

MATERIALS AND METHODS

HTM Cell Isolation and Culture
Experiments using human donor eye tissue were approved by the
SUNY Upstate Medical University Institutional Review Board
(protocol #1211036), and were performed in accordance with the
tenets of the Declaration of Helsinki for the use of human tissue.
Primary HTM cells were isolated from healthy donor corneal
rims discarded after transplant surgery as recently described (Li
et al., 2021a; Li et al., 2021b), and cultured according to
established protocols (Stamer et al., 1995; Keller et al., 2018).
Five HTM cell strains (HTM05, HTM12, HTM14, HTM17,
HTM19) were used for the experiments in this study
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(Supplementary Table S1). All HTM cell strains were validated
with dexamethasone (DEX; Fisher Scientific, Waltham, MA,
United States; 100 nM) induced myocilin expression in more
than 50% of cells by immunocytochemistry and immunoblot
analyses [Supplementary Figures S1A,B and (Li et al., 2021a; Li
et al., 2021b)]. Different combinations of two to three HTM cell
strains were used per experiment with three to four replicates
each, depending on cell availability, and all studies were
conducted between cell passage 3–7. HTM cells were cultured
in low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM;
Gibco; Thermo Fisher Scientific) containing 10% fetal bovine
serum (FBS; Atlanta Biologicals, Flowery Branch, GA,
United States) and 1% penicillin/streptomycin/glutamine (PSG;
Gibco), and maintained at 37°C in a humidified atmosphere with
5% CO2. Fresh media was supplied every 2–3 days.

Glaucomatous Donor History
Glaucomatous HTM cells (GTM211 and GTM1445) were used in
this study. GTM211 was isolated from a 75-year-old, white female
that was taking Xalatan (0.005%) in both eyes nightly for
treatment of ocular hypertension. The patient was diagnosed
with glaucoma, and had bilateral cataract surgery, and retina
surgery. Upon receipt of donor eyes by W.D.S., outflow facility
measurements during constant pressure perfusion conditions
were 0.24 and 0.17 μL/min/mmHg from OD and OS eyes,
respectively. GTM211 were isolated from the OS eye of the
donor and characterized as previously described (Li et al.,
2021a). GTM1445 has been characterized in our previous
study (Li et al., 2021a). GTM cell strain information can be
found in Supplementary Table S1.

Preparation of Hydrogels
Hydrogel precursors methacrylate-conjugated bovine collagen
type I [MA-COL, Advanced BioMatrix, Carlsbad, CA,
United States; 3.6 mg/ml (all final concentrations)], thiol-
conjugated hyaluronic acid (SH-HA, Glycosil®, Advanced
BioMatrix; 0.5 mg/ml, 0.025% (w/v) photoinitiator Irgacure®
2959; Sigma-Aldrich, St. Louis, MO, United States) and in-
house expressed elastin-like polypeptide (ELP, thiol via KCTS
flanks (Li et al., 2021a); 2.5 mg/ml) were thoroughly mixed.
Thirty microliters of the hydrogel solution were pipetted onto
a Surfasil (Fisher Scientific) coated 12-mm round glass coverslip
followed by placing a regular 12-mm round glass coverslip onto
the hydrogels. Constructs were crosslinked by exposure to UV
light (OmniCure S1500 UV Spot Curing System; Excelitas
Technologies, Mississauga, Ontario, Canada) at 320–500 nm,
2.2 W/cm2 for 5 s, as previously described (Li et al., 2021a).
The hydrogel-adhered coverslips were removed with fine-
tipped tweezers and placed in 24-well culture plates (Corning;
Thermo Fisher Scientific). Hydrogel stiffening was achieved by
soaking the hydrogels in 0.1% (w/v) riboflavin (RF; Sigma) for
5 min, followed by low-intensity secondary UV crosslinking
(bandpass filter: 405–500 nm, 5.4 mW/cm2) for 5 min.

HTM Cell Treatments
HTM/GTM cells were seeded at 2 × 104 cells/cm2 on premade
hydrogels/coverslips/tissue culture plates, and cultured in DMEM

with 10% FBS and 1% PSG for 1 or 2 days. Then, HTM cells were
cultured in serum-free DMEM with 1% PSG and subjected to the
different treatments for 3 days: TGFβ2 (2.5 ng/ml; R&D Systems,
Minneapolis, MN, United States), the ERK inhibitor U0126
(10 μM; Promega, Madison, WI, United States), the Rho-
associated kinase (ROCK) inhibitor Y27632 (10 μM; Sigma-
Aldrich), the actin de-polymerizer latrunculin B (10 μM;
Tocris Bioscience; Thermo Fisher Scientific), or the YAP
inhibitor verteporfin (0.5 μM; Sigma). The monolayer HTM
cells were processed for immunoblot, qRT-PCR and
immunocytochemistry analyses.

Immunoblot Analysis
Protein was extracted from cells using lysis buffer (CelLyticTM M,
Sigma-Aldrich) supplemented with Halt™ protease/phosphatase
inhibitor cocktail (Thermo Fisher Scientific). Equal protein
amounts (10 µg), determined by standard bicinchoninic acid
assay (Pierce; Thermo Fisher Scientific), in 4× loading buffer
(Invitrogen; Thermo Fisher Scientific) with 5% beta-
mercaptoethanol (Fisher Scientific) were boiled for 5 min and
subjected to SDS-PAGE using NuPAGE™ 4–12% Bis-Tris Gels
(Invitrogen; Thermo Fisher Scientific) at 120 V for 80 min and
transferred to 0.45 µm PVDF membranes (Sigma; Thermo Fisher
Scientific). Membranes were blocked with 5% bovine serum
albumin (Thermo Fisher Scientific) in tris-buffered saline with
0.2% Tween®20 (Thermo Fisher Scientific), and probed with
various primary antibodies followed by incubation with HRP-
conjugated secondary antibodies or fluorescent secondary
antibodies (LI-COR, Lincoln, NE, United States). Bound
antibodies were visualized with the enhanced
chemiluminescent detection system (Pierce) on
autoradiography film (Thermo Fisher Scientific) or Odyssey®
CLx imager (LI-COR). Densitometry was performed using the
open-source National Institutes of Health software platform, FIJI
(Schindelin et al., 2012) or Image StudioTM Lite (LI-COR); data
were normalized to GAPDH. A list of all of antibodies used in this
study, including their working dilutions, can be found in
Supplementary Table S2.

Immunocytochemistry Analysis
HTM cells in presence of the different treatments were fixed
with 4% paraformaldehyde (Thermo Fisher Scientific) at
room temperature for 20 min, permeabilized with 0.5%
Triton™ X-100 (Thermo Fisher Scientific), blocked with
blocking buffer (BioGeneX), and incubated with primary
antibodies, followed by incubation with fluorescent
secondary antibodies; nuclei were counterstained with
4′,6′-diamidino-2-phenylindole (DAPI; Abcam). Similarly,
cells were stained with Phalloidin-iFluor 488 or 594
(Abcam)/DAPI according to the manufacturer’s
instructions. Coverslips were mounted with ProLong™
Gold Antifade (Invitrogen) on Superfrost™ microscope
slides (Fisher Scientific), and fluorescent images were
acquired with an Eclipse Ni microscope (Nikon
Instruments, Melville, NY, United States) or a Zeiss LSM
780 confocal microscope (Zeiss, Germany). Fluorescent
signal intensity was measured using FIJI software. A list of
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all of antibodies used in this study, including their working
dilutions, can be found in Supplementary Table S2.

Image Analysis
All image analysis was performed using FIJI software. Briefly, the
cytoplasmic YAP intensity was measured by subtracting the
overlapping nuclear (DAPI) intensity from the total YAP
intensity. The nuclear YAP intensity was recorded as the
proportion of total YAP intensity that overlapped with the
nucleus (DAPI). YAP/TAZ nuclear/cytoplasmic (N/C) ratio
was calculated as follows: N/C ratio = (nuclear YAP signal/
area of nucleus)/(cytoplasmic signal/area of cytoplasm).
Fluorescence intensity of F-actin, αSMA, FN, and p-MLC were
measured in at least 20 images from 2 HTM cell strains with three
replicates per HTM cell strain with image background
subtraction using FIJI software. For number of vinculin puncta
quantification, the 3D Object Counter plugin in FIJI software was
used to threshold images and quantify puncta/0.05 mm2 (above
2 μm in size). Nuclear area was also measured using FIJI software.
At least 100 nuclei were analyzed from 2 HTM cell strains with
three replicates per HTM cell strain.

Quantitative Reverse
Transcription-Polymerase Chain Reaction
Analysis
Total RNA was extracted from HTM cells using PureLink RNA
Mini Kit (Invitrogen). RNA concentration was determined with a
NanoDrop spectrophotometer (Thermo Fisher Scientific). RNA
was reverse transcribed using iScript™ cDNA Synthesis Kit
(BioRad, Hercules, CA, United States). One hundred
nanograms of cDNA were amplified in duplicates in each 40-
cycle reaction using a CFX 384 Real Time PCR System (BioRad)
with annealing temperature set at 60°C, Power SYBR™ Green
PCR Master Mix (Thermo Fisher Scientific), and custom-
designed qRT-PCR primers. Transcript levels were normalized
to GAPDH, and mRNA fold-changes calculated relative to mean
values of normal HTM cell controls using the comparative CT

method (Schmittgen and Livak, 2008). A list of all of primers used
in this study can be found in Supplementary Table S3.

Active TGFβ2 Enzyme-Linked
Immunosorbent Assay
TGFβ2 levels were quantified using the Quantikine ELISA kit
(R&D Systems). HTM and GTM cells were seeded at 2 × 104 cells/
cm2 on tissue culture plates, and cultured in DMEM with 10%
FBS and 1% PSG for 1 or 2 days to grow to 80–90% confluence.
Then, HTM and GTM cells were cultured in 1 ml serum-free
DMEM with 1% PSG for 3 days. After 3 days, the cell culture
supernatants were collected and centrifuged at 1,000 g for 10 min.
The supernatants were used immediately without processing/
activation for ELISA according to the manufacturer’s
instructions. In brief, after a 2 h incubation of standards and
samples in the adhesive strip, wells were washed and incubated
for 2 h with TGFβ2 Conjugate followed by incubation with

Substrate Solution. After 20 min, the reaction was stopped by
adding Stop Solution. Absorbance was measured at 450 nm using
a spectrophotometer plate reader (BioTEK, Winooski, VT,
United States), with background correction at 540 nm. Active
levels of TGFβ2 were calculated using standard curves.

siRNA Transfection
HTM cells were depleted of YAP and TAZ using siRNA-loaded
lipofectamine RNAimax (Invitrogen) according to the
manufacturer’s instructions. In brief, HTM cells were seeded
at 2 × 104 cells/cm2 on RF double-crosslinked hydrogels in
DMEM with 10% FBS and 1% PSG. The following day, the
cell culture medium was changed to antibiotic-free and serum-
free DMEM and the samples were kept in culture for 24 h
followed by transfection. Transfection was performed using a
final concentration 3% (v/v) lipofectamine RNAimax with
150 nM RNAi duplexes (custom oligonucleotides;
Dharmacon). Transfected HTM cells were used 48 h after
transfection. ON-TARGET plus nontargeting siRNA were
obtained from Dharmacon. Custom siRNA were based on
validated sequences previously described (Dupont et al., 2011):
YAP, sense, 5′-GACAUCUUCUGGUCAGAGA-3′, and YAP,
anti-sense, 5′-UCUCUGACCAGAAGAUGUC-3’; TAZ, sense,
5′-ACGUUGACUUAGGAACUUU-3′, and TAZ, anti-sense,
5′-AAAGUUCCUAAGUCAACGU-3’.

HTM Hydrogel Contraction Analysis
HTM cell-laden hydrogels were prepared bymixing HTM cells (1.0 ×
106 cells/ml) with MA-COL (3.6mg/ml [all final concentrations]),
SH-HA (0.5mg/ml, 0.025% (w/v) photoinitiator) and ELP (2.5mg/
ml) on ice, followed by pipetting 10 μL droplets of theHTMcell-laden
hydrogel precursor solution onto polydimethylsiloxane (PDMS;
Sylgard 184; Dow Corning) coated 24-well culture plates.
Constructs were crosslinked as described above (320–500 nm,
2.2W/cm2, 5 s). HTM cell-laden hydrogels were cultured in
DMEM with 10% FBS and 1% PSG in presence of the different
treatments. Longitudinal brightfield images were acquired at 0 and
5 days with an Eclipse Ti microscope (Nikon). Construct area from
n = 8–11 hydrogels per group from 2 HTM/GTM cell strains with
three to four replicates per HTM/GTMcell strain wasmeasured using
FIJI software and normalized to 0 days followed by normalization to
controls.

HTM Hydrogel Cell Proliferation Analysis
Cell proliferation was measured with the CellTiter 96® Aqueous
Non-Radioactive Cell Proliferation Assay (Promega) following
the manufacturer’s protocol. HTM hydrogels cultured in DMEM
with 10% FBS and 1% PSG in presence of the different treatments
for 5 days were incubated with the staining solution (38 μL MTS,
2 μL PMS solution, 200 μL DMEM) at 37°C for 1.5 h. Absorbance
at 490 nm was recorded using a spectrophotometer plate reader
(BioTEK, Winooski, VT, United States). Blank-subtracted
absorbance values served as a direct measure of HTM cell
proliferation from n = 6–8 hydrogels per group from 2 HTM/
GTM cell strains with three to four replicates per HTM/GTM cell
strain.
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HTM Hydrogel Rheology Analysis
Fifty microliters of acellular hydrogel precursor solutions were
pipetted into custom 8x1-mm PDMS molds. Similarly, 250 µL of
HTM cell-laden hydrogel precursor solutions were pipetted into
16x1-mm PDMS molds. All samples were UV crosslinked and
equilibrated as described above. Acellular hydrogels were
measured at 0 days. HTM hydrogels, cultured in DMEM with
10% FBS and 1% PSG in presence of the different treatments,
were measured at 5 days; samples were cut to size using an 8-mm
diameter tissue punch. A Kinexus rheometer (Malvern
Panalytical, Westborough, MA, United States) fitted with an 8-
mm diameter parallel plate was used to measure hydrogel
viscoelasticity. To ensure standard conditions across all
experiments (n = 3 per group), the geometry was lowered into
the hydrogels until a calibration normal force of 0.02 N was
achieved. Subsequently, an oscillatory shear-strain sweep test
(0.1–60%, 1.0 Hz, 25°C) was applied to determine storage
modulus (G′) and loss modulus (G″) in the linear region.
Elastic modulus was calculated with E = 2 * (1 + v) * G′,
where a Poisson’s ratio (v) of 0.5 for the ECM hydrogels was
assumed (Timothy and Lodge, 2020).

HTM Hydrogel Atomic Force Microscopy
Analysis
Thirty microliters of HTM cell-laden hydrogel solution were
pipetted onto a Surfasil (Fisher Scientific) coated 12-mm
round glass coverslip followed by placing a regular 12-mm
round glass coverslip onto the hydrogels. Constructs were
crosslinked by exposure to UV light at 320–500 nm, 2.2 W/
cm2 for 5 s, and cultured in DMEM with 10% FBS and 1%
PSG for 7 days. Samples were shipped overnight to UHCO where
they were locally masked. Elastic modulus of HTM cell-laden
hydrogels were obtained by atomic force microscopy (AFM) in
fluid in contact mode as described previously (Raghunathan et al.,
2018). Briefly, force vs. indentation curves were obtained on a
Bruker BioScope Resolve (Bruker nanoSurfaces, Santa Barbara,
CA) AFM employing a PNP-TR cantilever (NanoAndMore,
Watsonville, CA) whose pyramidal tip was modified with a
borosilicate bead (nominal diameter 5 µm), nominal spring
constant of 0.32 N/m assuming sample Poisson’s ratio of 0.5.
The diameter of each sphere attached to the cantilever was
qualified prior to usage. Prior to experimental samples,
cantilever was calibrated on a silicon wafer in fluid. Force-
distance curves were randomly obtained from 7–10 locations
with three force curves obtained per location per sample. Force
curves were analyzed using the Hertz model for spherical
indenters using a custom MATLAB code (Chang et al., 2014).
Curve fits were performed for at least 1 µm of indentation depth
for the samples.

Statistical Analysis
Individual sample sizes are specified in each figure caption.
Comparisons between groups were assessed by unpaired t-test,
one-way or two-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons post hoc tests, as appropriate. The
significance level was set at p < 0.05 or lower. GraphPad

Prism software v9.2 (GraphPad Software, La Jolla, CA,
United States) was used for all analyses.

RESULTS

TGFβ2 and YAP/TAZ Activity is Upregulated
in GTM Cells
It has been shown that levels of TGFβ2 are elevated in eyes of
glaucomatous patients compared to age-matched normal eyes
(Inatani et al., 2001; Picht et al., 2001; Ochiai and Ochiai, 2002;
Agarwal et al., 2015). We confirmed that GTM cells isolated from
donor eyes with POAG history secreted significantly more active
TGFβ2 protein by ~2.44-fold (Figure 1A) compared to normal
HTM cells, which was consistent with increased mRNA levels
(Supplementary Figure S2A).

To investigate YAP and TAZ transcriptional activity under
normal and glaucomatous conditions, the expression of YAP/
TAZ and relevant select downstream targets at mRNA and
protein levels were evaluated in normal HTM and GTM cells,
which were plated with similar cell density. The functions of
YAP/TAZ depend on their spatial localization within the cellular
nucleus or cytoplasm. When localized to the nucleus, YAP/TAZ
interact with TEAD transcription factors to drive the expression
of certain proteins, such as transglutaminase-2 (TGM2) and
connective tissue growth factor (CTGF), cysteine-rich
angiogenic inducer 61 (CYR61) and ankyrin repeat domain 1
(ANKRD1) (Low et al., 2014). When localized in the cytoplasm,
YAP can be phosphorylated at five serine/threonine residues,
TAZ at four, by the large tumor suppressor (LATS) kinases 1 and
2. Of these sites, the most relevant residues that keep YAP and
TAZ inhibited are S127 (S89 in TAZ) and S381 (S311 in TAZ)
(Zhao et al., 2010). Phosphorylation of YAP/TAZ either primes to
binding with 14-3-3σ leading to their cytoplasmic sequestration
or ubiquitin-mediated protein degradation (Zhao et al., 2007; Lei
et al., 2008; Dupont et al., 2011). We demonstrated that mRNA
levels of YAP and TAZ were both significantly upregulated in
GTM cells compared to normal HTM cells (Figure 1B). TGM2
and CTGF have been shown to play a role in HTM cell
pathobiology in glaucoma (Tovar-Vidales et al., 2008; Junglas
et al., 2012); here we showed that mRNA of TGM2, CTGF and
ANKRD1 were also significantly upregulated in GTM cells vs.
normal HTM cells, whereas no significant difference was
observed for CYR61 (Figure 1B; Supplementary Figures
S2B,C). GTM cells showed significantly lower p-YAP (S127)
and p-TAZ (S89) vs. normal HTM cells, while total YAP and TAZ
expression were equivalent to HTM cells; this resulted in
significantly decreased p-YAP/YAP and p-TAZ/TAZ ratios (=
less inactive YAP/TAZ in GTM cells). Consistent with the lower
ratio of phosphorylated-to-total proteins, 14-3-3σ expression in
GTM cells was significantly decreased compared to normal HTM
cells (Figures 1C,D). Besides, GTM cells exhibited significantly
increased YAP/TAZ nuclear-to-cytoplasmic (N/C) ratio and
TGM2 expression compared to normal HTM cells (= more
active YAP/TAZ in GTM cells) (Figures 1E–H;
Supplementary Figure S3). Together, these data demonstrate
that levels of active TGFβ2 as well as YAP and TAZ nuclear
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localization and transcriptional activity are elevated in GTM cells
isolated from patients with glaucoma compared to normal
HTM cells.

ECM Stiffening Increases YAP/TAZ Activity
in HTM Cells via Modulating Focal
Adhesions and Cytoskeletal
Rearrangement
Atomic force microscopy (AFM) analyses showed that the TM
from POAG eyes is ~1.5-5-fold stiffer compared to that from
healthy eyes (Wang et al., 2017a; Wang et al., 2017b; Vahabikashi
et al., 2019). To that end, we recently showed that DEX treated
HTM cell-laden hydrogels are ~2-fold stiffer compared to
controls (Li et al., 2021a). Here, we demonstrated that TGFβ2-
treated HTM cell encapsulated hydrogels were also ~2-fold stiffer
compared to controls using AFM and rheology (Figure 2A,
Supplementary Figure S4). To mimic the stiffness difference
between glaucomatous and healthy HTM tissue, we utilized
riboflavin (RF)-mediated secondary UV crosslinking of
collagen fibrils, which stiffened the hydrogels by ~2-fold
(Figure 2B).

Adherent cells are connected to the ECM through
transmembrane receptor integrins and focal adhesion (FA)
proteins such as vinculin (Mohammed et al., 2019). HTM

cells on stiff glass exhibited strong vinculin FA staining
(Supplementary Figure S5A), while cells on soft hydrogels
showed qualitatively fewer vinculin puncta compared to cells
on glass (Figure 2C). The stiffened ECM hydrogels
significantly increased number and size of vinculin puncta
in HTM cells compared to HTM cells on the soft hydrogel
substrates (Figures 2C,D; Supplementary Figure S5B).
Consistent with our observation on vinculin FA, HTM
cells on stiff hydrogels exhibited ~1.26-fold larger nuclei
compared to cells on the soft hydrogels, which was still
less compared to the nuclei in HTM cells on conventional
glass (Figures 2E,F). We also found that the stiffened ECM
hydrogels significantly increased filamentous (F)-actin,
phospho-myosin light chain (p-MLC) and α-smooth
muscle actin (αSMA) levels in HTM cells compared to
cells on the soft matrix (Figures 2G–J, Supplementary
Figures S5C,D). Importantly, we observed that nuclear
localization of YAP/TAZ, TGM2 expression, and
fibronectin (FN) remodeling in HTM cells were
upregulated by the stiffened ECM hydrogels compared to
cells on the soft hydrogels (Figure 2K–N; Supplementary
Figures S5E–H).

Together, these results suggest that the stiffened ECM
hydrogels induce a bigger nuclear size in HTM cells on stiff
matrix compared to cells on soft matrix. The stiffened hydrogels
induce FA and actomyosin cytoskeletal rearrangement,

FIGURE 1 | Upregulated active TGFβ2 and YAP/TAZ nuclear localization in GTM cells compared to normal HTM cells. (A) Active TGFβ2 levels were quantified by
ELISA (n = 16 replicates from three HTM cell strains, n = 13 replicates from 2 GTM cell strains). (B) mRNA fold-change of YAP, TAZ, TGM2 and CTGF normalized to
GAPDH by qRT-PCR (n = 6 replicates from 2 HTM/GTM cell strains). (C) Immunoblot of 14-3-3σ, p-YAP, p-TAZ, total YAP and total TAZ. (D) Immunoblot analysis of 14-
3-3σ, p-YAP/YAP and p-TAZ/TAZ normalized to GAPDH (n = 6 replicates from 2 HTM/GTM cell strains). (E,G) Representative fluorescence micrographs of YAP/
TAZ in HTM and GTM cells (YAP/TAZ = grey). Scale bar, 20 μm; arrows indicate YAP/TAZ nuclear localization. (F,H) Analysis of YAP/TAZ nuclear/cytoplasmic ratio (n =
20 images from 2 HTM/GTM cell strains with three replicates per cell strain). Open and closed symbols represent different cell strains. In (A,B,D), the bars or lines and
error bars indicate Mean ± SD; In (F,H) the box and whisker plots represent median values (horizontal bars), 25th to 75th percentiles (box edges) and minimum to
maximum values (whiskers), with all points plotted. Significance was determined by unpaired t-test (A,F,H) and two-way ANOVA using multiple comparisons tests (B,D)
(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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correlating with elevated YAP/TAZ nuclear localization in
HTM cells.

TGFβ2 Regulates YAP/TAZ Activity via ERK
and ROCK Signaling Pathways
TGFβ2 has been shown to activate canonical Smad (Smad2/3) and
diverse non-Smad signaling pathways including extracellular-signal-
regulated kinase (ERK), c-Jun N-terminal kinases, P38 kinases and
Rho-associated kinase (ROCK) in various cell types with context-
dependent crosstalk (Zhang, 2009; Prendes et al., 2013; Montecchi-
Palmer et al., 2017;Ma et al., 2020). In HTM cells, TGFβ2 was shown

to upregulate ERK via activating RhoA/ROCK to induce a fibrotic-
like, contractile cell phenotype using conventional stiff culture
substrates (Pattabiraman and Rao, 2010). By contrast, we recently
demonstrated that in the context of cell contractility, ROCK activity
was negatively regulated by ERKwith TGFβ2 induction inHTM cells
cultured on soft tissue-like ECM hydrogels; this resulted in
differentially regulated F-actin, αSMA, FN, and p-MLC (Li et al.,
2021b). Here, we investigated whether YAP signaling inHTM cells in
response to TGFβ2 induction requires ERKor ROCK.HTMorGTM
cells were seeded on top of soft hydrogels treated with TGFβ2 ±
U0126 (ERK inhibitor) or Y27632 (ROCK inhibitor). Consistent with
our observation for cells seeded on glass (Figure 1), we found

FIGURE 2 | Stiffened ECM hydrogels elevate YAP/TAZ activity in HTM cells via modulating FA and cytoskeletal rearrangement. (A) Elastic modulus of HTM cell-
encapsulated hydrogels subjected to control and TGFβ2 (2.5 ng/ml) measured by AFM (n = 6 replicates/group). (B) Schematic of riboflavin (RF)-mediated double photo-
crosslinking to stiffen ECM hydrogels, and elastic modulus of the hydrogels (n = 3 replicates/group). (C) Representative fluorescencemicrographs and FIJI mask images
of vinculin in HTM cells on soft and stiff hydrogels (dashed box shows region of interest in higher magnification image; vinculin = grey). Scale bar, 20 μm (left) and
5 μm (right). (D) Analysis of number of vinculin puncta (n = 20 images from 2 HTM cell strains with three replicates per cell strain). (E,F) Representative fluorescence
micrographs and size analysis of HTM cell nuclei on soft and stiff hydrogels (n = 30 images from 2 HTM cell strains with 3–6 replicates per cell strain; more than 100 nuclei
were analyzed per cell strain; dotted line shows mean nuclear area of HTM cells on glass for reference). (G,I) Representative fluorescence micrographs of F-actin and
p-MLC in HTM cells on soft and stiff hydrogels (dashed box shows region of interest in higher magnification image. F-actin = green; p-MLC = red). Scale bar, 20 μm. (H,J)
Analysis of F-actin and p-MLC intensity (n = 20 images per group from 2 HTM cell strains with three replicates per HTM cell strain). (K,M) Representative fluorescence
micrographs of YAP/TAZ in HTM cells on soft and stiff hydrogels (YAP/TAZ = grey). Scale bar, 20 μm. (L,N) Analysis of YAP/TAZ nuclear/cytoplasmic ratio (n = 30 images
from 2 HTM cell strains with 3–6 replicates per cell strain). Open and closed symbols, or symbols with different colors represent different cell strains. The lines and error
bars indicate Mean ± SD; Significance was determined by unpaired t-test (**p < 0.01; ***p < 0.001; ****p < 0.0001).
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significantly higher levels of nuclear YAP/TAZ and TGM2
expression in GTM cells compared to normal HTM cells on the
soft ECM hydrogels (Figure 3; Supplementary Figure S6). TGFβ2
increased nuclear YAP in both HTM and GTM cells, which were
blocked by co-treatment of U0126 or Y27632. Importantly, we found
that YAPN/C ratio inGTM cells with ERK or ROCK inhibitionwere
at similar levels as HTM controls (Figures 3A–D).

YAP and TAZ are generally thought to function similarly
in response to mechanical and biochemical signals (Totaro
et al., 2018). However, it has been shown that YAP and TAZ
are distinct effectors of TGFβ1-induced myofibroblast
transformation (Muppala et al., 2019). In this study, we
observed that TGFβ2 significantly induced nuclear TAZ
localization in HTM cells, and co-treatment of U0126 or

Y27632 with TGFβ2 rescued TAZ nuclear localization to
control levels (Figures 3E,F). Similarly, TGFβ2 increased
TAZ N/C ratio in GTM cells, while ERK or ROCK
inhibition decreased TGFβ2-induced nuclear TAZ to HTM
control levels (Figures 3G,H). Consistent with YAP/TAZ
nuclear localization, TGM2 expression was upregulated by
TGFβ2, which was significantly decreased by co-treatment of
U0126 or Y27632 (Supplementary Figure S6).

These data show that TGFβ2 increases nuclear YAP/TAZ
and TGM2 expression in both HTM and GTM cells, which
was attenuated by either U0126 or Y27632 co-treatment.
Collectively, this suggests that external biophysical
(stiffened ECM) and biochemical signals (increased
TGFβ2) drive altered YAP and TAZ mechanotransduction

FIGURE 3 | Effects of TGFβ2 in absence or presence of ERK or ROCK inhibition on nuclear YAP/TAZ localization in HTM and GTM cells. (A,C,E,G) Representative
fluorescence micrographs of YAP or TAZ in HTM or GTM cells on soft hydrogels subjected to control, TGFβ2 (2.5 ng/ml), TGFβ2 + U0126 (10 µM), TGFβ2 + Y27632
(10 µM) at 3 days (YAP = grey). Scale bar, 20 μm. (B,D,F,H) Analysis of YAP or TAZ nuclear/cytoplasmic ratio (n = 20 images from 2 HTM cell strains with three replicates
per cell strain; n = 10 images from one GTM cell strain with three replicates). Symbols with different colors represent different cell strains; dotted line shows HTM cell
control mean value for reference. The lines and error bars indicate Mean ± SD. Significance was determined by one-way ANOVA using multiple comparisons tests
[shared significance indicator letters represent non-significant difference (p > 0.05), distinct letters represent significant difference (p < 0.05)].
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in HTM cells that contributes to glaucomatous cellular
dysfunction.

F-Actin Polymerization Modulates YAP/TAZ
Activity
It has been shown that latrunculin B (Lat B), a compound that
inhibits polymerization of the actin cytoskeleton, increases
outflow facility and decreases IOP in human and non-human
primate eyes (Peterson et al., 1999; Tian et al., 2000; Ethier et al.,
2006). Likewise, Lat B has been reported to depolymerize HTM
cell actin and decrease cellular stiffness via cytoskeletal relaxation
(McKee et al., 2011). To investigate the effects of F-actin
cytoskeletal disruption on YAP/TAZ activity, HTM cells were
seeded on top of soft hydrogels, and treated with TGFβ2 for
3 days, followed by Lat B treatment for 30 min (Figure 4A).
Consistent with our previous study (Li et al., 2021b), TGFβ2

significantly increased F-actin fibers, and co-treatment of Lat B
with TGFβ2 potently depolymerized F-actin and decreased
F-actin fiber formation (Figures 4B,C) without negatively
influencing cell viability (all three groups exhibited ~8 cells/
0.05 mm2). We observed significantly more vinculin puncta
and increased puncta size induced by TGFβ2, which was
abolished by Lat B treatment (Figures 4D,E; Supplementary
Figure S7). Similar to before (Figure 3), TGFβ2 significantly
increased YAP/TAZ nuclear localization and TGM2 expression,
which were restored to control levels by 30 min of Lat B co-
treatment (Figures 4F–K). Immunoblot analyses corroborated
the immunostaining results and showed that co-treatment of
TGFβ2 and Lat B increased the ratio of p-YAP to YAP and p-TAZ
to TAZ (Figures 4L,M), representing overall decreased nuclear
YAP and TAZ consistent with previous studies (Piccolo et al.,
2014; Das et al., 2016; Panciera et al., 2017). Interestingly,
according to the immunoblot result, Lat B may regulate YAP

FIGURE 4 | Lat B reduces YAP/TAZ activity in HTM cells. (A) Schematic showing time course of Lat B experiments with HTM cells. (B)Representative fluorescence
micrographs of F-actin in HTM cells on soft hydrogels subjected to control, TGFβ2 (2.5 ng/ml), TGFβ2 + Lat B (2 µM) at 3 days (F-actin = green; DAPI = blue). Scale bar,
20 μm. (C)Quantification of F-actin intensity (n = 20 images from 2 HTM cell strains with three replicates per cell strain). (D) Representative fluorescence micrographs of
vinculin in HTM cells on soft hydrogels subjected to the different treatments (dashed box shows region of interest in higher magnification image; vinculin = grey;
DAPI = blue). Scale bar, 20 and 10 μm. (E) Analysis of number of vinculin puncta (n = 20 images from 2 HTM cell strains with three replicates per cell strain). (F,H)
Representative fluorescence micrographs of YAP/TAZ in HTM cells on soft hydrogels subjected to the different treatments (YAP/TAZ = grey). Scale bar, 20 μm. (G,I)
Analysis of YAP/TAZ nuclear/cytoplasmic ratio (n = 20 images from 2HTM cell strains with three replicates per cell strain). (J)Representative fluorescencemicrographs of
TGM2 in HTM cells on soft hydrogels subjected the different treatments (TGM2 = green; DAPI = blue). Scale bar, 20 μm. (K) Analysis of TGM2 intensity (n = 20 images
per group from 2 HTM cell strains with three replicates per HTM cell strain). (L,M) Immunoblot of p-YAP, total YAP, p-TAZ and total TAZ, and immunoblot analysis of
p-YAP/YAP and pTAZ/TAZ (n = 3 replicates). Symbols with different colors represent different cell strains. The lines or bars and error bars indicate Mean ± SD.
Significance was determined by one-way (C,E,H,J,L) and two-way ANOVA (F) using multiple comparisons tests (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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activity by increasing p-YAP while maintaining similar levels of
total YAP, whereas Lat B may decrease total levels of TAZ while
maintaining similar levels of p-TAZ (Figures 4L,M).

In sum, these findings demonstrate that F-actin depolymerization
decreases TGFβ2-induced vinculin FA, nuclear YAP/TAZ and their
downstream target TGM2.

YAP/TAZ Regulate FA Formation, ECM
Remodeling and Cell Contractile Properties
Our results so far suggest that POAG-related stimuli (i.e., TGFβ2
and stiffened ECM) increase YAP/TAZ activity in HTM cells. To
further investigate the roles of YAP/TAZ in HTM cell function,

we seeded HTM cells on stiff hydrogels to increase the baseline
levels of YAP/TAZ in controls, and depleted YAP and TAZ using
combined siRNA knockdown (Figure 5A). Treatment reduced
mRNA expression levels to 34.52 and 35.25% of siRNA controls,
respectively (Supplementary Figure S8A). On a protein level, we
observed 64.80% YAP knockdown with combined siYAP/TAZ
treatment or 49.10% YAP knockdown with single siYAP
treatment. TAZ protein levels were reduced by 89.90% with
siYAP/TAZ and by 80.90% with siTAZ treatments,
respectively (Supplementary Figures S8B–D). Curiously, we
noted a drop in TAZ protein levels in siYAP-treated HTM
cells, whereas no such effects were noted in YAP protein
expression with siTAZ treatment, requiring further

FIGURE 5 | YAP/TAZ are regulators of FA formation, ECM remodeling and cell contractile properties in HTM cells. (A) Schematic showing time course of YAP/TAZ
depletion using siRNA experiments with HTM cells. (B,D,F,H,J and L) Representative fluorescence micrographs of TGM2, FN, αSMA, F-actin, p-MLC and vinculin in
HTM cells on stiff hydrogels subjected to siControl or siYAP/TAZ (dashed box shows region of interest in higher magnification image; TGM2/F-actin = green; FN/p-MLC/
αSMA = red; vinculin = grey; DAPI = blue). Scale bar, 20 μm in (B,F,H,J); 20 and 5 μm in L; 100 μm in D. (C,E,G,I,K,M) Analysis of TGM2, FN, αSMA, F-actin,
p-MLC and number of vinculin puncta (n = 20 images from 2 HTM cell strains with three replicates per cell strain). (N) Representative fluorescence micrographs and size
analysis of HTM cell nuclei on stiff hydrogels subjected to siControl or siYAP/TAZ (n = 40 images from 2 HTM cell strains with six replicates per cell strain; more than 100
nuclei were analyzed per cell strain). (O)mRNA fold-change of FN, TGM2, CTGF, αSMA in HTM cells on stiff hydrogels subjected to siControl or siYAP/TAZ by qRT-PCR.
The mRNA levels were normalized to the levels of GAPDH mRNA 48 h post transfection (n = 6 replicates from 2 HTM cell strain). Open and closed symbols represent
different cell strains. The lines and error bars indicate Mean ± SD; Significance was determined by unpaired t-test (C,E,G,I,K,M,N) and two-way ANOVA (O) using
multiple comparisons tests (**p < 0.01; ****p < 0.0001).
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investigation. Immunostaining showed that YAP/TAZ nuclear
localization in HTM cells transfected with siYAP/TAZ were
significantly decreased vs. controls despite culture in a
stiffened ECM environment (Supplementary Figures S8E–H).
Importantly, we observed that YAP/TAZ depletion significantly
reduced expression of TGM2, FN and CTGF, whichmay decrease
HTM ECM stiffness (Figures 5B–E,O).

F-actin filaments, αSMA and p-MLC are all involved in cell
contractility regulation, and we have previously demonstrated
that their expression was upregulated in HTM cells under
simulated glaucomatous conditions (Li et al., 2021a; Li et al.,
2021b). Here, YAP/TAZ depletion significantly decreased
F-actin filaments and expression of αSMA and p-MLC,
suggestive of reduced HTM cell contractility (Figures
5F–I,O). We also found that the expression of canonical
Hippo pathway kinases LATS1, LATS2 and 14-3-3σ was not
affected by siYAP/TAZ knockdown (Supplementary Figure
S8I). Tension generated within the actomyosin cytoskeleton is
transmitted across FA to induce integrin-mediated remodeling
of the ECM (Jansen et al., 2017). As such, we observed that
YAP/TAZ depletion significantly decreased the number and
size of vinculin puncta and nuclear size (Figures 5L−N;
Supplementary Figure S8J).

Collectively, these data demonstrate that YAP/TAZ depletion
using siRNA leads to impaired YAP/TAZ signaling, FA

formation, cytoskeletal/nuclear and ECM remodeling, and cell
contractile properties.

YAP/TAZ-TEAD Interaction is Required for
YAP/TAZ Downstream Effects
Canonically, YAP/TAZ bind to TEAD family members to induce
the transcription of YAP/TAZ target genes (Low et al., 2014). To
test the effects of YAP/TAZ-TEAD interaction on HTM cell
behavior under simulated glaucomatous conditions, we tested the
effects of verteporfin (VP), a selective inhibitor of the YAP/TAZ-
TEAD transcriptional complex (Liu-Chittenden et al., 2012).
HTM cells were seeded on top of or encapsulated in soft
hydrogels, and treated with TGFβ2 ± VP. Interestingly, we
observed that HTM cells inside hydrogels showed qualitatively
decreased YAP nuclear-to-cytoplasmic ratio compared to cells
atop of the hydrogels in absence of any treatments (Figures
6A–D). In both cell culture environments, TGFβ2 increased
nuclear YAP/TAZ localization, and treating HTM cells with
VP significantly decreased TGFβ2-induced nuclear YAP/TAZ
as well as downstream TGM2 compared to controls, consistent
with the effects of siRNA-mediated YAP/TAZ depletion (Figures
6A–D; Supplementary Figures S9A–D). We observed that the
inhibition of YAP/TAZ-TEAD interaction not only decreased
nuclear YAP/TAZ, but also reduced cytoplasmic and total protein

FIGURE 6 | Inhibition of YAP/TAZ-TEAD interaction with VP decreases nuclear YAP and F-actin levels. (A)Representative fluorescencemicrographs of YAP in HTM
cells cultured on top of soft hydrogels subjected to control, TGFβ2 (2.5 ng/ml), VP (0.5 µM), TGFβ2 + VP at 3 days (YAP = grey; DAPI = blue). Scale bar, 20 μm. (B)
Analysis of YAP nuclear/cytoplasmic ratio (n = 20 images from 2 HTM cell strains with three replicates per cell strain). (C) Representative fluorescence micrographs of
YAP in HTM cells encapsulated in soft hydrogels subjected to the different treatments at 3 days (YAP = grey; DAPI = blue). Arrows indicate higher YAP in nuclei,
arrowheads indicate higher YAP in cytoplasm. Scale bar, 20 μm. (D) Analysis of YAP nuclear/cytoplasmic ratio (n = 6 images from one HTM cell strain with three
replicates). (E) Representative fluorescence micrographs of F-actin in HTM cells on or inside of soft hydrogels subjected to the different treatments (F-actin = red). Scale
bar, 50 μm. (F) Analysis of F-actin intensity in HTM cells on soft hydrogels (n = 20 images from 2 HTM cell strains with three replicates per cell strain). (G) Analysis of
F-actin intensity in HTM cells inside of soft hydrogels (n = 6 images from one HTM cell strain with three replicates). Open and closed symbols represent different cell
strains. The lines and error bars indicate Mean ± SD; Significance was determined by one-way ANOVA using multiple comparisons tests [shared significance indicator
letters represent non-significant difference (p > 0.05), distinct letters represent significant difference (p < 0.05)].
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levels (Supplementary Figure S9E). VP treatment significantly
decreased TGFβ2-induced F-actin filaments, expression of αSMA
and p-MLC, and FN deposition (Figures 6E–G; Supplementary
Figures S9F–K).

Collectively, these results show that pharmacological
inhibition of YAP/TAZ-TEAD interaction leads to impaired
ECM remodeling and cell contractile properties, which is
independent of cell culture environments (atop or
encapsulated in ECM hydrogels).

YAP/TAZ Mediate HTM Cell Contractility
and HTM Hydrogel Stiffness
Lastly, to investigate the effects of YAP/TAZ on HTM cell
contractility and ECM stiffening, we encapsulated HTM cells
in ECM hydrogels and treated with TGFβ2, either alone or in
combination with VP, and assessed hydrogel contractility and
stiffness. TGFβ2-treated HTM hydrogels exhibited significantly
greater contraction vs. controls by 5 days (74.30% of controls),
consistent with our previous report (Li et al., 2021a). Co-
treatment of TGFβ2 + VP potently decreased HTM hydrogel
contraction (90.37% of controls) compared to TGFβ2-treated
samples (Figure 7A). We observed that TGFβ2 significantly
increased hydrogel stiffness (1.86-fold of controls), which was

prevented by co-treatment with VP (1.16-fold of controls)
(Figure 7B).

To assess whether YAP/TAZ inhibition had comparable
effects on GTM cells, we evaluated GTM cell-laden hydrogel
contraction in response to the same treatments. Consistent with
our previous study (Li et al., 2021a), we demonstrated that GTM
hydrogels in absence of additional TGFβ2 induction exhibited
significantly greater contraction relative to normal HTM
hydrogels (86.08% of HTM hydrogels controls); TGFβ2 further
increased GTM hydrogel contraction, and VP partially blocked
this during the short 5 days exposure (Figure 7C).

To determine if hydrogel contractility was influenced by the
cell number, we assessed HTM/GTM cell proliferation in
constructs subjected to the different treatments. We observed
a fewer number of cells in the TGFβ2 + VP group compared to
TGFβ2-treated samples (10.10% decreased) (Supplementary
Figure S10A), while co-treatment of TGFβ2 + VP reduced
hydrogel contraction and stiffening by 21.63 and 59.45%
compared to the TGFβ2-treated group, respectively (Figures
7A,B); demonstrating that VP induced decreasing hydrogel
contraction was not only caused by the smaller cell number,
but also reduced cell contractility. No significant differences
between the different groups were observed for GTM cell-
laden hydrogels (Supplementary Figure S10B).

FIGURE 7 | Inhibition of YAP/TAZ activity decreases HTM hydrogel contractility and stiffness. (A) Representative brightfield images of HTM hydrogels subjected to
control, TGFβ2 (2.5 ng/ml), TGFβ2 + VP (0.5 µM) at 5 days (dashed lines outline original size of constructs at 0 days). Scale bar, 1 mm. (B) Construct size quantification
of HTM hydrogels subjected to the different treatments (n = 11 replicates per group from three HTM cell strains). (C) Normalized elastic modulus (to controls) of HTM
hydrogels subjected to the different treatments (n = 6 replicates per group from three HTM cell strains). (D) Representative brightfield images of GTM hydrogels
subjected to the different treatments at 5 days (dashed lines outline original size of constructs at 0 days). Scale bar, 1 mm. (E) Construct size quantification of GTM
hydrogels subjected to the different treatments (n = 8 replicates per group from 2 GTM cell strains). Open and closed symbols, or symbols with different colors represent
different cell strains; dotted line shows HTM cell control mean value for reference. The lines and error bars indicate Mean ± SD; Significance was determined by one-way
ANOVA using multiple comparisons tests [shared significance indicator letters represent non-significant difference (p > 0.05), distinct letters represent significant
difference (p < 0.05)].
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Together, these data demonstrate that TGFβ2 robustly induces
HTM hydrogel contractility and stiffening in a soft ECM
environment, which are potently reduced by YAP/TAZ
inhibition. Likewise, inhibition of YAP/TAZ had similar effects
on GTM cells inside the 3D hydrogel network.

DISCUSSION

The mechanosensitive transcriptional coactivators YAP and TAZ
play important roles in mechanotransduction, a process through
which cells translate external biophysical cues into internal
biochemical signals. YAP/TAZ modulate target gene
expression profiles with broad functional consequences across
many cell and tissue types (Dupont et al., 2011; Boopathy and
Hong, 2019). Through this mechanism, YAP/TAZ signaling
regulates critical cellular functions and normal tissue
homeostasis; imbalance or failure of this process is at the core
of various diseases (Panciera et al., 2017). Indeed, elevated YAP/
TAZ transcriptional activity is associated with glaucomatous
HTM cell dysfunction (Thomasy et al., 2013; Chen et al.,
2015; Ho et al., 2018; Peng et al., 2018; Dhamodaran et al.,
2020; Yemanyi et al., 2020; Yemanyi and Raghunathan, 2020).
Importantly, a recent genome-wide meta-analysis identified YAP
among 44 previously unknown POAG risk loci (Gharahkhani
et al., 2021); this observation provides strong new evidence that
YAP may play a prominent role in glaucoma pathogenesis. Here,

we found that YAP/TAZ nuclear localization, the principal
mechanism to regulate their function, is significantly higher in
TM cells from patients with glaucoma compared to cells isolated
from healthy tissue, exhibiting normal variability between cells
from different donors (i.e., one GTM cell strain showed higher
baseline YAP/TAZ nuclear localization and transcriptional
activity compared to the other) (Figure 1; Supplementary
Figures S2, S3). However, the detailed mechanisms for YAP/
TAZ modulation in HTM cells under glaucomatous conditions
(i.e., stiffened ECM and increased growth factors in AH) remain
to be elucidated. To model this, we used biomimetic ECM
hydrogels with tunable stiffness to study the roles of YAP and
TAZ in HTM cells in response to stiffened matrix and TGFβ2. As
summarized in Figure 8, our data support that YAP/TAZ are
critical regulators in mediating HTM cellular responses to the
stiffened ECM and elevated TGFβ2 in POAG involving both ERK
and ROCK signaling with likely crosstalk; we propose that
increased YAP/TAZ nuclear retention may drive further HTM
tissue stiffening to exacerbate disease pathology conditions. This
conclusion is supported by the findings that (i) stiffened ECM
hydrogels elevate YAP/TAZ nuclear localization, potentially
through regulating FA formation and cytoskeleton
rearrangement; (ii) TGFβ2 induces nuclear YAP/TAZ
localization and target gene activation through ERK and
ROCK signaling pathways; (iii) depolymerization of F-actin
decreases nuclear YAP/TAZ; (iv) YAP/TAZ depletion using
siRNA or pharmacological inhibition of YAP/TAZ-TEAD

FIGURE 8 | Schematic illustration of the effects elicited by ECM stiffness and TGFβ2 that modulate YAP/TAZ activity in HTM cells. Stiffened ECM hydrogels elevate
YAP/TAZ activity potentially through regulating focal adhesion formation and actin cytoskeleton rearrangement. TGFβ2 activates ERK and ROCK signaling pathways,
with potential context-dependent crosstalk, to regulate YAP/TAZ activity in normal HTM and GTM cells. YAP/TAZ activation induces HTM cell contractility and ECM
remodeling, which together may increase HTM stiffness in POAG. Created with BioRender.com.
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interaction decreases FA formation, cytoskeletal/nuclear/ECM
remodeling and cell contractile properties; (v) YAP/TAZ
inhibitor VP decreases HTM/GTM cell-laden hydrogel
contraction and HTM hydrogel stiffening.

Most in vitro studies of HTM cell (patho-)physiology have
relied on conventional cell monolayer cultures on plastic or glass
of supraphysiologic stiffness. However, biophysical cues such as
substrate composition and stiffness are known to be potent
modulators of cell behaviors (Raghunathan et al., 2013). In
our previous studies, we reported that HTM cells on glass
exhibited bigger nuclei and different organization of F-actin
fibers compared to HTM cells on ECM hydrogels (Li et al.,
2021b). Here, we demonstrated that HTM cells on hydrogels
showed a smaller number of vinculin FA vs. HTM cells on glass
(Figures 2C,D; Supplementary Figure S5A), confirming that
HTM cells display distinct physiological characteristics on soft
tissue-mimetic biomaterials and traditional tissue culture plastic
or glass substrates of supraphysiological stiffness (Caliari and
Burdick, 2016).

Increased tissue stiffness has been observed in multiple
pathologies, including cancer, cardiovascular and fibrosis-
related diseases (Lampi and Reinhart-King, 2018). ECM
stiffening can precede disease development and consequently
increased mechanical cues can drive their progression via altered
mechanotransduction (Frantz et al., 2010; Kaess et al., 2012;
Pickup et al., 2014). Therefore, therapeutically targeting ECM
stiffening by disrupting the cellular response to the stiffened ECM
environment, or in other words targeting mechanotransduction,
is an emerging field with clear implications for glaucoma
treatment. It is widely accepted that the ECM is stiffer in the
glaucomatous HTM (Wang et al., 2017b). Previous studies have
also shown that ECM deposited by HTM cells treated with DEX
was ~2-4-fold stiffer relative to controls (Raghunathan et al.,
2015; Raghunathan et al., 2018). Our recent data using DEX-
induced HTM cell-encapsulated 3D ECM hydrogels were in good
agreement with these observations (Li et al., 2021a). In this study,
we demonstrated that TGFβ2 treatment resulted in a comparable
~2-fold increase in ECM stiffness surrounding the HTM cells as
they reside embedded in our bioengineered hydrogels
(Figure 2A). In both scenarios, the stiffness changes were cell-
driven in response to biochemical cues implicated in glaucoma.

Corneal UV crosslinking with riboflavin (RF) is a clinical
treatment to stabilize the collagen-rich stroma in corneal ectasias
(Zhang et al., 2011; Rahman et al., 2020), with promising
potential for enhancing mechanical properties of collagen-
based hydrogels (Ahearne and Coyle, 2016; Heo et al., 2016).
Crosslinking occurs via covalent bond formation between amino
acids of collagen fibrils induced by singlet O2 fromUV-excited RF
(Tirella et al., 2012). To simulate glaucomatous ECM stiffening
for investigations of the cellular response, we used riboflavin to
double-crosslink collagen in the hydrogels, which increased their
stiffness ~2-fold over baseline (Figure 2B). HTM cells on the
stiffened hydrogels exhibited bigger nuclei, increased number of
vinculin FA, cytoskeleton rearrangement, ECM deposition and
YAP/TAZ nuclear localization compared to cells on soft
hydrogels (Figures 2C–N; Supplementary Figure S3). Taken
together, our findings indicate that YAP/TAZ subcellular

localization in HTM cells is distinctive on different substrates,
suggesting that hydrogels with tunable physiochemical properties
may be more suitable to investigate subtleties in HTM cell
behaviors that would otherwise go unnoticed when relying
exclusively on traditional stiff 2D culture substrates.

TGFβ2 levels are elevated in the aqueous humor of glaucoma
patients compared to age-matched normal eyes (Inatani et al.,
2001; Picht et al., 2001; Ochiai and Ochiai, 2002; Agarwal et al.,
2015). Here, we showed that GTM cells isolated from POAG
donor eyes secreted significantly more active TGFβ2 compared to
normal HTM cells (Figure 1A; Supplementary Figure S2). We
observed that TGFβ2 upregulated YAP/TAZ nuclear localization
and TGM2 expression, a downstream effector of active YAP/TAZ
signaling, in both normal HTM and GTM cells, confirming that
YAP/TAZ activity are upregulated under glaucomatous
conditions. Consistent with these observations, our
immunoblot data showed significantly decreased p-YAP/YAP
and p-TAZ/TAZ ratios (Figures 1C,D), indicative of “less
inactive YAP/TAZ” in GTM cells compared to normal HTM
cells. Given that S127 in YAP (and S89 in TAZ) is among the most
relevant residues that keeps YAP inhibited, it appears likely that
LATS1/2 kinases play a central role in HTM/GTM cell
modulation. However, it is conceivable that kinases other than
LATS1/2 target S127, as it was originally identified as AKT target
(Basu et al., 2003). S127 phosphorylation has been observed to
occur in a LATS1/2-independent manner; in the context of cell
contractility and ECM stiffening, YAP mechanotransduction was
also shown to occur independently of LATS-mediated
phosphorylation, rather involving ROCK and myosin activities
(Piccolo et al., 2014; Sorrentino et al., 2014).

ERK or ROCK inhibition decreased nuclear YAP/TAZ and
TGM2 in both HTM and GTM cells, and co-treatment of ERK or
ROCK inhibitor with TGFβ2 restored YAP/TAZ cellular
localization and TGM2 to HTM control levels (Figure 3;
Supplementary Figure S6). TGFβ2 is known to signal via
both canonical Smad and non-canonical signaling pathways,
such as ERK, JNK, P38 kinases and ROCK in various cell
types (Zhang, 2009). In HTM cells, TGFβ2 induces cross-
linked actin network formation and this process is similarly
blocked by inhibition of Smad or non-Smad signaling
pathways (Montecchi-Palmer et al., 2017). Among the non-
canonical TGFβ2 signaling pathways, ERK and ROCK have
emerged as potent regulators of F-actin, αSMA and FN
expression - all of which are implicated in glaucomatous cell
pathobiology (Pattabiraman and Rao, 2010; Montecchi-Palmer
et al., 2017; Faralli et al., 2019). Other reports showed that ROCK
promotes smooth muscle cell migration and serotonin-mediated
cell proliferation via increasing ERK activity (Liu et al., 2004;
Zhao et al., 2012). In neurons and microglia, ERK activity has
been found to be negatively regulated by ROCK (Hensel et al.,
2015). Together, this suggests the presence of complex ERK and
ROCK signaling crosstalk to regulate cellular behaviors in a
context-dependent manner; yet, the molecular mechanisms of
their crosstalk in HTM cells is far from clear. TGFβ2 was shown
to upregulate ERK via activating RhoA/ROCK in HTM cells
cultured on conventional stiff substrates, such as glass or plastic,
to induce a fibrotic-like, contractile cell phenotype (Pattabiraman
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and Rao, 2010). Consistent with other cell systems, findings from
this study suggested that the two non-canonical signaling
pathways act in sequence. In our recent study, however, we
demonstrated that ERK may inhibit ROCK activity and
p-MLC to increase contractility of HTM cells cultured in a
soft tissue-like ECM environment; no such effect was observed
in cells on stiff glass (Li et al., 2021b). Further research will be
necessary to investigate in greater detail whether/how canonical
Smad signaling cross talks with non-canonical ERK and ROCK
signaling pathways to regulate YAP and TAZ activity in
HTM cells.

Actomyosin cell contractility forces are increased in response
to elevated ECM stiffness and TGFβ2 induction (Lampi and
Reinhart-King, 2018; Li et al., 2021b). Additionally, we have
demonstrated that the stiffened ECM induces YAP/TAZ
nuclear localization, and increases F-actin filaments, p-MLC
and αSMA - all involved in actomyosin cell contractility force
generation. We hypothesized that increased actomyosin cell
contractility may drive YAP/TAZ nuclear localization in HTM
cells. Here, we used Lat B to depolymerize F-actin stress fibers and
increase cytoskeletal relaxation. We found that a short exposure
time to Lat B eliminated vinculin FA formation and YAP/TAZ
nuclear localization, and decreased TGM2 expression. ROCK
inhibition has also been shown to decrease HTM cell F-actin
fibers and contractility (Li et al., 2021a). These observations on
effects of Lat B were consistent with our findings that ROCK
inhibitor reduced YAP/TAZ activity (Figures 3,
4F–M–M4F–M). It would be worthwhile to further investigate
effects of other cell contractility related molecules, such as myosin
light chain kinase, myosin II, cofilin and gelsolin, on YAP/TAZ
activity in both HTM and GTM cells.

We have observed that simulated glaucomatous conditions
(i.e., elevated TGFβ2 and stiffened ECM) upregulated nuclear
YAP/TAZ, and treatments that can reduce IOP in
experimental models (i.e., ROCK inhibitor and Lat B)
downregulated YAP/TAZ nuclear localization, in agreement
with previous reports (Piccolo et al., 2014; Das et al., 2016;
Panciera et al., 2017). These observations led us to explore the
role of YAP/TAZ on glaucoma pathology development. We
found that YAP/TAZ depletion using siRNA consistently
decreased FA formation (i.e., vinculin), and reduced
expression of cell contractile proteins (i.e., F-actin, p-MLC
and αSMA) and ECM proteins (i.e., FN) (Figure 5). Also, YAP/
TAZ deactivation reduced expression of TGM2, a protein that
promotes cell-matrix interactions and FN crosslinking to
stiffen the ECM (Akimov et al., 2000), and CTGF, known
to increase ECM production and cell contractility in HTM
cells, and elevate IOP in mouse eyes (Junglas et al., 2012).
Thus, YAP/TAZ inhibition may decrease subsequent ECM
stiffness potentially through regulation of ECM, TGM2 and
CTGF production. Furthermore, we demonstrated that
inhibition of YAP/TAZ-TEAD interaction using VP
significantly decreased TGFβ2-induced YAP/TAZ nuclear
localization in HTM cells independent of their spatial
arrangement atop or inside of the ECM hydrogels.
Consistent with the effects of siRNA-mediated YAP/TAZ
depletion, VP treatment rescued TGFβ2-induced YAP/TAZ

activity, cell contractile properties and ECM remodeling
(Figure 6; Supplementary Figure S9).

Notably, YAP/TAZ inhibition using VP blunted HTM/GTM
cell-laden hydrogel contraction and stiffening (Figure 7). Thus,
we conclude that YAP/TAZ act as central players in regulating
HTM cell mechanical homeostasis in response to changes of the
surrounding microenvironment (e.g., levels of growth factors,
ECM stiffness) to maintain tissue-level structural integrity and
functionality. It has been demonstrated that the relative roles of
YAP/TAZ are cell type- and context-dependent; they can cause
homeostatic regulation of tissue properties (negative feedback
loop) or promote fibrotic conditions (positive feedback loop).
Some reports implicated YAP/TAZ in a feed-forward promotion
of cytoskeletal tension and ECM protein deposition (Lin et al.,
2017; Nardone et al., 2017; Yemanyi and Raghunathan, 2020),
while some research showed YAP/TAZ had a negative feedback
regulation that acted to suppress actin polymerization and
cytoskeletal tension (Qiao et al., 2017; Mason et al., 2019).
Our data were consistent with the former; i.e., YAP/TAZ
drives HTM cell contraction and ECM stiffening.

In conclusion, using our bioengineered tissue-mimetic ECM
hydrogel system, we demonstrated that nuclear YAP/TAZ is
upregulated in response to simulated glaucomatous conditions
(i.e., TGFβ2 induction and stiffened ECM), and that YAP/TAZ
activation induces HTM cell contractility and ECM remodeling,
which together may increase HTM stiffness in POAG. Our
findings provide strong evidence for a pathologic role of
aberrant YAP/TAZ signaling in glaucomatous HTM cell
dysfunction, and may help inform strategies for the
development of novel multifactorial approaches to prevent
progressive ocular hypertension in glaucoma.
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A Role of Caveolae in Trabecular
Meshwork Mechanosensing and
Contractile Tone
Michael L. De Ieso1, Megan Kuhn1, Pascal Bernatchez2, Michael H. Elliott 3* and
W. Daniel Stamer1*

1Department of Ophthalmology, Duke Eye Center, Duke University, Durham, NC, United States, 2Department of Anesthesiology,
Pharmacology and Therapeutics, Faculty of Medicine, University of British Columbia, Heart + Lung Innovation Centre, St. Paul’s
Hospital, Vancouver, BC, Canada, 3Department of Ophthalmology, Dean McGee Eye Institute University of Oklahoma Health
Sciences Center, Oklahoma City, OK, United States

Polymorphisms in the CAV1/2 gene loci impart increased risk for primary open-angle
glaucoma (POAG). CAV1 encodes caveolin-1 (Cav1), which is required for biosynthesis of
plasma membrane invaginations called caveolae. Cav1 knockout mice exhibit elevated
intraocular pressure (IOP) and decreased outflow facility, but the mechanistic role of Cav1
in IOP homeostasis is unknown. We hypothesized that caveolae sequester/inhibit RhoA, to
regulate trabecular meshwork (TM) mechanosensing and contractile tone. Using
phosphorylated myosin light chain (pMLC) as a surrogate indicator for Rho/ROCK activity
and contractile tone, we found that pMLCwas elevated in Cav1-deficient TM cells compared
to control (131 ± 10%, n = 10, p = 0.016). Elevation of pMLC levels following Cav1
knockdown occurred in cells on a soft surface (137 ± 7%, n = 24, p < 0.0001), but not
on a hard surface (122 ± 17%, n = 12, p = 0.22). In Cav1-deficient TM cells where pMLCwas
elevated, Rho activity was also increased (123 ± 7%, n = 6, p = 0.017), suggesting activation
of the Rho/ROCKpathway. Cyclic stretch reduced pMLC/MLC levels in TM cells (69 ± 7% n=
9, p = 0.002) and in Cav1-deficient TM cells, although not significantly (77 ± 11% n = 10, p =
0.059). Treatment with the Cav1 scaffolding domain mimetic, cavtratin (1 μM) caused a
reduction in pMLC (70 ± 5% n = 7, p = 0.001), as did treatment with the scaffolding domain
mutant cavnoxin (1 μM) (82 ± 7% n = 7, p = 0.04). Data suggest that caveolae differentially
regulate RhoA signaling, and that caveolae participate in TM mechanotransduction. Cav1
regulation of these key TM functions provide evidence for underlying mechanisms linking
polymorphisms in the Cav1/2 gene loci with increased POAG risk.

Keywords: caveolae, trabecular meshwork, Rho/ROCK pathway, primary open angle glaucoma, contractility and
relaxation, caveolin-1 (CAV1), caveolin-1 scaffolding domain peptide, cyclic stretch

INTRODUCTION

Ocular hypertension or elevated intraocular pressure (IOP) is the principal risk factor for glaucoma
(Flammer andMozaffarieh 2007), a leading cause of blindness worldwide (Tham et al., 2014). Ocular
hypertension is also the only modifiable risk factor for primary open-angle glaucoma (POAG), and is
due to the dysregulated resistance to drainage of aqueous humor from the eye via the conventional
outflow (CO) pathway. The CO pathway consists of a porous connective tissue called the trabecular
meshwork (TM), a specialized drainage vessel known as the Schlemm’s canal (SC), and distal
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drainage vessels that include collector channels, aqueous veins,
and intrascleral venous plexus (Kizhatil et al., 2014). Some
resistance to aqueous outflow is generated in the distal portion
of the CO pathway (McDonnell et al., 2018), but the majority of
outflow resistance is generated by the innermost region of the TM
called the “juxtacanalicular (JCT)” region, where the inner wall of
SC and the adjacent TM cells interact (Overby et al., 2009; Tamm
2009). Cells in the JCT region are mechanosensitive, and
homeostatically respond to changes in IOP, thereby regulating
resistance to aqueous humor outflow (Borras et al., 2002; Stamer
et al., 2011; Acott et al., 2014; Overby et al., 2014; Stamer et al.,
2015). The TM primarily participates in the regulation of outflow
resistance by modulating extracellular matrix (ECM) turnover
(Keller et al., 2009) and its contractile tone (Rao and Epstein 2007;
Ren et al., 2016).

Since the JCT separates two pressure compartments (IOP
versus episcleral vessel pressure), TM cells “sense” and respond
to changes in IOP by alterations in mechanical strain. Such
mechanical changes distort ion channels (Tran et al., 2014;
Yarishkin et al., 2021), cell-cell and cell matrix junctional
protein interactions (Tumminia et al., 1998; WuDunn 2009;
Lakk and Križaj 2021) and caveolae (Elliott et al., 2016).
Caveolae are specialized cellular domains that form “cup-
shaped” invaginations in the plasma membrane (Richter et al.,
2008; Schlormann et al., 2010), and are expressed abundantly in
cells of the CO pathway including the SC and the TM (Tamm
2009; Herrnberger et al., 2012). Caveolae participate in a number
of physiological processes including membrane trafficking
(Parton et al., 1994; Pelkmans et al., 2001; Pelkmans and
Helenius 2002), lipid and cholesterol regulation (Martin and
Parton 2005; Pilch et al., 2007), cellular signaling pathways
(Garcia-Cardena et al., 1996; Garcia-Cardena et al., 1997; Patel
et al., 2008), mechanotransduction (Yu et al., 2006; Albinsson
et al., 2008; Joshi et al., 2012), and mechanoprotection (Cheng
et al., 2015; Lo et al., 2015). Caveolin-1 (Cav1) and caveolin-2
(Cav2) are protein scaffolds required for caveolae biosynthesis,
and ablation of Cav1 results in loss of caveolae (Drab et al., 2001).
Importantly, genetic association studies reproducibly show that
polymorphisms at the Cav1/Cav2 gene loci increase risk for
POAG and ocular hypertension (Thorleifsson et al., 2010;
Wiggs et al., 2011; van Koolwijk et al., 2012; Chen et al., 2014;
Huang et al., 2014; Hysi et al., 2014; Loomis et al., 2014; Ozel et al.,
2014; Kim et al., 2015). In physiological studies, we previously
found that global Cav1 knock out mice have elevated IOP due to
decreased outflow facility (Elliott et al., 2016; Kizhatil et al., 2016;
Lei et al., 2016), and that Cav1 expression in the TM is sufficient
to rescue CO defects in global Cav1 knockout mice (De Ieso et al.,
2020). Therefore, Cav1 expression in the TM appear essential for
homeostatic regulation of IOP and CO, however, the biochemical
and biomechanical mechanisms that underpin Cav1-facilitated
regulation of CO resistance in the TM are still unknown.

Due to its central role in controlling TM contractility, the
small GTPase, RhoA, is a prime candidate for caveolae-mediated
transduction of changes in mechanical strain to homeostatic
adjustments in TM contractile tone. RhoA switches between
an inactive GDP-bound conformation and an active GTP-
bound conformation, which triggers specific downstream

effector proteins including Rho-associated protein kinase
(ROCK) (Hall 2005). ROCK then phosphorylates and
inactivates myosin light-chain phosphatase, leading to myosin
light chain II phosphorylation and subsequent cross-linking of
actin filaments and generation of contractile force (Hall 2005).
Significantly, inhibition of Rho/ROCK signaling causes relaxation
of the TM, resulting in reduced IOP and CO resistance (Rao and
Epstein 2007; Ren et al., 2016). Cav1 physically interacts with
RhoA in certain cell types (Gingras et al., 1998), likely via the
Cav1 scaffolding domain (Okamoto et al., 1998; Taggart et al.,
2000). Interestingly, Cav1 positively regulates Rho/ROCK activity
and contractility in certain preparations (Grande-García et al.,
2007; Peng et al., 2007; Joshi et al., 2008; Goetz et al., 2011; Yang
et al., 2011; Parton and Del Pozo 2013; Echarri and Del Pozo
2015), and negatively regulates Rho/ROCK activity in other
preparations (Gingras et al., 1998; Taggart et al., 2000; Nuno
et al., 2012). TM cells possess phenotypic similarities to smooth
muscle cells (Stamer and Clark 2017), where Cav1 has been
reproducibly implicated in the negative regulation of Rho/ROCK
activity and contractility (Taggart et al., 2000; Shakirova et al.,
2006; Nuno et al., 2012). In addition, actin stress fiber formation
(an effector of Rho/ROCK activity) is elevated in Cav1-deficient
human TM cells (Aga et al., 2014).

Therefore, we hypothesized that caveolae sequester/inhibit
RhoA, thus regulating downstream signaling involved in
contractile tone and mechanosensing in the TM. To test this
hypothesis, we employed adenoviruses encoding shRNA targeted
to Cav1 to knock down its expression in primary cultures of
human TM cell strains, and we used cell permeable Cav1
scaffolding domain-derived peptides to mimic elevation of
Cav1 scaffolding domain activity. We observed that Cav1
deficiency resulted in elevated Rho/ROCK activity, and that
treatment with Cav1 scaffolding domain peptides reduced
Rho/ROCK activity. We also found that human TM cells
downregulate Rho/ROCK signaling in response to cyclic
mechanical stretch, and that this process is partially Cav1-
dependent. Thus, work here reveals underlying mechanisms
linking polymorphisms in the Cav1/2 gene loci with increased
risk of POAG, and that the interaction between Cav1 and RhoA
in the TM is important for mechanosensation and for the
regulation CO resistance and function.

MATERIALS AND METHODS

Human Trabecular Meshwork Cell Culture
Human TM cells were isolated from donor eyes using a blunt
dissection technique followed by an extracellular matrix digestion
protocol, exactly as previously described (Stamer et al., 1995). TM
cells were characterized following established standards,
including confirmation of proper TM cell morphology, and
dexamethasone (100 nM for 5 days) induction of myocilin
protein by immunofluorescence microscopy and western blot
analysis according to consensus recommendations (Keller et al.,
2018). Cells were cultured in low glucose Dulbecco’s modified
Eagles’s medium (DMEM), containing 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 0.1 mg/ml streptomycin and
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maintained in humidified air containing 5% CO2 at 37°C. See
Table 1 for a list of the TM cell strains used in this study, with
available donor information.

Cell Transduction With Adenovirus
Cav1 expression in hTM cells was silenced using replication-
deficient adenoviral constructs containing CAV1-silencing
shRNAs and a GFP reporter (human adenovirus Type 5, dE1/
E3 backbone, SKU# shADV-204148; Vector Biolabs, Malvern,
PA). Control cells were transduced with particles containing the
same vector encoding GFP and scrambled control shRNAs (Cat.
#1122, Ad-GFP-U6-shRNA; Vector Biolabs). The optimal
multiplicity of infection (MOI) for maximal Cav1 knockdown
and minimal viral side effects was determined to be 10–15. We
tested 1, 5, 10, 15, 20, and 50 MOI in the hTM120 cell strain to
determine MOI that produced the greatest level of Cav1
knockdown with the least amount of observable undesirable
effects, including change in cell morphology, and elevated
expression of αSMA. As per manufacturer guidelines, cells
were incubated in adenovirus solution (1 ml per well in 6-well
plate; 2 ml per T25 flask; or 5 ml per T75 flask) for 6 h (5% CO2,
37°C), then topped up with fresh 10% FBS DMEM. Proteins were
extracted at 72–96 h post viral transduction.

Cyclic Mechanical Stretch of hTM Cells
Cells were seeded at confluence on 6-well Flexcell plates
(Flexcell International Corp., Burlington, NC) that were
coated with type IV collagen-coated as previously described
(Hauser et al., 2015; Elliott et al., 2016; Youngblood et al.,
2020). Cells were incubated in 1% FBS DMEM 2 h prior to
starting cyclic stretch. In vivo, TM cells are bathed and
nourished in aqueous humor, which contains about 1%
serum proteins (Freddo 2013; Keller et al., 2018). Thus, in
an attempt to simulate an in vivo environment, we chose to use
1% FBS instead of 0% FBS for use in experiments, which can
unduly stress the cells. Cell stretch (20% stretch) was
performed at frequency of 1 Hz, mimicking the ocular
pulse, for 24 h in 1% FBS DMEM using the Flexcell FX-
5000 (Flexcell International Corp., Burlington, NC).

Evaluation of cells at 24-h was selected based on previous
studies (Bradley et al., 2001; Bradley et al., 2003; Vittal et al.,
2005).

Western Blots
After 24 h of cyclic stretching, Flexcell plates were immediately
placed on ice, cells were rinsed three times with ice-cold
phosphate-buffered saline (PBS) and harvested by scraping
into 2X Laemmli sample buffer with 1/10 dilution of beta
mercaptoethanol (200μl/well of a 6-well plate), as performed
previously (Dismuke et al., 2014). Protein lysates were boiled
for 5 min and stored at −80°C. Equal volumes of protein lysate
were loaded into 12% polyacrylamide gels, and proteins were
separated by SDS-PAGE and transferred electrophoretically to
nitrocellulose membranes using transfer buffer with 20%
methanol. Blots were blocked at room temperature, on a
rocker, for 60 min with 5% bovine serum albumin (BSA) in
tris-buffered saline with 0.2% tween-20 (TBS-T). Primary
antibodies were diluted in 5% BSA in TBS-T, and blots were
incubated in primary antibody solution at 4°C overnight, on a
rocker. The phosphorylation status of MLC was used as a
surrogate indicator for Rho/ROCK activity and contractile
tone as done previously (Kimura et al., 1996; Kureishi et al.,
1997; Kaneko-Kawano et al., 2012). For analysis of MLC
phosphorylation following Cav1 knockdown in TM cells plated
on soft or hard surface, we combined data from multiple
experiments that were completed for several different datasets,
where cells were either plated on hard or soft surfaces. Therefore,
some cells were treated with DMSO (0.05%) for 24 h prior to cell
extraction, and others were not. Primary antibodies used are as
follows: rabbit polyclonal anti-MLC (catalog number 3672; 1/
1,000; Cell Signaling Technology), rabbit polyclonal anti-
phospho-MLC (catalog number 3674; 1/1,000; Cell Signaling
Technology), mouse monoclonal anti-alpha-tubulin HRP
conjugate (catalog number 12351; 1/1,000; Cell Signaling
Technology), rabbit monoclonal anti-caveolin-1 HRP
conjugate (catalog number 12506; 1/1,000; Cell Signaling
Technology), mouse monoclonal anti-phospho-caveolin-1
(catalog number 611338; 1/1,000; BD Biosciences), rabbit
polyclonal anti-PTRF/cavin-1 (catalog number ABT131; 1/
1,000; Millipore Sigma), mouse monoclonal anti-RhoA
(catalog number sc-418; 1/200; Santa Cruz), and mouse
monoclonal anti-alpha-smooth muscle actin (catalog number
A2547; 1/5,000; Millipore Sigma). The blots were then washed
three times (10 min in TBS-T). Membranes probed with non-
HRP-conjugate antibodies were then incubated with goat anti-
rabbit-HRP or anti-mouse-HRP secondary antibodies (1:5,000)
for 1 h at room temperature, then washed three times (5 min in
TBS-T). Blots were exposed using the ChemiDoc Imaging System
(BioRad) and densitometry of protein bands was measured by
Image Lab software (BioRad). It was not possible to run all
samples on the same blot as there were not enough wells in
the polyacrylamide gel to allow for all conditions for each sample.
We addressed this issue in two ways. Firstly, all conditions for
each cell strain or independent experiment were always probed
on the same blot. Secondly, target protein band signal intensity
was normalized to corresponding alpha-tubulin signal intensity

TABLE 1 | TM cell strains and eye donor information.

TM strain Age Sex Race

hTM 89 64 y ? ?
hTM 96a 28 y M White
hTM 120 11 months ? ?
hTM 122 54 y ? ?
hTM 123 39 y M White
hTM 125 ? ? ?
hTM 129 75 y F White
hTM 134 51 y M White
hTM 136 3 months F White
hTM 140 60 y M Black
hTM 144 75 y F White
hTM 150 4 months F Black
hTM 204 60 y ? ?
hTM 210 54 y F White
hTM 212 3 y ? ?
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on the same membrane, to correct for loading and variations in
protein concentration for each respective sample. Additionally,
pMLC and MLC were probed on separate blots due to inability to
strip and reprobe for MLC proteins. For this reason, pMLC and
MLC proteins were normalized to α-tubulin on respective gels to
correct for loading, prior to pMLC normalization to MLC.

Caveolin-1 Scaffolding Domain Peptides
We tested two Cav-1 scaffolding domain peptides and a vehicle
control. Cavtratin (catalog number 219482; Millipore Sigma) is a
Cav-1 scaffolding domain peptide (amino acids 82–101) fused at
the N-terminus to the cell-permeable Antennapedia
internalization sequence (43–58). Cavnoxin was synthesized by
Elim Biosciences (Hayward, CA) is identical to cavtratin,
although it contains the T90,91 and F92 substitutions to
alanine, disrupting the inhibitory action of the scaffolding
domain on eNOS (Bernatchez et al., 2005), along with
N-terminus acetylation and C-terminus amidation for peptide
stability. The Antennapedia internalization sequence alone was
used as a peptide control. Cells were washed once with serum-free
media prior to treatment. Peptides were diluted in serum-free
media and cells were treated for 24 h prior to cell lysis. During the
dose optimization study, we found that 1 μM of peptides was
tolerated well by the cells, but 10 μM of peptides [as used
previously (Bernatchez et al., 2011)] had adverse effects on
readouts and cell morphology. For example, high doses of the
peptides caused the cells to shrink and detach from the
substratum.

Rho Activation Assay
Human TM cells were grown to confluence in T-75 cell culture
flasks in 10% FBS DMEM. Adenoviral transduction to silence
Cav1 expression was performed 72–96 h prior to cell lysis. GFP
signal was confirmed using fluorescence microscopy 48 h post-
transduction. Cells were incubated in 1% FBS DMEM 2 h prior to
cell lysis. The Active Rho Detection Kit (catalog number 8820;
Cell Signaling) was used to perform the Rho activity assay. Cells
were washed once with ice cold PBS and lysed with Lysis/
Binding/Wash Buffer supplemented with 1 mM of
phenylmethylsulfonyl fluoride (LBP). Cells were scraped and
transferred to appropriate centrifuge tubes. Tubes were
centrifuged at 16,000 XG for 15 min at 4°C, and supernatant
was transferred to a new tube, while cell pellet was discard.
Protein concentration was determined using the Pierce BCA
Protein Assay Kit (catalog number 23225; Thermofisher
Scientific). Lysate from each of the treatments (500 μg) was
incubated with GST-Rhotekin-Rho binding domain-agarose
slurry by gently rocking at 4°C for 1 h (as per the
manufacturer’s instructions). Equal amounts of cell lysate
protein from untreated cells were incubated either with GTPγS
or with GDP, which served as positive and negative controls,
respectively. The agarose beads were then washed three times
with LBP and suspended in reducing sample buffer (2X Laemmli
sample buffer with 200 mM dithiothreitol). The samples were
vortexed and incubated at room temperature for 2 min. The
samples were then centrifuged at 6000xG for 2 min, and the
eluted samples were boiled for 5 min and stored at −80°C for

future use. The GTP-bound and total Rho was detected by
western blot analysis using Rho rabbit antibody (specific for
RhoA, RhoB, and RhoC) supplied in Active Rho Detection
Kit. Blots were exposed using the ChemiDoc Imaging System
(BioRad) and densitometry of protein bands was measured by
Image Lab software (BioRad). Signal obtained from refined
protein lysate containing GTP-bound Rho was normalized to
total Rho from crude protein lysate.

Immunofluorescence Microscopy
Circular glass coverslips (12 mm diameter) were sterilized with
70% ethanol and inserted into wells of Greiner 24-well tissue
culture treated plates (catalog number M8812; Millipore Sigma).
Two days before fixation, cells were seeded at a density of 0.3 ×
105 cells per well, and incubated in 10% FBS DMEM overnight to
allow the cells to adhere to the glass coverslips. Cell media was
then replaced with 1% FBS DMEM and incubated overnight.
Cells were then rinsed twice with ice cold PBS and fixed with 4%
PFA for 30 min on ice. Cells were washed 3 times with TX
solution (1/1,000 dilution of Triton X-100 in PBS) and blocked at
room temperature for 60 min in blocking buffer (1/10 dilution of
goat serum in TX-solution). Cells were then probed at 4°C
overnight on a rocker with rabbit monoclonal anti-caveolin-1
primary antibody (catalog number 3267; 1/400; Cell Signaling
Technology), diluted in blocking buffer. Cells were washed
3 times for 10 min with TX solution, and then probed with
species-specific secondary antibody (Alexa Fluor 488; goat anti-
rabbit; final concentration 3.75 μg/ml; catalog number
111–545–144; Jackson Immuno Research Labs), diluted in TX-
solution for 2 h at room temperature on a rocker. Cells were then
washed 3 times on a rocker for 10 min each, and the protocol was
repeated with mouse monoclonal anti-RhoA (catalog number sc-
418; 1/50; Santa Cruz) and respective species-specific secondary
antibody (Alexa Fluor 647; goat anti-mouse; final concentration
3.75 μg/ml; catalog number 115-605-146; Jackson Immuno
Research Labs). Cells were then incubated with DAPI (1 μg/ml
diluted in PBS) for 30 min at room temperature. Cells were briefly
rinsed once with PBS, and cover slips were mounted onto
microscope slides using Immu-Mount (catalog number
9990402; Fisher Scientific). Images were captured using a
Nikon A1R confocal laser scanning microscope with 4X air,
20X air objective lenses. For the signal emitted by DAPI, the
excitation wavelength was 405 nm with emission filters set to
detect wavelengths between 425 and 475 nm. For the signal
emitted by Alexa Fluor 488, the excitation wavelength was
488 nm with emission filters set to detect wavelengths between
500 and 550 nm. For the signal emitted by Alexa Fluor 647, the
excitation wavelength was 640 nm with emission filters set to
detect wavelengths between 663 and 738 nm. Fiji (ImageJ)
software (United States National Institutes of Health) was used
to identify subcellular colocalization of Cav1 and RhoA, by
measuring signal intensities as a function of cross-sectional
distance per image, as previously described (De Ieso et al.,
2019; Pei et al., 2019). Unidimensional coincident peaks from
Cav1 and RhoA signal were interpreted as colocalization. The
inclusion criteria for selecting cross sections for analysis were as
follows: 1) to be considered a peak, the maximal Y-value of the
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peak must have been greater than 10 units. 2) For each single
image depicting a specific cell line, three cross-sectional lines were
drawn. 3) Each line needed to pass through at least three cells.

Subcellular Fractionation
At 96 h post viral transduction (as described above) cells were
washed 3 times with ice-cold PBS and harvested by scraping into
detergent-free buffer (PBS with 0.5 mM
ethylenediaminetetraacetic acid, catalog number 03690;
Millipore Sigma, Halt Protease Inhibitor Cocktail, catalog
number 78425; ThermoFisher Scientific, and Phosphatase
Inhibitor Cocktail 2, catalog number P5726; Millipore Sigma).
Cell lysate was homogenized by drawing lysate up and down
10 times with a 27-gauge needle. Lysates were then gently
centrifuged (800 XG) for 5 min to pellet nuclei and large
debris. The supernatant (cytosol + membrane fractions) was
removed and centrifuged at 16,000 XG for 15 min to separate
the cytosol and membrane fractions. Detergent-free buffer (50 μl)
was added to the nuclear fraction, which was then stored at
−80°C. After the cytosolic and membrane fractions were
separated, the supernatant (cytosol-enriched fraction) was
removed and stored at −80°C. The membrane-enriched pellet
was washed twice with detergent-free buffer and centrifuged
again at 16,000 XG for 15 min. The supernatant was removed
and discarded, and the pellet was solubilized in a buffer
containing 1% Triton X-100 (40 μl) to lyse the membrane
pellet. The membrane fraction was also stored at −80°C until
protein quantification. Protein concentration was determined
using the Pierce BCA Protein Assay Kit (catalog number
23225; Thermofisher Scientific). Protein lysates were mixed
with reducing sample buffer (4X Laemmli sample buffer with
1/10 dilution of beta mercaptoethanol) and boiled for 5 min.
Equal volumes of protein lysate (10 μg per well) were loaded into
TGX Stain-Free FastCast 12% polyacrylamide gels (catalog
number 1610184; Biorad). Proteins were separated by SDS-
PAGE and gels were activated prior to being transferred
electrophoretically to nitrocellulose membranes using transfer
buffer with 20% methanol. Protein expression was corrected for
loading via normalization to total protein. Alpha-tubulin was
used as a cytosolic marker protein and Cav1 was used as a
membrane marker protein to confirm purity of membrane and
cytosolic fractions.

Statistical Analysis
Graphing and statistical analyses were performed using
GraphPad Prism v.9.2.0 (GraphPad Software, La Jolla, CA). A
p value of 0.05 or less was considered significant and data are
presented as mean ± SEM, unless otherwise stated. Significance
was determined using paired and unpaired t-tests. We used
unpaired t-tests when comparing the means of two
independent or unrelated groups, for example, basal pMLC
levels across different cell lines. Alternatively, we used a paired
t-test when comparing means of the same group or item (the
experiment/cell line) under two separate scenarios (e.g., stretch
verses no stretch). This is to account for variability between cell
strains and experiments, and a paired t-test is applicable here
because within any given experiment, the cell strains were under

identical conditions until the treatments (stretch or virus) were
applied. Outliers were defined as values that lie two standard
deviations outside of the mean.

RESULTS

Cav1 Knockdown Increases
Phosphorylation of Myosin Light Chain in
Human TMCells
Actin stress fiber formation (an effector of Rho/ROCK activity) is
elevated in human TM cells depleted of Cav1 (Aga et al., 2014),
and smoothmuscle contractility is elevated in the absence of Cav1
in several other cell types (Shakirova et al., 2006). Therefore, we
hypothesized that Cav1 depletion in the TM results in an
elevation of Rho/ROCK activity and subsequently contractile
tone. To test our hypothesis, we silenced Cav1 in human
TM cells and monitored the phosphorylation status of myosin
light chain (MLC), a surrogate indicator for Rho/ROCK activity
and contractile tone (Kimura et al., 1996; Kureishi et al., 1997;
Kaneko-Kawano et al., 2012). Results show a reproducible
reduction of Cav1 in TM cells by over 50% using CAV1-
silencing shRNAs compared to scrambled shRNAs
(Figure 1A, 0.49 ± 0.032, n = 9, p < 0.0001). We also
monitored a second indicator of Cav1 knockdown, CAVIN1, a
Cav1 interacting transcription factor (Hill et al., 2008; Liu and
Pilch 2008; Hansen et al., 2013). Accordingly, we observed that
CAVIN1 was significantly reduced to similar levels as Cav1 in
Cav1-deficient TM cells compared to control (Figure 1B, 0.52 ±
0.041, n = 7, p < 0.0001). In contrast, Cav1 knockdown had no
effect on expression levels of αSMA, RhoA, or MLC
(Supplementary Figure S1). In terms of MLC activation, we
found that phosphorylated MLC was significantly elevated in
Cav1-deficient TM cells compared to Cav1-competent TM cells
(Figure 1C, 1.31 ± 0.1, n = 10, p = 0.016), suggesting Cav1
negatively regulates Rho/ROCK activity, and subsequently
contractile tone in human TM cells.

Elevation of MLC Phosphorylation
Following Cav1 Knockdown is Cell
Substrate-Dependent
TM cells cultured on rigid substrates results in transcriptomic
modifications for genes involved in ECM regulation,
mechanotransduction, and glaucoma pathogenesis (Thomasy
et al., 2012; Tie et al., 2020). Additionally, downstream
effectors of Rho/ROCK signaling, such as stress fiber
formation, are elevated in TM cells cultured on rigid substrates
(Schlunck et al., 2008). Therefore, we hypothesized that the
elevation of pMLC in response to Cav1 knockdown would be
less pronounced when cells were plated on a hard surface rather
than a soft surface. To test this hypothesis, we compared the effect
of Cav1 knockdown between TM cells plated on flexible silicone
bottom plates (soft) verses plastic (hard). As such,
phosphorylated MLC was significantly elevated in Cav1-
deficient TM cells compared to Cav1-competent TM cells
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when plated on a soft surface (Figure 2B, 1.37 ± 0.07, n = 24, p <
0.0001). In contrast, phosphorylated MLC was slightly elevated in
Cav1-deficient TM cells compared to Cav1-competent TM cells,
although not significantly for TM cells plated on hard surfaces,
(Figure 2A, 1.22 ± 0.17, n = 12, p = 0.224). These data suggest that
substrate stiffness influences Cav1-facilitated regulation of Rho/
ROCK activity in human TM cells.

Cav1 Knockdown Elevates MLC
Phosphorylation via RhoA Activation in
Human TMCells
We observed that the dampened response by TM cells plated on
stiff surfaces could be segregation into two groups; “responders”
having elevated pMLC and “non-responders” having low levels of
pMLC with Cav1 knockdown. We hypothesized that basal
(shSCR-treated) pMLC levels are high in non-responders,
which would result in a “ceiling effect”; meaning further
elevation of pMLC in response to Cav1 knockdown would be
less pronounced. As depicted in Figure 3A, we discovered that in
shSCR-treated TM cells, basal pMLC levels were more than 80%
lower in responders (0.31 ± 0.12, n = 5) compared to non-
responders (1.63 ± 0.21, n = 4, p = 0.0007). This suggested that
elevation of pMLC in response to Cav1-deficiency primarily
occurs in hTM cells where basal pMLC levels are not already
elevated. As before, we reproducibly and equivalently reduced
Cav1 in TM cells with CAV1-silencing shRNAs compared to
scrambled shRNAs in non-responders (Figure 3B, 0.38 ± 0.15,
n = 4, p = 0.027) and responders (Figure 3C, 0.38 ± 0.06, n = 6, p =

0.0002) and assayed for Rho activity.We observed that within any
given experiment, changes in pMLC levels were directly
proportional to changes in Rho activity following Cav1
knockdown. As such, in non-responders, Rho activity did not
significantly change in Cav1-deficient compared to Cav1-
competent TM cells (Figure 3D, 0.927 ± 0.03, n = 4, p =
0.097). In contrast, Rho activity in responders was significantly
elevated in Cav1-deficient compared to Cav1-competent TM cells
(Figure 3E, 1.23 ± 0.07, n = 6, p = 0.017), suggesting that Cav1-
knockdown elevates MLC phosphorylation via Rho/ROCK
pathway. As positive and negative controls for the Rho activity
assays, we treated cell lysates with GTPγS or GDP, respectively
(Supplementary Figure S2).

Cav1 Scaffolding Domain Peptides Cause
MLC Dephosphorylation in Human TMCells
The Cav1 scaffolding domain has been shown to inhibit signal
transduction via sequestration of a number of key signaling
molecules, including RhoA (Oka et al., 1997; Engelman et al.,
1998; Razani et al., 1999; Bucci et al., 2000; Razani and Lisanti
2001; Gratton et al., 2003; Labrecque et al., 2003; Lu et al., 2018).
For example, Cav1 physically interacts with, and inhibits RhoA in
several cell types (Gingras et al., 1998), likely via the scaffolding
domain (Okamoto et al., 1998; Taggart et al., 2000). Thus, asMLC
phosphorylation is elevated following Cav1 knockdown, we
hypothesized that treatment of TM cells with the Cav1
scaffolding domain peptides would mimic upregulation of
Cav1 activation and cause MLC dephosphorylation.

FIGURE 1 | Cav1 knockdown increases phosphorylation of myosin light chain in human TM cells. ((A), Top) Cav1 protein levels were significantly decreased by
approximately 50% in TM cells treated with CAV1-silencing shRNA compared to cells treated with scrambled shRNA (****p < 0.0001, paired t-test, n = 9 experiments
using six different human TM cell strains). ((A), Bottom) Shown is a representative blot from a single experiment displaying Cav1 protein abundance, compared to α-
tubulin. ((B), Top) CAVIN1 protein levels were significantly decreased by approximately 50% in TM cells treated with CAV1-silencing shRNA compared to cells
treated with scrambled shRNA (****p < 0.0001, paired t-test, n = 7, four different human TM cell strains tested). ((B), Bottom) Shown is a representative blot for CAVIN1
protein, compared to α-tubulin. ((C), Top) MLC phosphorylation was significantly elevated by approximately 30% in Cav1-deficient TM cells compared to Cav1-
competent TM cells (*p = 0.016, paired t-test, n = 10 experiments using six different human TM cell strains). ((C), Bottom) Representative blots depicting pMLC signal,
compared to total MLC from a hTM cell strain. Summary data are displayed as box andwhisker plots, which show theminimum, 25th percentile, median, 75th percentile,
and maximum values of the dataset, plus all individual data points (black circles). Data are expressed as candidate protein expression (corrected for loading as indicated
by α-tubulin abundance) in cells treated with shCAV1, normalized to shSCR treated cells.
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Interestingly, we found that treatment of TM cells with cavtratin
for 24 h resulted in a 22% reduction in relative Cav1 protein as
compared to control (Figure 4A, 0.775 ± 0.07, n = 7, p = 0.021). In
contrast, treatment with cavnoxin had no significant effect on
relative Cav1 protein levels as compared to control (Figure 4A,
0.933 ± 0.06, n = 7, p = 0.332). These data suggest that treatment
with cavtratin initiated a negative feedback loop, causing a
downregulation of Cav1 protein expression. In addition to
decreased Cav1 expression, TM cells treated with cavtratin
exhibited a 30% reduction in MLC phosphorylation as
compared to control (Figure 4B, 0.699 ± 0.05, n = 7, p =
0.001). Cavnoxin was less efficacious than cavtratin, exhibiting
an 18% reduction in MLC phosphorylation in TM cells as
compared to AP control (Figure 4B, 0.82 ± 0.07, n = 7, p =
0.043). These data support the hypothesis that Cav1 negatively
regulates Rho/ROCK signaling in human TM cells, via the Cav1
scaffolding domain.

Cyclic Stretch Induces MLC
Dephosphorylation in Cav1-Competent, not
Cav1-Deficient TMCells
Caveolae are mechanotransducers in some tissues (Yu et al.,
2006). For example, mechanical stimulation induces

phosphorylation of Cav1 in breast cancer cells (Joshi et al.,
2012). Since TM cells are subject to continual cyclic stretch
(Xin et al., 2018), we aimed to determine whether cyclic
mechanical stretch induces Cav1 phosphorylation in human
TM cells. In Cav1-competent TM cells, 24 h of cyclic stretch
caused a significant increase in Cav1 phosphorylation as
compared to no stretch (Figure 5A, 1.25 ± 0.03, n = 9, p <
0.0001). In Cav1-deficient TM cells, 24 h of cyclic stretch elevated
phosphorylated Cav1 levels to similar levels, but not significantly
(Figure 5A, 1.27 ± 0.2, n = 10, p = 0.213). These results show that
cyclic mechanical stretch stimulates phosphorylation of Cav1 in
Cav1-competent TM cells, and that this effect is disrupted in the
TM cells with lower levels of Cav1.

The ability of the conventional outflow tissues to adapt to
fluctuating biomechanical loads is crucial to IOP homeostasis
(Overby et al., 2014; Stamer et al., 2015). As MLC
dephosphorylation and subsequent TM relaxation elevates
outflow facility and reduces IOP (Rao et al., 2001; Rao et al.,
2005; Ren et al., 2016), we hypothesized that TM cells respond to
cyclic mechanical stretch by dephosphorylating MLC, and
subsequently relaxing. Indeed, 24 h of cyclic stretch caused a
significant decrease in MLC phosphorylation as compared to no
stretch in Cav1-competent TM cells (Figure 5B, 0.693 ± 0.07, n =
9, p = 0.002). One hour of cyclic stretch was not sufficient to cause

FIGURE 2 | Elevation of MLC phosphorylation following Cav1 knockdown in TM cells on soft versus hard surface. ((A), Top) MLC phosphorylation was not
significantly different between Cav1-deficient and Cav1-competent TM cells when plated on a hard surface (p = 0.224, paired t-test, n = 12 experiments using seven
different human TM cell strains). ((A), Bottom) Shown is a representative blot from a single experiment displaying phosphorylated MLC abundance, compared to total
MLC protein. ((B), Top) In contrast, MLC phosphorylation was significantly elevated by approximately 37% in Cav1-deficient TM cells compared to Cav1-
competent TM cells when plated on a soft surface (*p < 0.0001, paired t-test, n = 24 experiments using 11 different human TM cell strains). ((B), Bottom) Representative
blots from a single experiment displaying phosphorylated MLC abundance, compared to total MLC protein. Summary data are displayed as box and whisker plots,
which show the minimum, 25th percentile, median, 75th percentile, and maximum values of the dataset, plus all individual data points (black circles). Data are expressed
as candidate protein expression (corrected for loading as indicated by α-tubulin abundance) in cells treated with shCAV1, normalized to shSCR treated cells.
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MLC dephosphorylation in Cav1-competent TM cells
(Supplementary Figure S4). We then tried to determine
whether the stretch-induced relaxation was Cav1 dependent.
We observed that the response was more variable and did not
reach significance in Cav1-deficient TM cells, whereby 24 h of
cyclic stretch caused a 23% decrease in MLC phosphorylation as
compared to no stretch (Figure 5B, 0.772 ± 0.11, n = 10, p =

0.059). These data suggest that cyclic mechanical stretch
stimulates dephosphorylation of MLC in Cav1-competent
TM cells, and that this effect is disrupted in the TM cells with
lower levels of Cav1. We then only looked at TM cells that had
been stretched for 24 h, and within this group we found that Cav1
was reduced by 53% with CAV1-silencing shRNAs compared to
scrambled shRNAs (Figure 5C, 0.465 ± 0.02, n = 9, p < 0.0001).

FIGURE 3 | Cav1-knockdown elevates MLC phosphorylation via Rho activation in human TM cells. Responders (R) are defined as TM cells where MLC
phosphorylation levels were elevated following Cav1 knockdown. Non-responders (NR) are defined as TM cells where MLC phosphorylation levels were not elevated
following Cav1 knockdown. ((A), Top) Basal MLC phosphorylation was significantly higher in NR (n = 4 experiments using four different human TM cell strains) compared
to responders (R, n = 5 experiments using four different human TM cell strains) (***p = 0.0007, unpaired t-test). ((A), Bottom) Shown is a representative blot from a
single experiment displaying phosphorylated MLC abundance, compared to total MLC protein. ((B), Top) In non-responders, Cav1 protein levels were significantly
decreased by approximately 60% in TM cells treated with CAV1-silencing shRNA compared to cells treated with scrambled shRNA (*p = 0.027, paired t-test, n = 4
experiments using four different human TM cell strains). ((B), Bottom) Shown is a representative blot from a single experiment displaying Cav1 protein abundance,
compared to α-tubulin. ((C), Top) In responders, Cav1 protein levels were comparable to non-responders being decreased by approximately 60% in TM cells treated
with CAV1-silencing shRNA compared to cells treated with scrambled shRNA (***p = 0.0002, paired t-test, n = 6 experiments using four different human TM cell strains).
((C), Bottom) Shown is a representative blot from a single experiment displaying Cav1 protein abundance, compared to α-tubulin. ((D), Top) In non-responders, levels of
GTP-bound Rho were not significantly different between Cav1-competent and Cav1-deficient TM cells (p = 0.097, paired t-test analysis, n = 4 experiments using four
different human TM cell strains). ((D), Bottom) Shown is a representative blot from a single experiment displaying GTP-bound Rho signal, normalized to total Rho protein.
((E), Top) In contrast, GTP-bound Rho in responders was significantly elevated by approximately 23% in Cav1-deficient compared to Cav1-competent TM cells. (p =
0.017, paired t-test, n = 6 experiments using four different human TM cell strains). ((E), Bottom) Shown is a representative blot from a single experiment displaying GTP-
bound Rho signal, normalized to total Rho protein. Summary data are displayed as box and whisker plots, which show the minimum, 25th percentile, median, 75th
percentile, and maximum values of the dataset, plus all individual data points (black circles). In A-C, data are expressed as candidate protein expression, corrected for
loading as indicated by α-tubulin abundance. For D and E, expression of GTP-bound Rho is corrected for loading via normalization to total Rho, and not α-tubulin. For
B-E, data are expressed as candidate protein expression in cells treated with shCAV1, normalized to shSCR treated cells.
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Moreover, phosphorylated MLC was significantly elevated by
31% in Cav1-deficient compared to Cav1 competent TM cells
(Figure 5C, 1.31 ± 0.14, n = 10, p = 0.049). Importantly, we
observed that 24 h of cyclic stretch had no effect on protein
expression of Cav1, CAVIN1, αSMA, MLC, or RhoA
(Supplementary Figure S3). These data suggest that in the
presence or absence of cyclic mechanical stretch, MLC
phosphorylation is elevated in Cav1-deficient TM cells.

RhoA Co-Localizes With Cav1 in Human
TMCells
Cav1 physically interacts with Rho GTPases in non-TM cell
types, likely via its scaffolding domain (Gingras et al., 1998;
Okamoto et al., 1998; Taggart et al., 2000; Peng et al., 2007;
Peng et al., 2008; Arpaia et al., 2012). These data plus our results
showing that Cav1 regulates RhoA activity in TM cells, led us to
hypothesize that Cav1 colocalizes with RhoA in human TM cells.
Using immunofluorescent microscopy, we observed that the
majority of Cav1 is expressed on the plasma membrane of
TM cells. Similarly, we found that RhoA expression is
primarily concentrated at cell borders, with some distributed
throughout the cytoplasm (Figure 6A and Supplementary

Figure S5A). Colocalization was confirmed in confocal images
analyzed in cross sections (Figure 6B and Supplementary
Figure S5B).

RhoA Expression in the Cytosol is
Suppressed in Cav1-Deficient TMCells
Our data is consistent with previous studies, showing RhoA
localizes to both the cytoplasm and plasma membrane
(Adamson et al., 1992); translocating from the cytosol to the
plasma membrane upon activation (Philips et al., 1993; Boivin
and Beliveau 1995; Fleming et al., 1996; Kranenburg et al., 1997;
Michaelson et al., 2001). Although, RhoA is negatively regulated
when compartmentalized within caveolar lipid rafts (Nuno et al.,
2012). Thus, we interrogated the effect of Cav1 expression levels
on RhoA localization in TM cells. Under baseline conditions,
Cav1 near exclusively localized to the membrane, with close to
undetectable levels in the cytosolic fraction of TM cells
(Figure 7A, 0.004 ± 0.002, n = 6, p < 0.0001). Upon
knockdown, Cav1 was reduced by 53% (Figure 7B, 0.47 ±
0.08, n = 6, p = 0.001). As expected, α-tubulin preferentially
localized to the cytosolic as compared to membrane cellular
compartment (Figure 7C, 5.5 ± 1.2, n = 6, p = 0.012). Similar

FIGURE 4 | Cav1 scaffolding domain mimetics cause MLC dephosphorylation in human TM cells. ((A), Top) Treatment with the peptide mimetic, cavnoxin (1 μM)
for 24 h had no effect on Cav1 protein levels compared to 1 μM peptide control (Antennapedia internalization sequence, AP) (p = 0.333, paired t-test, n = 7 experiments
using three different human TM cell strains). Treatment with the peptide mimetic, cavtratin (1 μM) for 24 h significantly reduced Cav1 protein levels by 22% compared to
1 μM AP (*p = 0.021, paired t-test, n = 7 experiments using three different human TM cell strains). ((A), Bottom) Shown is a representative blot from a single
experiment displaying Cav1 protein abundance, compared to α-tubulin. ((B), Top) Treatment with 1 μM cavnoxin for 24 h significantly reduced MLC phosphorylation by
18% compared to 1 μM AP (*p = 0.046, paired t-test, n = 7 experiments using three different human TM cell strains). Treatment with 1 μM cavtratin for 24 h significantly
reduced MLC phosphorylation by 30% compared to 1 μM AP (**p = 0.001, paired t-test, n = 7 experiments using three different human TM cell strains). ((B), Bottom)
Representative blots from a hTM cell strain depicting pMLC signal, normalized to total MLC. Summary data are displayed as box and whisker plots, which show the
minimum, 25th percentile, median, 75th percentile, and maximum values of the dataset, plus all individual data points (black circles). Data are expressed as candidate
protein expression (corrected for loading as indicated by α-tubulin abundance) in cells treated with cavtratin or cavnoxin, normalized to AP-treated cells.
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to immunofluorescence studies under basal conditions
(Figure 6), RhoA localized predominantly in the membrane
verses cytosolic fractions (Figure 7D, 0.19 ± 0.04, n = 6, p <
0.0001). Interestingly, we found that RhoA protein levels in the
membrane fraction were not significantly different between
Cav1-competent and Cav1-deficient TM cells (Figure 7E,
0.72 ± 0.16, n = 6, p = 0.13). However, RhoA was significantly
reduced in cytosolic fractions by 38% in Cav1-deficient verses
Cav1-competent TM cells (Figure 7F, 0.62 ± 0.05, n = 6, p =
0.0004). These data suggest that while membrane-bound RhoA
expression is unchanged, cytoplasmic RhoA expression is
downregulated in Cav1-deficient TM cells.

DISCUSSION

Caveolae in the TM are crucial for homeostatic regulation of IOP
and CO resistance (Elliott et al., 2016; De Ieso et al., 2020),
however, the biochemical and biomechanical mechanisms
underpinning caveolae-mediated regulation of IOP and CO
resistance are not well understood. One way the TM
participates in the regulation of CO resistance is by
modulating contractile tone, where RhoA GTPases plays a
central role (Rao and Epstein 2007; Ren et al., 2016).
Importantly, RhoA physically interacts with Cav1 in some cell
types (Gingras et al., 1998), so we hypothesized that caveolae
sequester/inhibit RhoA in the TM, thus regulating downstream
signaling involved in contractile tone that is mechanoresponsive.
In this way, we found that 24 h of cyclic stretch induced
downregulation of Rho/ROCK activity, and that this process

FIGURE 5 | Cyclic stretch results in MLC dephosphorylation in Cav1-
competent, but not Cav1-deficient TM cells. ((A), Top) For Cav1-competent
TM cells (treated with shSCR), cyclic stretch caused a 25% increase in Cav1
phosphorylation compared to unstretched TM cells (****p < 0.0001,
paired t-test, n = 9 experiments using six different human TM cell strains). For
Cav1-deficient TM cells (treated with shCAV1), cyclic stretch had no

(Continued )

FIGURE 5 | significant effect on Cav1 phosphorylation compared to
unstretched TM cells (p = 0.213, paired t-test, n = 10 experiments using six
different human TM cell strains). ((A), Bottom) Representative blots from a
hTM cell strain depicting pCAV1 signal, normalized to total CAV1. ((B), Top)
For Cav1-competent TM cells, cyclic stretch caused a 30% decrease in MLC
phosphorylation compared to unstretched TM cells (**p = 0.002, paired t-test,
n = 9 experiments using five different human TM cell strains). For Cav1-
deficient TM cells, cyclic stretch had no significant effect on MLC phos-
phorylation compared to unstretched TM cells (p = 0.059, paired t-test, n = 10
experiments using six different human TM cell strains). ((B), Bottom) Rep-
resentative blots from a hTM cell strain depicting pMLC signal, normalized to
total MLC. ((C), Top Left) In stretched TM cells, Cav1 protein levels were
significantly decreased by approximately 53% in cells treated with CAV1-
silencing shRNA compared to cells treated with scrambled shRNA (****p <
0.0001, paired t-test, n = 9 experiments using six different human TM cell
strains). ((C), Bottom Left) Shown is a representative blot from a single
experiment displaying Cav1 protein abundance, compared to α-tubulin. ((C),
Top Right) In stretched TM cells, Cav1-deficient cells exhibited a 30% ele-
vation in MLC phosphorylation, as compared to Cav1-competent cells (*p =
0.049, paired t-test, n = 10 experiments using six different human TM cell
strains). ((C), Bottom Right) Representative blots from a hTM cell strain
depicting pMLC signal, normalized to total MLC. Summary data are displayed
as box and whisker plots, which show the minimum, 25th percentile, median,
75th percentile, and maximum values of the dataset, plus all individual data
points (black circles). For A and B, data are expressed as candidate protein
expression (corrected for loading as indicated by α-tubulin abundance) in
stretched cells, normalized to unstretched cells. For C, data are expressed as
candidate protein expression (corrected for loading as indicated by α-tubulin
abundance) in shCAV1 treated cells, normalized to shSCR treated cells.
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was in part Cav1-dependent. Consistent with their functional
interactions, we found that RhoA colocalized at the plasma
membrane with Cav1, and signaling through MLC was
blunted upon treatment with Cav1 scaffolding domain
mimetics. Next, we demonstrated that Cav1 negatively
regulated Rho GTPase and ROCK activity in TM cells. Taken
together, these data support our hypothesis that caveolae
sequester/inhibit RhoA via interaction with the Cav1
scaffolding domain in the TM to regulate Rho GTPases
involved in mechanoresponsive contractile tone. However,
more work is needed to confirm direct interaction between
RhoA and Cav1 in TM cells.

Work here showed that Cav1 suppression in human TM cells
resulted in elevated MLC phosphorylation, which is a surrogate
indicator for Rho/ROCK activity and contractile tone (Kimura
et al., 1996; Kureishi et al., 1997; Kaneko-Kawano et al., 2012).
However, it is possible that other upstream signaling molecules
were responsible for elevated MLC phosphorylation in response
to Cav1 knockdown. Other pathways upstream of MLC
phosphorylation include the Ca2+/Calmodulin-dependent
myosin light chain kinase pathway (Kamm and Stull 1985;
Gallagher et al., 1997) and protein kinase C-mediated
pathways (Masuo et al., 1994; Kitazawa et al., 1999). We used
a Rho activity assay to confirm that elevation of phosphorylated
MLC in response to Cav1 suppression was specifically due to

elevated levels of GTP-bound Rho. Thus, we found that Rho
activity was increased in Cav1-deficient TM cells where pMLC
was elevated, however, this does not exclude the involvement of
other aforementioned pathways, especially considering the
variety of signaling molecules Cav1 is known to regulate. For
example, Cav1 regulates protein kinase C, whereby PKC-driven
arterial contraction is increased in Cav1 KO mice (Shakirova
et al., 2006). Future work will involve testing whether Cav1
suppression in the TM might also trigger these alternative
pathways such as PKC signaling, so to further understand how
caveolae regulate contractile tone in the TM.

Our findings are the first to show that Cav1 negatively
regulates Rho/ROCK signaling in TM cells. This supports
previous findings that Cav1 is a negative regulator of signal
transduction in multiple pathways. For example, the Cav1
scaffolding domain (aa 82–101) is implicated in the negative
regulation of p42/44 mitogen-activated protein kinase cascade
(Engelman et al., 1998), eNOS (Bucci et al., 2000; Gratton et al.,
2003; Reina-Torres et al., 2020), TGF-β1/Smad signaling (Lu
et al., 2018), protein kinase A (Razani et al., 1999; Razani and
Lisanti 2001), vascular endothelial growth factor receptor-2
(Labrecque et al., 2003) and various PKC isoenzymes (Oka
et al., 1997). It has been suggested that Cav1 inhibits these
signaling molecules by stabilizing them in an inactive
conformation within caveolae (Okamoto et al., 1998).

FIGURE 6 | RhoA co-localizes with Cav1. (A) Immunofluorescence microscopic images depicting human TM cells, stained for DAPI (blue, top left), RhoA (red, top
right), and Cav1 (green, bottom left). Merged signals are displayed on bottom right, with dotted lines showing locations where signal intensities were analyzed in the
Z-axis in panel B. (B) Each graph shows the signal intensities (y-axis) of the Cav1 (green) and RhoA signals (red), as a function of distance (x-axis) along the dotted lines
shown in merged panel A. Points of coincidental signal peaks (peak defined as maximum Y value > 10 arbitrary units) are representative of Cav1/RhoA co-
localization and are highlighted with arrows. Shown are representative results from a single hTM cell strain (hTM150) of three total cell strains that were analyzed.
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FIGURE 7 | Cellular localization of RhoA in Cav1-competent and Cav1-deficient human TM cells. ((A), Top) Under basal conditions, Cav1 protein localized almost
exclusively to membrane fraction in TM cells (250-fold, ****p < 0.0001, paired t-test, n = 6 experiments using five different TM cell strains). ((A), Bottom) Representative
blots from a hTM cell strain depicting Cav1 signal in cytosolic verses membrane fractions, normalized to total protein. ((B), Top) For the membrane fraction only, Cav1
protein levels were significantly decreased by approximately 53% in cells treated with CAV1-silencing shRNA compared to cells treated with scrambled shRNA
(**p = 0.001, paired t-test, n = 6 experiments using five different human TM cell strains). ((B), Bottom) Representative blots from an hTM cell strain depicting membrane-
bound Cav1 protein abundance, normalized to total protein. ((C), Top) Under basal conditions, α-tubulin protein localized preferentially to the cytosolic fraction in TM cells
(5.5-fold, *p = 0.012, paired t-test, n = 6 experiments using five different TM cell strains). ((C), Bottom) Representative blots from a hTM cell strain depicting α-tubulin
signal in cytosolic verses membrane fractions, normalized to total protein. ((D), Top) Under basal conditions, RhoA protein localized preferentially to the membrane
fraction (5-fold) as compared to cytosolic fraction (****p < 0.0001, paired t-test, n= 6 experiments using five different TM cell strains). ((D), Bottom) Representative blots
from a hTM cell strain depicting RhoA signal in cytosolic verses membrane fractions, normalized to total protein. ((E), Top) For the membrane fraction only, RhoA protein
levels were not significantly different in cells treated with CAV1-silencing shRNA compared to cells treated with scrambled shRNA (p = 0.13, paired t-test, n = 6
experiments using five different human TM cell strains). ((E), Bottom) Representative blots from a hTM cell strain depicting membrane-bound RhoA protein abundance,
normalized to total protein. ((F), Top) For the cytosolic fraction only, RhoA protein levels were significantly decreased by approximately 38% in cells treated with CAV1-
silencing shRNA compared to cells treated with scrambled shRNA (***p = 0.0004, paired t-test, n = 6 experiments using five different human TM cell strains). ((F),
Bottom) Representative blots from an hTM cell strain depicting cytosolic RhoA protein abundance, normalized to total protein.
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Furthermore, Cav1 also negatively regulates Rho activity in
certain cell types. For instance et al. (1998) showed that Cav1
physically interacts with RhoA in endothelial cells, where it was
proposed to have inhibitory action although this was not
empirically demonstrated in this study. Additionally, work
from Taggart et al. (2000) revealed that introduction of the
Cav1 scaffolding domain peptide to smooth muscle cells
isolated from uterine horns of late-term pregnant
Sprague–Dawley rats inhibited agonist-induced translocation
of RhoA to the plasma membrane, thus resulting in RhoA
inhibition. The molecular communication, and negative
regulation of RhoA by Cav1 also translates to physiological
effectors, whereby smooth muscle contractility is elevated in
the absence of Cav1 (Shakirova et al., 2006). Previous evidence
of negative regulation of Rho/ROCK activity by Cav1 has also
been demonstrated in cells of the outflow pathway. In one study,
actin stress fiber formation (an effector of Rho/ROCK activity)
was elevated in Cav1-deficient human TM cells (Aga et al., 2014),
aligning with findings from this study.

We were surprised to find that cytosolic RhoA expression was
suppressed in Cav1-deficient TM cells, despite elevated Rho/
ROCK activity. A similar finding was reported where aortic
smooth muscle cells extracted from Cav1 knock out mice
exhibited reduced RhoA expression compared to wild type,
despite elevated smooth muscle contractility and Rho/ROCK
activity (Nuno et al., 2012). In this study, researchers also
showed that RhoA was negatively regulated when localized
within caveolae, and positively regulated when localized within
non-caveolar lipid rafts, since depletion of non-caveolar lipid
rafts in Cav-1 knock out mice reduced smooth muscle
contractility (Nuno et al., 2012). Intriguingly, we found that
membrane-bound RhoA expression was unchanged in Cav1-
competent verses Cav1-deficient TM cells, despite the fact that
RhoA translocates from the cytosol to the plasma membrane
upon activation (Philips et al., 1993; Boivin and Beliveau 1995;
Fleming et al., 1996; Kranenburg et al., 1997; Michaelson et al.,
2001). Thus, we theorize that in the absence of Cav1, RhoA
translocates from caveolar to non-caveolar lipid rafts, where
RhoA becomes active. Specifically, Cav-1 might stabilize and
inhibit RhoA protein thereby preventing its degradation, as
previously suggested (Okamoto et al., 1998; Nuno et al., 2012),
and it is likely to accomplish this via the Cav1 scaffolding domain.
It is important to note that a change in the cytosolic fraction of
RhoA does not allow conclusions on the subcellular distribution
of active Rho-GTP, and more work is needed to confirm this in
future studies.

There is an optimal Cav1 scaffolding domain binding motif in
the switch I region of RhoA (Couet et al., 1997), so we
hypothesized that binding of RhoA to the Cav1 scaffolding
domain prevents its interaction with effector proteins, thus
negatively regulating its activity. However, it is important to
note that this Cav1 motif is not likely to be the only motif
involved with RhoA interaction as RhoB possesses an identical
sequence and is not found in caveolae-enriched fractions
(Gingras et al., 1998). Nevertheless, we showed that Rho/
ROCK signaling is negatively regulated by the Cav1
scaffolding domain. We used two different Cav1 scaffolding

domain peptides, cavtratin and cavnoxin to mimic elevation of
Cav1 scaffolding domain activity. Cavtratin contains an intact
Cav1 scaffolding domain (amino acids 82–101), and cavnoxin is
identical to cavtratin, except it contains three inactivating
substitutions (T90,91,F92A), disrupting some of the inhibitory
actions of the scaffolding domain on eNOS, although some
eNOS-modulating activities are likely mediated by the 82–88
segment (Bernatchez et al., 2005). There are two main advantages
for using peptides instead of upregulating Cav1 in human
TM cells. 1) There is less chance of off target effects associated
with the use of viral vectors or transfection reagents. 2) Use of the
peptides provides extra insight as to the specific role of the Cav1
scaffolding domain on Rho/ROCK activity. In our study, we
found that 24-h treatment with either cavtratin or cavnoxin

FIGURE 8 | Schematic of hypothesized regulation of Rho/ROCK activity
by Cav1 in TM cells. (A) Cartoon showing components of the irideocorneal
angle, highlighting aqueous humor flow (blue arrows) into and through the
conventional outflow pathway. A higher magnification illustration of the
conventional outflow pathway, depicting the TM, juxtacanalicular tissue (JCT)
and SC on the right. (B) Diagram demonstrating results of the present study,
showing the status of Rho/ROCK activity and MLC phosphorylation in Cav1
competent, Cav1 deficient, and cavtratin-treated TM cells. For example, we
propose that in the presence of Cav1, RhoA localizes to the plasma
membrane, where it is sequestered and inhibited via physical interaction with
the Cav1 scaffolding domain, leading to a low basal level of Rho/ROCK activity
and MLC phosphorylation. In the absence of Cav1, we propose that RhoA is
liberated and basal Rho/ROCK activity and MLC phosphorylation is elevated.
Following treatment with the Cav1 scaffolding domain peptide, cavtratin, we
hypothesize that RhoA is inhibited, leading to reduced ROCK activity and
subsequent MLC dephosphorylation.
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caused a significant reduction in phosphorylated MLC in human
TM cells, without evidence of morphological changes or
cytotoxicity (Supplementary Figure S6). These findings align
with previous work in smooth muscle cells, demonstrating the
inhibitory effect of the Cav1 scaffolding domain on Rho GTPase
activity (Taggart et al., 2000). Although TM cells do not express
eNOS (Chang et al., 2015; Patel et al., 2020; Reina-Torres et al.,
2020; van Zyl et al., 2020), the mechanism by which the Cav1
scaffolding domain negatively regulates RhoA activity in the TM
could be mechanistically analogous to the Cav1/eNOS interaction
noted in endothelial cells (Garcia-Cardena et al., 1997; Ju et al.,
1997). The eNOS protein binds to Cav1 via the scaffolding
domain (aa 82–101) (Garcia-Cardena et al., 1997; Ju et al.,
1997), and it is possible that like eNOS, RhoA also binds to,
and is inhibited by, the Cav1 scaffolding domain. We noted that
compared to cavtratin, the effect of cavnoxin on MLC
dephosphorylation was not as pronounced in human TM cells.
This suggests that the F92 residue in the Cav1 scaffolding domain,
which is necessary for the inhibitory role of the Cav1 scaffolding
domain on eNOS, might also be necessary for the inhibitory role
of the Cav1 scaffolding domain on RhoA. Thus, our results are
consistent with the idea that like endogenous Cav1, cavtratin
sequesters and inhibits RhoA resulting in a reduction in Rho/
ROCK signaling, and subsequently a reduction in MLC
phosphorylation (Figure 8). However, a limitation of using
Cav1 scaffolding domain peptides to test this hypothesis is
that the peptides will fail to locate to the same cellular
compartments as full length Cav1, thus not behaving exactly
like endogenous Cav1. In future work, it will be important to
measure how the peptides affect outflow facility in ex vivo wild-
type and Cav1 KO mouse eyes. We predict that perfusing the
peptides will rescue the reduction in outflow facility observed in
Cav1 KO eyes.

In contrast to our findings, there is also substantial evidence
that Cav1 positively regulates Rho/ROCK activity and
contractility in certain cell types (Grande-García et al., 2007;
Peng et al., 2007; Joshi et al., 2008; Goetz et al., 2011; Yang et al.,
2011; Parton and Del Pozo 2013; Echarri and Del Pozo 2015).
Cav1 positively regulates Rho activity in cancer cells (Joshi et al.,
2008; Goetz et al., 2011), endothelial cells (Yang et al., 2011), and
fibroblasts (Grande-García et al., 2007). In these, cells, Cav1
promotes RhoA activity via indirect inhibition of the
endogenous RhoA inhibitor, p190RhoGAP (Grande-García
et al., 2007; Goetz et al., 2011). Src kinases activate
p190RhoGAP (Arthur et al., 2000; Brouns et al., 2001; Meng
et al., 2004), causing a reduction in RhoA signaling. Src kinases
also phosphorylate Cav1 at Y14 (Li et al., 1996; Joshi et al., 2008),
and phosphorylation of Cav1 at Y14 inhibits further Src activity
via the recruitment of C-terminal Src kinase (Cao et al., 2002;
Radel and Rizzo 2005), resulting in a negative feedback loop. The
loss of Cav1 disrupts this negative feedback loop, resulting in
elevated Src-p190RhoGAP signaling, and subsequent reduced
Rho activity (Grande-García et al., 2007). The differential
regulatory role of Cav1 on Rho activity reported in various
preparations is not fully understood, but it might be cell-type
dependent. For example, negative regulation of Rho activity by
Cav1 appears to occur mainly in smooth muscle cells (Taggart

et al., 2000; Shakirova et al., 2006; Nuno et al., 2012). As TM cells
are hybrid cells, possessing functional properties of multiple cell
types including smooth muscle cells (Stamer and Clark 2017),
Cav1 might behave differently in smooth muscle and TM cells, as
compared to other cell types. One study showed conflicting
evidence to this idea, whereby Cav1-silencing in smooth
muscle cells resulted in suppression of TGFβ1-induced
contractile phenotype markers such as smooth muscle actin
(Gosens et al., 2011). While this study shows that Cav1 has an
important role in contractile signaling in smooth muscle cells, it
only considers TGFβ1-induced contractile phenotypes, and not
TGFβ1-independent signaling. The reason why Cav1
differentially regulates Rho activity in various cell types is not
yet understood, but it might be partially due to regulatory
influence by the extracellular matrix.

The CO tissue participates in mechanotransduction by
adapting to fluctuating biomechanical loads, crucial in IOP
homeostasis (Overby et al., 2014; Stamer et al., 2015).
Mechanotransduction is the ability of a cell to translate a
mechanical stimulus, such as stretch or pressure, into a
physiological response. Caveolae respond to mechanical
perturbations by disassembling and releasing molecules such
as eNOS (Yu et al., 2006) and the putative transcriptional
regulator, PTRF (Sinha et al., 2011; Nassoy and Lamaze 2012;
Parton and Del Pozo 2013). Caveolae mechanotransduction also
results in phosphorylation of Cav1, which drives a feedback loop
to produce more caveolae components (Joshi et al., 2012). For the
first time, we observed phosphorylation of Cav1 in human
TM cells following 24 h of cyclic stretch, which suggests that
caveolae in the TM respond, and are sensitive to, mechanical
perturbations. This agrees with our previous work showing that
cyclic mechanical stretch of TM cells results in dissociation of
CAVIN1 from Cav1 (Elliott et al., 2016). Additionally, we showed
that 24 h of cyclic stretch induces MLC dephosphorylation in
human TM cells, and that this process is in part Cav1-dependent.
Interestingly, this effect appeared to be time-dependent, as 1 h of
cyclic stretch was not enough to induce MLC dephosphorylation
in Cav1-competent human TM cells (Supplementary Figure S4).
Previous studies have also failed to demonstrate TM relaxation in
response to shorter periods of mechanical stimulation. For
example, Ramos et al. (2009) showed that 2 h of mechanical
strain in the form of cyclic pressure oscillations had no effect on
MLC phosphorylation in human TM cells. In addition, Lakk and
Krizaj (2021) showed elevated RhoA activation in TM cells
exposed to 1 h of cyclic stretch (6% stretch at 0.5 Hz), in a
transient receptor potential vanilloid 4 (TRPV4)-dependent
manner. Future work will aim to uncover how changes in the
duration of mechanical strain might differentially affect
mechanotransduction in the TM.

The stretch-induced cellular relaxation is not a commonly
reported phenomenon in other cell types. For example, blood
vessels are known to respond to increased pressure by
constricting, and to decreased pressure by dilating (Davis and
Hill 1999). In vascular smooth muscle cells, mechanosensitive ion
channels like calcium channels play an important role in
mechanotransduction of stretch into a contractile phenotype
(Davis et al., 1992a; Davis et al., 1992b). Stretch stimulates
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Ca2+ influx via mechanically gated calcium channels leading to
contraction, and this process may be regulated by protein kinase
C and Cav1 (Laher and Bevan 1989; Zou et al., 1995; Kawamura
et al., 2003; Zeidan et al., 2003; Ducret et al., 2010). Cav1 also
plays a role in stretch-induced contraction in mesangial cells,
whereby 24 h of cyclic stretch induced RhoA activation, and this
process was dependent on the integrity of caveolae and on
physical association of Cav1 with RhoA (Peng et al., 2007).
Although the observed stretch-induced MLC
dephosphorylation is uncommon in the context of
cardiovascular or renal physiology, it does make sense in the
context of the CO pathway. Inhibition of Rho/ROCK signaling
causes relaxation of the TM, resulting in reduced IOP and CO
resistance (Rao and Epstein 2007; Ren et al., 2016). Therefore, it
would make sense that if TM cells “feel” stretch in the form of
elevated IOP, they will respond by inhibiting MLC
phosphorylation, thereby relaxing, which in turn will increase
conventional outflow facility and decrease IOP. Considering the
importance of Cav1 and caveolae in the stretch-induced
responses noted in vascular smooth muscle and mesangial
cells, it would be reasonable to infer that Cav1 might also
regulate the stretch-induced response in TM cells, albeit not
with the same outcome. Notably, we showed that there was
still a trend towards stretch-induced relaxation in Cav1-
deficient human TM cells, narrowly approaching significance.
This could be due to two possibilities; 1) as Cav1 expression
was only partially ablated, it is possible that the remaining
caveolae and Cav1 were able to retain partial function in
facilitating stretch-induced relaxation. 2) there are other
mechanosensitive pathways involved in stretch-induced
relaxation of the TM that are independent of Cav1 expression.

Other physiological mechanisms to explain Cav1-facilitated
stretch-induced MLC dephosphorylation in TM cells could
involve calcium influx through stretch-activated Piezo1
channels, and subsequent activation of large-conductance
Ca2+-activated K+ (BKCa) channels. Piezo1 is expressed in
TM cells and is a key transducer of tensile stretch, shear flow
and pressure in the TM (Yarishkin et al., 2021). Moreover, Piezo1
can localize in caveolae and stretch-induced Ca2+ signaling via
Piezo1 is dependent on Cav1 and caveolae integrity in alveolar
type II cells (Diem et al., 2020). BKCa channels regulate TM cell
volume and contractility (Wiederholt et al., 2000; Soto et al.,
2004) and outflow facility (Soto et al., 2004). BKCa channels are
stimulated by elevation of cytosolic calcium and by depolarization
(Wiederholt et al., 2000). Therefore, it would be interesting to see
if caveolae facilitate Piezo1 mechanotransduction of stretch
signals into calcium influx, subsequently activating BKCa

channels, leading to a reduction in cell contractility. A
limitation of this study is that we did not check to see if cyclic
stretch induced a reduction in active GTP-bound Rho, which
would confirm that stretch-induced MLC dephosphorylation is
due to a reduction in Rho/ROCK signaling. It will be important to
elucidate which upstream pathways are involved in stretch-
induced relaxation, so to better understand the role caveolae
play in mechanotransduction in the TM.

In conclusion, we set out to determine whether caveolae
regulate mechanotransduction in the TM via regulation of the

Rho/ROCK pathway, a critical player in the pathogenesis of
POAG. Our results provide strong evidence that caveolae are
mechanotransducers in the TM, and that caveolae regulate TM
contractile tone. These findings identify likely underlying
mechanisms linking polymorphisms in the Cav1/2 gene loci
with increased risk of POAG.
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Supplementary Figure S1 | Cav1 knockdown had no effect on αSMA, RhoA, or
MLC expression. ((A), Top) Cav1 knockdown had no significant effect on αSMA
protein expression in unstretched TM cells (p = 0.914, paired t-test, n = 8
experiments using 4 different human TM cell strains). ((A), Bottom) Shown is a
representative blot from a single experiment displaying αSMA protein abundance,
compared to α-tubulin. ((B), Top) Cav1 knockdown had no significant effect on
RhoA protein expression in unstretched TM cells (p = 0.976, paired t-test, n = 7
experiments using 4 different human TM cell strains). ((B), Bottom) Shown is a
representative blot from a single experiment displaying RhoA protein abundance,
compared to α-tubulin. ((C), Top) Cav1 knockdown had no significant effect on MLC
protein expression in unstretched TM cells (p = 0.191, paired t-test, n = 10
experiments using 6 different human TM cell strains). ((C), Bottom) Shown is a
representative blot from a single experiment displaying MLC protein abundance,
compared to α-tubulin. Summary data are displayed as box and whisker plots,
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which show the minimum, 25th percentile, median, 75th percentile, and maximum
values of the dataset, plus all individual data points (black circles). Data are
expressed as candidate protein expression (corrected for loading as indicated by
α-tubulin abundance) in cells treated with shCAV1, normalized to shSCR
treated cells.

Supplementary Figure S2 | Effect of GTPγS andGDP onGTP-bound Rho. (Top) In
control experiments, TM cell lysates were treated with GTPγS or GDP to activate or
inactivate Rho, respectively. GDP treatment had no significant effect on levels of
GTP-bound (active) Rho (p = 0.112, paired t-test, n = 8 experiments using 7 different
human TM cell strains). GTPγS treatment caused a significant 420% increase in
GTP-bound Rho (****p < 0.0001, paired t-test, n = 8 experiments using 7 different
human TM cell strains). (Bottom) Representative blots from a hTM cell strain
depicting GTP-bound Rho protein abundance. Untreated (UT) lysate was
separated into three vials and treated with GDP, GTPγS, or no treatment (UT).
Bands from GTP-bound Rho were all normalized to total Rho protein from UT lysate
(input). Total Rho and GTP-bound Rho bands were prepared on separate gels. In
some experiments, separate lysates were extracted for each of the UT, GDP, and
GTPγS treatments, so each of the GTP-bound Rho bands were normalized to the
total Rho protein band from their respective protein lysate sample. Summary data
are displayed as box and whisker plots, which show the minimum, 25th percentile,
median, 75th percentile, and maximum values of the dataset, plus all individual data
points (black circles).

Supplementary Figure S3 | Twenty-four hours of cyclic stretch had no effect on
expression of Cav1, CAVIN1, αSMA, MLC, or RhoA. (A) Cyclic stretch had no
significant effect on Cav1 protein levels in Cav1-competent (treated with shSCR) TM
cells (p = 0.694, paired t-test, n = 10 experiments using 6 different human TM cell
strains) nor Cav1-deficient (treated with shCAV1) TM cells (p = 0.52, paired t-test,
n = 9 experiments using 5 different human TM cell strains). (B) Cyclic stretch had no
significant effect on CAVIN1 protein levels in Cav1-competent TM cells (p = 0.145,
paired t-test, n = 7 experiments using 4 different human TM cell strains) nor Cav1-
deficient TM cells (p = 0.586, paired t-test, n = 7 experiments using 4 different human
TM cell strains). (C) Cyclic stretch had no significant effect on αSMA protein levels in
Cav1-competent TM cells (p = 0.489 paired t-test, n = 8 experiments using 4
different human TM cell strains) nor Cav1-deficient TM cells (p = 0.194 paired t-test,
n = 8 experiments using 4 different human TM cell strains). (D) Cyclic stretch had no
significant effect on MLC protein levels in Cav1-competent TM cells (p = 0.175,
paired t-test, n = 9 experiments using 5 different human TM cell strains) nor Cav1-
deficient TM cells (p = 0.353, paired t-test, n = 10 experiments using 6 different
human TM cell strains). (E) Cyclic stretch had no significant effect on RhoA protein
levels in Cav1-competent TM cells (p = 0.444, paired t-test, n=8 experiments using 4
different human TM cell strains) nor Cav1-deficient TM cells (p = 0.236, paired t-test,
n = 8 experiments using 4 different human TM cell strains). Summary data are
displayed as box and whisker plots, which show the minimum, 25th percentile,
median, 75th percentile, and maximum values of the dataset, plus all individual data
points (black circles). Data are expressed as candidate protein expression
(corrected for loading as indicated by α-tubulin abundance) in stretched cells,
normalized to unstretched cells.

Supplementary Figure S4 | One hour of cyclic stretch had no effect on MLC
phosphorylation in Cav1-competent TM cells. (A) In un-stretched TM cells, Cav1
protein levels were significantly decreased by approximately 35% in cells treated
with CAV1-silencing shRNA compared to cells treated with scrambled shRNA
(***p = 0.0007, paired t-test, n = 7 experiments using 4 different human TM cell
strains). In stretched TM cells, Cav1 protein levels were similarly decreased by 36%
in cells treated with CAV1-silencing shRNA compared to cells treated with
scrambled shRNA (**p = 0.004, paired t-test, n = 7 experiments using 4 different
human TM cell strains). (B) One hour of cyclic stretch had no significant effect on
Cav1 phosphorylation in Cav1-competent TM cells (p = 0.25, paired t-test, n = 7
experiments using 4 different human TM cell strains) nor Cav1-deficient TM cells (p =
0.77, paired t-test, n = 7 experiments using 4 different human TM cell strains). (C)
One hour of cyclic stretch had no significant effect on MLC phosphorylation in Cav1-
competent TM cells (p = 0.87, paired t-test, n = 7 experiments using 4 different
human TM cell strains). However, one hour of cyclic stretch resulted in a 30%
reduction of MLC phosphorylation in Cav1-deficient TM cells (*p = 0.022, paired
t-test, n = 7 experiments using 4 different human TM cell strains). Summary data are
displayed as box and whisker plots, which show the minimum, 25th percentile,
median, 75th percentile, and maximum values of the dataset, plus all individual data
points (black circles). Data are expressed as candidate protein expression
(corrected for loading as indicated by α-tubulin abundance) in stretched cells,
normalized to unstretched cells. For A, data are expressed as candidate protein
expression normalized to unstretched, shSCR-treated cells

Supplementary Figure S5 | RhoA co-localizes with Cav1 in hTM cells. (A)
Immunofluorescent microscopic images depicting human TM cell line hTM204,
stained for DAPI (blue, top left), RhoA (red, top right), and Cav1 (green, bottom left).
Merged signals are depicted on bottom right, with dotted lines representing cross-
sections used to measure signal intensities and to highlight colocalization of signal,
as referred to in panel B. (B) Each graph shows the signal intensities (y-axis) of the
Cav1 signal (green) and the RhoA signal (red), as a function of distance (x-axis). Each
graph is numbered and represents the signal intensities of Cav1 and RhoA along
respective dotted lines shown in panel A. Points of coincidental signal peaks (peak
defined as maximum Y value >10 arbitrary units) are representative of Cav1/RhoA
co-localization and are highlighted with arrows. (C) Immunofluorescent microscopic
images depicting human TM cell line hTM210, stained for DAPI (blue, top left), RhoA
(red, top right), and Cav1 (green, bottom left). Merged signals are depicted on
bottom right, with dotted lines representing cross-sections used to measure signal
intensities and to highlight colocalization of signal, as referred to in panel B. (D) Each
graph shows the signal intensities (y-axis) of the Cav1 signal (green) and the RhoA
signal (red), as a function of distance (x-axis). Each graph is numbered and
represents the signal intensities of Cav1 and RhoA along respective dotted lines
shown in panel A. Points of coincidental signal peaks (peak defined as maximum Y
value >10 arbitrary units) are representative of Cav1/RhoA co-localization and are
highlighted with arrows.

Supplementary Figure S6 | Cav1 scaffolding domain peptides have no effect on
TM cell morphology or viability. Bright field microscopic images depicting human TM
cell strain, hTM 210, following 24 h treatment with cavtratin (1 μM), cavnoxin (1 μM),
and AP control (1 μM).

REFERENCES

Acott, T. S., Kelley, M. J., Keller, K. E., Vranka, J. A., Abu-Hassan, D.W., Li, X., et al.
(2014). Intraocular Pressure Homeostasis: Maintaining Balance in a High-
Pressure Environment. J. Ocul. Pharmacol. Ther. 30 (2-3), 94–101. doi:10.1089/
jop.2013.0185

Adamson, P., Paterson, H. F., and Hall, A. (1992). Intracellular Localization of
the P21rho Proteins. J. Cel. Biol. 119 (3), 617–627. doi:10.1083/jcb.119.
3.617

Aga, M., Bradley, J. M., Wanchu, R., Yang, Y.-f., Acott, T. S., and Keller, K. E.
(2014). Differential Effects of Caveolin-1 and -2 Knockdown on Aqueous
Outflow and Altered Extracellular Matrix Turnover in Caveolin-Silenced
Trabecular Meshwork Cells. Invest. Ophthalmol. Vis. Sci. 55 (9),
5497–5509. doi:10.1167/iovs.14-14519

Albinsson, S., Nordström, I., Swärd, K., and Hellstrand, P. (2008). Differential
Dependence of Stretch and Shear Stress Signaling on Caveolin-1 in the
Vascular wall. Am. J. Physiology-Cell Physiol. 294 (1), C271–C279. doi:10.
1152/ajpcell.00297.2007

Arpaia, E., Blaser, H., Quintela-Fandino, M., Duncan, G., Leong, H. S., Ablack, A.,
et al. (2012). The Interaction between Caveolin-1 and Rho-GTPases Promotes
Metastasis by Controlling the Expression of Alpha5-Integrin and the Activation
of Src, Ras and Erk. Oncogene 31 (7), 884–896. doi:10.1038/onc.2011.288

Arthur, W. T., Petch, L. A., and Burridge, K. (2000). Integrin Engagement
Suppresses RhoA Activity via a C-src-dependent Mechanism. Curr. Biol. 10
(12), 719–722. doi:10.1016/s0960-9822(00)00537-6

Bernatchez, P., Sharma, A., Bauer, P. M., Marin, E., and Sessa, W. C. (2011). A
Noninhibitory Mutant of the Caveolin-1 Scaffolding Domain Enhances eNOS-
Derived NO Synthesis and Vasodilation in Mice. J. Clin. Invest. 121 (9),
3747–3755. doi:10.1172/JCI44778

Bernatchez, P. N., Bauer, P. M., Yu, J., Prendergast, J. S., He, P., and Sessa, W. C.
(2005). Dissecting the Molecular Control of Endothelial NO Synthase by
Caveolin-1 Using Cell-Permeable Peptides. Proc. Natl. Acad. Sci. U.S.A. 102
(3), 761–766. doi:10.1073/pnas.0407224102

Boivin, D., and Beliveau, R. (1995). Subcellular Distribution and Membrane
Association of Rho-Related Small GTP-Binding Proteins in Kidney Cortex.
Am. J. Physiology-Renal Physiol. 269 (2), F180–F189. doi:10.1152/ajprenal.1995.
269.2.f180

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85509716

De Ieso et al. Caveolae and Trabecular Meshwork Contractility

69

https://doi.org/10.1089/jop.2013.0185
https://doi.org/10.1089/jop.2013.0185
https://doi.org/10.1083/jcb.119.3.617
https://doi.org/10.1083/jcb.119.3.617
https://doi.org/10.1167/iovs.14-14519
https://doi.org/10.1152/ajpcell.00297.2007
https://doi.org/10.1152/ajpcell.00297.2007
https://doi.org/10.1038/onc.2011.288
https://doi.org/10.1016/s0960-9822(00)00537-6
https://doi.org/10.1172/JCI44778
https://doi.org/10.1073/pnas.0407224102
https://doi.org/10.1152/ajprenal.1995.269.2.f180
https://doi.org/10.1152/ajprenal.1995.269.2.f180
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Borrás, T., Rowlette, L. L., Tamm, E. R., Gottanka, J., and Epstein, D. L. (2002).
Effects of Elevated Intraocular Pressure on Outflow Facility and TIGR/MYOC
Expression in Perfused Human Anterior Segments. Invest. Ophthalmol. Vis. Sci.
43 (1), 33–40.

Bradley, J. M., Kelley, M. J., Zhu, X., Anderssohn, A. M., Alexander, J. P., and Acott,
T. S. (2001). Effects of Mechanical Stretching on Trabecular Matrix
Metalloproteinases. Invest. Ophthalmol. Vis. Sci. 42 (7), 1505–1513.

Bradley, J. M. B., Kelley, M. J., Rose, A., and Acott, T. S. (2003). Signaling Pathways
Used in Trabecular Matrix Metalloproteinase Response to Mechanical Stretch.
Invest. Ophthalmol. Vis. Sci. 44 (12), 5174–5181. doi:10.1167/iovs.03-0213

Brouns, M. R., Matheson, S. F., and Settleman, J. (2001). p190 RhoGAP Is the
Principal Src Substrate in Brain and Regulates Axon Outgrowth, Guidance and
Fasciculation. Nat. Cel Biol. 3 (4), 361–367. doi:10.1038/35070042

Bucci, M., Gratton, J.-P., Rudic, R. D., Acevedo, L., Roviezzo, F., Cirino, G., et al.
(2000). In Vivo delivery of the Caveolin-1 Scaffolding Domain Inhibits Nitric
Oxide Synthesis and Reduces Inflammation. Nat. Med. 6 (12), 1362–1367.
doi:10.1038/82176

Cao, H., Courchesne, W. E., and Mastick, C. C. (2002). A Phosphotyrosine-
dependent Protein Interaction Screen Reveals a Role for Phosphorylation of
Caveolin-1 on Tyrosine 14. J. Biol. Chem. 277 (11), 8771–8774. doi:10.1074/jbc.
c100661200

Chang, J. Y. H., Stamer, W. D., Bertrand, J., Read, A. T., Marando, C. M., Ethier, C.
R., et al. (2015). Role of Nitric Oxide in Murine Conventional Outflow
Physiology. Am. J. Physiology-Cell Physiol. 309 (4), C205–C214. doi:10.1152/
ajpcell.00347.2014

Chen, F., Klein, A. P., Klein, B. E. K., Lee, K. E., Truitt, B., Klein, R., et al. (2014).
Exome Array Analysis Identifies CAV1/CAV2 as a Susceptibility Locus for
Intraocular Pressure. Invest. Ophthalmol. Vis. Sci. 56 (1), 544–551. doi:10.1167/
iovs.14-15204

Cheng, J. P. X., Mendoza-Topaz, C., Howard, G., Chadwick, J., Shvets, E.,
Cowburn, A. S., et al. (2015). Caveolae Protect Endothelial Cells from
Membrane Rupture during Increased Cardiac Output. J. Cel Biol. 211 (1),
53–61. doi:10.1083/jcb.201504042

Couet, J., Li, S., Okamoto, T., Ikezu, T., and Lisanti, M. P. (1997). Identification of
Peptide and Protein Ligands for the Caveolin-Scaffolding Domain. J. Biol.
Chem. 272 (10), 6525–6533. doi:10.1074/jbc.272.10.6525

Davis, M. J., Donovitz, J. A., and Hood, J. D. (1992a). Stretch-activated Single-
Channel and Whole Cell Currents in Vascular Smooth Muscle Cells. Am.
J. Physiology-Cell Physiol. 262 (4), C1083–C1088. doi:10.1152/ajpcell.1992.262.
4.c1083

Davis, M. J., and Hill, M. A. (1999). Signaling Mechanisms Underlying the
Vascular Myogenic Response. Physiol. Rev. 79 (2), 387–423. doi:10.1152/
physrev.1999.79.2.387

Davis, M. J., Meininger, G. A., and Zawieja, D. C. (1992b). Stretch-induced
Increases in Intracellular Calcium of Isolated Vascular Smooth Muscle Cells.
Am. J. Physiology-Heart Circulatory Physiol. 263 (4), H1292–H1299. doi:10.
1152/ajpheart.1992.263.4.h1292

De Ieso, M. L., Gurley, J. M., McClellan, M. E., Gu, X., Navarro, I., Li, G., et al.
(2020). Physiologic Consequences of Caveolin-1 Ablation in Conventional
Outflow Endothelia. Invest. Ophthalmol. Vis. Sci. 61 (11), 32. doi:10.1167/iovs.
61.11.32

De Ieso, M. L., Pei, J. V., Nourmohammadi, S., Smith, E., Chow, P. H., Kourghi, M.,
et al. (2019). Combined Pharmacological Administration of AQP1 Ion Channel
Blocker AqB011 and Water Channel Blocker Bacopaside II Amplifies
Inhibition of colon Cancer Cell Migration. Sci. Rep. 9 (1), 12635. doi:10.
1038/s41598-019-49045-9

Diem, K., Fauler, M., Fois, G., Hellmann, A., Winokurow, N., Schumacher, S., et al.
(2020). Mechanical Stretch Activates Piezo1 in Caveolae of Alveolar Type I
Cells to Trigger ATP Release and Paracrine Stimulation of Surfactant Secretion
from Alveolar Type II Cells. FASEB j. 34 (9), 12785–12804. doi:10.1096/fj.
202000613rrr

Dismuke, W. M., Liang, J., Overby, D. R., and Stamer, W. D. (2014).
Concentration-related Effects of Nitric Oxide and Endothelin-1 on Human
Trabecular Meshwork Cell Contractility. Exp. Eye Res. 120, 28–35. doi:10.1016/
j.exer.2013.12.012

Drab, M., Verkade, P., Elger, M., Kasper, M., Lohn, M., Lauterbach, B., et al. (2001).
Loss of Caveolae, Vascular Dysfunction, and Pulmonary Defects in Caveolin-1

Gene-Disrupted Mice. Science 293 (5539), 2449–2452. doi:10.1126/science.
1062688

Ducret, T., El Arrouchi, J., Courtois, A., Quignard, J.-F., Marthan, R., and Savineau,
J.-P. (2010). Stretch-activated Channels in Pulmonary Arterial Smooth Muscle
Cells from Normoxic and Chronically Hypoxic Rats. Cell calcium 48 (5),
251–259. doi:10.1016/j.ceca.2010.09.011

Echarri, A., and Del Pozo, M. A. (2015). Caveolae - Mechanosensitive Membrane
Invaginations Linked to Actin Filaments. J. Cel Sci 128 (15), 2747–2758. doi:10.
1242/jcs.153940

Elliott, M. H., Ashpole, N. E., Gu, X., Herrnberger, L., McClellan, M. E., Griffith, G.
L., et al. (2016). Caveolin-1 Modulates Intraocular Pressure: Implications for
Caveolae Mechanoprotection in Glaucoma. Sci. Rep. 6, 37127. doi:10.1038/
srep37127

Engelman, J. A., Chu, C., Lin, A., Jo, H., Ikezu, T., Okamoto, T., et al. (1998).
Caveolin-mediated Regulation of Signaling along the P42/44 MAP Kinase
cascade In Vivo. FEBS Lett. 428 (3), 205–211. doi:10.1016/s0014-5793(98)
00470-0

Flammer, J., and Mozaffarieh, M. (2007). What Is the Present Pathogenetic
Concept of Glaucomatous Optic Neuropathy? Surv. Ophthalmol. 52 (Suppl.
2), S162–S173. doi:10.1016/j.survophthal.2007.08.012

Fleming, I. N., Elliott, C. M., and Exton, J. H. (1996). Differential Translocation of
Rho Family GTPases by Lysophosphatidic Acid, Endothelin-1, and Platelet-
Derived Growth Factor. J. Biol. Chem. 271 (51), 33067–33073. doi:10.1074/jbc.
271.51.33067

Freddo, T. F. (2013). A Contemporary Concept of the Blood-Aqueous Barrier.
Prog. Retin. Eye Res. 32, 181–195. doi:10.1016/j.preteyeres.2012.10.004

Gallagher, P. J., Paul Herring, B., and Stull, J. T. (1997). Myosin Light Chain
Kinases. J. Muscle Res. Cel Motil. 18 (1), 1–16. doi:10.1023/a:1018616814417

García-Cardeña, G., Martasek, P., Masters, B. S., Skidd, P. M., Couet, J., Li, S., et al.
(1997). Dissecting the Interaction between Nitric Oxide Synthase (NOS) and
Caveolin. Functional Significance of the Nos Caveolin Binding Domain In Vivo.
J. Biol. Chem. 272 (41), 25437–25440. doi:10.1074/jbc.272.41.25437

Garcia-Cardena, G., Oh, P., Liu, J., Schnitzer, J. E., and Sessa, W. C. (1996).
Targeting of Nitric Oxide Synthase to Endothelial Cell Caveolae via
Palmitoylation: Implications for Nitric Oxide Signaling. Proc. Natl. Acad.
Sci. 93 (13), 6448–6453. doi:10.1073/pnas.93.13.6448

Gingras, D., Gauthier, F., Lamy, S., Desrosiers, R. R., and Béliveau, R. (1998).
Localization of RhoA GTPase to Endothelial Caveolae-Enriched Membrane
Domains. Biochem. biophysical Res. Commun. 247 (3), 888–893. doi:10.1006/
bbrc.1998.8885

Goetz, J. G., Minguet, S., Navarro-Lérida, I., Lazcano, J. J., Samaniego, R., Calvo, E.,
et al. (2011). Biomechanical Remodeling of the Microenvironment by Stromal
Caveolin-1 Favors Tumor Invasion and Metastasis. Cell 146 (1), 148–163.
doi:10.1016/j.cell.2011.05.040

Gosens, R., Stelmack, G. L., Bos, S. T., Dueck, G., Mutawe, M. M., Schaafsma, D.,
et al. (2011). Caveolin-1 Is Required for Contractile Phenotype Expression by
Airway Smooth Muscle Cells. J. Cell. Mol. Med. 15 (11), 2430–2442. doi:10.
1111/j.1582-4934.2010.01246.x

Grande-García, A., Echarri, A., de Rooij, J., Alderson, N. B., Waterman-Storer, C.
M., Valdivielso, J. M., et al. (2007). Caveolin-1 Regulates Cell Polarization and
Directional Migration through Src Kinase and Rho GTPases. J. Cel. Biol. 177
(4), 683–694.

Gratton, J.-P., Lin, M. I., Yu, J., Weiss, E. D., Jiang, Z. L., Fairchild, T. A., et al.
(2003). Selective Inhibition of Tumor Microvascular Permeability by Cavtratin
Blocks Tumor Progression in Mice. Cancer cell 4 (1), 31–39. doi:10.1016/s1535-
6108(03)00168-5

Hall, A. (2005). Rho GTPases and the Control of Cell Behaviour. Biochem. Soc.
Trans. 33 (5), 891–895. doi:10.1042/bst0330891

Hansen, C. G., Shvets, E., Howard, G., Riento, K., and Nichols, B. J. (2013). Deletion
of Cavin Genes Reveals Tissue-specific Mechanisms for Morphogenesis of
Endothelial Caveolae. Nat. Commun. 4 (1), 1831. doi:10.1038/ncomms2808

Hauser, M. A., Aboobakar, I. F., Liu, Y., Miura, S., Whigham, B. T., Challa, P., et al.
(2015). Genetic Variants and Cellular Stressors Associated with Exfoliation
Syndrome Modulate Promoter Activity of a lncRNA within theLOXL1locus.
Hum. Mol. Genet. 24 (22), 6552–6563. doi:10.1093/hmg/ddv347

Herrnberger, L., Ebner, K., Junglas, B., and Tamm, E. R. (2012). The Role of
Plasmalemma Vesicle-Associated Protein (PLVAP) in Endothelial Cells of

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85509717

De Ieso et al. Caveolae and Trabecular Meshwork Contractility

70

https://doi.org/10.1167/iovs.03-0213
https://doi.org/10.1038/35070042
https://doi.org/10.1038/82176
https://doi.org/10.1074/jbc.c100661200
https://doi.org/10.1074/jbc.c100661200
https://doi.org/10.1152/ajpcell.00347.2014
https://doi.org/10.1152/ajpcell.00347.2014
https://doi.org/10.1167/iovs.14-15204
https://doi.org/10.1167/iovs.14-15204
https://doi.org/10.1083/jcb.201504042
https://doi.org/10.1074/jbc.272.10.6525
https://doi.org/10.1152/ajpcell.1992.262.4.c1083
https://doi.org/10.1152/ajpcell.1992.262.4.c1083
https://doi.org/10.1152/physrev.1999.79.2.387
https://doi.org/10.1152/physrev.1999.79.2.387
https://doi.org/10.1152/ajpheart.1992.263.4.h1292
https://doi.org/10.1152/ajpheart.1992.263.4.h1292
https://doi.org/10.1167/iovs.61.11.32
https://doi.org/10.1167/iovs.61.11.32
https://doi.org/10.1038/s41598-019-49045-9
https://doi.org/10.1038/s41598-019-49045-9
https://doi.org/10.1096/fj.202000613rrr
https://doi.org/10.1096/fj.202000613rrr
https://doi.org/10.1016/j.exer.2013.12.012
https://doi.org/10.1016/j.exer.2013.12.012
https://doi.org/10.1126/science.1062688
https://doi.org/10.1126/science.1062688
https://doi.org/10.1016/j.ceca.2010.09.011
https://doi.org/10.1242/jcs.153940
https://doi.org/10.1242/jcs.153940
https://doi.org/10.1038/srep37127
https://doi.org/10.1038/srep37127
https://doi.org/10.1016/s0014-5793(98)00470-0
https://doi.org/10.1016/s0014-5793(98)00470-0
https://doi.org/10.1016/j.survophthal.2007.08.012
https://doi.org/10.1074/jbc.271.51.33067
https://doi.org/10.1074/jbc.271.51.33067
https://doi.org/10.1016/j.preteyeres.2012.10.004
https://doi.org/10.1023/a:1018616814417
https://doi.org/10.1074/jbc.272.41.25437
https://doi.org/10.1073/pnas.93.13.6448
https://doi.org/10.1006/bbrc.1998.8885
https://doi.org/10.1006/bbrc.1998.8885
https://doi.org/10.1016/j.cell.2011.05.040
https://doi.org/10.1111/j.1582-4934.2010.01246.x
https://doi.org/10.1111/j.1582-4934.2010.01246.x
https://doi.org/10.1016/s1535-6108(03)00168-5
https://doi.org/10.1016/s1535-6108(03)00168-5
https://doi.org/10.1042/bst0330891
https://doi.org/10.1038/ncomms2808
https://doi.org/10.1093/hmg/ddv347
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Schlemm’s Canal and Ocular Capillaries. Exp. Eye Res. 105, 27–33. doi:10.1016/
j.exer.2012.09.011

Hill, M. M., Bastiani, M., Luetterforst, R., Kirkham, M., Kirkham, A., Nixon, S. J.,
et al. (2008). PTRF-cavin, a Conserved Cytoplasmic Protein Required for
Caveola Formation and Function. Cell 132 (1), 113–124. doi:10.1016/j.cell.
2007.11.042

Huang, W., Wang, W., Zhou, M., and Zhang, X. (2014). Association of Single-
Nucleotide Polymorphism Rs4236601 Near Caveolin 1 and 2 with Primary
Open-Angle Glaucoma: a Meta-Analysis. Clin. Exp. Ophthalmol 42 (6),
515–521. doi:10.1111/ceo.12201

Hysi, P. G., Cheng, C. Y., Cheng, C.-Y., Springelkamp, H., Macgregor, S., Bailey,
J. N. C., et al. (2014). Genome-wide Analysis of Multi-Ancestry Cohorts
Identifies New Loci Influencing Intraocular Pressure and Susceptibility to
Glaucoma. Nat. Genet. 46 (10), 1126–1130. doi:10.1038/ng.3087

Joshi, B., Bastiani, M., Strugnell, S. S., Boscher, C., Parton, R. G., and Nabi, I. R.
(2012). Phosphocaveolin-1 Is a Mechanotransducer that Induces Caveola
Biogenesis via Egr1 Transcriptional Regulation. J. Cel Biol. 199 (3), 425–435.
doi:10.1083/jcb.201207089

Joshi, B., Strugnell, S. S., Goetz, J. G., Kojic, L. D., Cox, M. E., Griffith, O. L., et al.
(2008). Phosphorylated Caveolin-1 Regulates Rho/ROCK-dependent Focal
Adhesion Dynamics and Tumor Cell Migration and Invasion. Cancer Res.
68 (20), 8210–8220. doi:10.1158/0008-5472.can-08-0343

Ju, H., Zou, R., Venema, V. J., and Venema, R. C. (1997). Direct Interaction of
Endothelial Nitric-Oxide Synthase and Caveolin-1 Inhibits Synthase Activity.
J. Biol. Chem. 272 (30), 18522–18525. doi:10.1074/jbc.272.30.18522

Kamm, K. E., and Stull, J. T. (1985). The Function of Myosin and Myosin Light
Chain Kinase Phosphorylation in Smooth Muscle. Annu. Rev. Pharmacol.
Toxicol. 25 (1), 593–620. doi:10.1146/annurev.pa.25.040185.003113

Kaneko-Kawano, T., Takasu, F., Naoki, H., Sakumura, Y., Ishii, S., Ueba, T., et al.
(2012). Dynamic Regulation of Myosin Light Chain Phosphorylation by Rho-
Kinase. PloS one 7 (6), e39269. doi:10.1371/journal.pone.0039269

Kawamura, S., Miyamoto, S., and Brown, J. H. (2003). Initiation and Transduction
of Stretch-Induced RhoA and Rac1 Activation through Caveolae. J. Biol. Chem.
278 (33), 31111–31117. doi:10.1074/jbc.m300725200

Keller, K. E., Aga, M., Bradley, J. M., Kelley, M. J., and Acott, T. S. (2009).
Extracellular Matrix Turnover and Outflow Resistance. Exp. Eye Res. 88 (4),
676–682. doi:10.1016/j.exer.2008.11.023

Keller, K. E., Bhattacharya, S. K., Borrás, T., Brunner, T. M., Chansangpetch, S.,
Clark, A. F., et al. (2018). Consensus Recommendations for Trabecular
Meshwork Cell Isolation, Characterization and Culture. Exp. Eye Res. 171,
164–173. doi:10.1016/j.exer.2018.03.001

Kim, S., Kim, K., Heo, D. W., Kim, J. S., Park, C. K., Kim, C. S., et al. (2015).
Expression-associated Polymorphisms of CAV1-CAV2 Affect Intraocular
Pressure and High-Tension Glaucoma Risk. Mol. Vis. 21, 548–554.

Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku, M., et al.
(1996). Regulation of Myosin Phosphatase by Rho and Rho-Associated Kinase
(Rho-Kinase). Science 273 (5272), 245–248. doi:10.1126/science.273.5272.245

Kitazawa, T., Takizawa, N., Ikebe, M., and Eto, M. (1999). Reconstitution of Protein
Kinase C-induced Contractile Ca 2+ Sensitization in Triton X-100-
demembranated Rabbit Arterial Smooth Muscle. J. Physiol. 520 (1),
139–152. doi:10.1111/j.1469-7793.1999.00139.x

Kizhatil, K., Chlebowski, A., Tolman, N. G., Freeburg, N. F., Ryan, M. M., Shaw, N.
N., et al. (2016). An In Vitro Perfusion System to Enhance Outflow Studies in
Mouse Eyes. Invest. Ophthalmol. Vis. Sci. 57 (13), 5207–5215. doi:10.1167/iovs.
16-19481

Kizhatil, K., Ryan, M., Marchant, J. K., Henrich, S., and John, S. W. M. (2014).
Schlemm’s Canal Is a Unique Vessel with a Combination of Blood Vascular and
Lymphatic Phenotypes that Forms by a Novel Developmental Process. Plos Biol.
12 (7), e1001912. doi:10.1371/journal.pbio.1001912

Kranenburg, O., Poland, M., Gebbink, M., Oomen, L., and Moolenaar, W. H.
(1997). Dissociation of LPA-Induced Cytoskeletal Contraction from Stress
Fiber Formation by Differential Localization of RhoA. J. Cel. Sci. 110 (19),
2417–2427. doi:10.1242/jcs.110.19.2417

Kureishi, Y., Kobayashi, S., Amano, M., Kimura, K., Kanaide, H., Nakano, T., et al.
(1997). Rho-associated Kinase Directly Induces Smooth Muscle Contraction
through Myosin Light Chain Phosphorylation. J. Biol. Chem. 272 (19),
12257–12260. doi:10.1074/jbc.272.19.12257

Labrecque, L., Royal, I., Surprenant, D. S., Patterson, C., Gingras, D., and Béliveau,
R. (2003). Regulation of Vascular Endothelial Growth Factor Receptor-2
Activity by Caveolin-1 and Plasma Membrane Cholesterol. MBoC 14 (1),
334–347. doi:10.1091/mbc.e02-07-0379

Laher, I., and Bevan, J. A. (1989). Stretch of Vascular Smooth Muscle Activates
Tone and 45Ca2+ Influx. J. Hypertens. Suppl. 7 (4), S17–S20.

Lakk, M., and Križaj, D. (2021). TRPV4-Rho Signaling Drives Cytoskeletal and
Focal Adhesion Remodeling in Trabecular Meshwork Cells. Am.
J. Physiology-Cell Physiol. 320, C1013–C1030. doi:10.1152/ajpcell.00599.2020

Lei, Y., Song, M., Wu, J., Xing, C., and Sun, X. (2016). eNOS Activity in CAV1
Knockout Mouse Eyes. Invest. Ophthalmol. Vis. Sci. 57 (6), 2805–2813. doi:10.
1167/iovs.15-18841

Li, S., Seitz, R., and Lisanti, M. P. (1996). Phosphorylation of Caveolin by Src
Tyrosine Kinases. J. Biol. Chem. 271 (7), 3863–3868. doi:10.1074/jbc.271.7.3863

Liu, L., and Pilch, P. F. (2008). A Critical Role of Cavin (Polymerase I and
Transcript Release Factor) in Caveolae Formation and Organization. J. Biol.
Chem. 283 (7), 4314–4322. doi:10.1074/jbc.m707890200

Lo, H. P., Nixon, S. J., Hall, T. E., Cowling, B. S., Ferguson, C., Morgan, G. P., et al.
(2015). The Caveolin-Cavin System Plays a Conserved and Critical Role in
Mechanoprotection of Skeletal Muscle. J. Cel Biol. 210 (5), 833–849. doi:10.
1083/jcb.201501046

Loomis, S. J., Kang, J. H., Weinreb, R. N., Yaspan, B. L., Cooke Bailey, J. N.,
Gaasterland, D., et al. (2014). Association of CAV1/CAV2 Genomic Variants
with Primary Open-Angle Glaucoma Overall and by Gender and Pattern of
Visual Field Loss. Ophthalmology 121 (2), 508–516. doi:10.1016/j.ophtha.2013.
09.012

Lu, J., Zhang, J., Wang, Y., and Sun, Q. (2018). Caveolin-1 Scaffolding Domain
Peptides Alleviate Liver Fibrosis by Inhibiting TGF-β1/Smad Signaling in Mice.
Ijms 19 (6), 1729. doi:10.3390/ijms19061729

Martin, S., and Parton, R. G. (2005). Caveolin, Cholesterol, and Lipid Bodies.
Semin. Cel Develop. Biol. 16 (2), 163–174. doi:10.1016/j.semcdb.2005.01.007

Masuo, M., Reardon, S., Ikebe, M., and Kitazawa, T. (1994). A Novel Mechanism
for the Ca(2+)-Sensitizing Effect of Protein Kinase C on Vascular Smooth
Muscle: Inhibition of Myosin Light Chain Phosphatase. J. Gen. Physiol. 104 (2),
265–286. doi:10.1085/jgp.104.2.265

McDonnell, F., Dismuke, W. M., Overby, D. R., and Stamer, W. D. (2018).
Pharmacological Regulation of Outflow Resistance Distal to Schlemm’s
Canal. Am. J. Physiology-Cell Physiol. 315 (1), C44–C51. doi:10.1152/ajpcell.
00024.2018

Meng, W., Numazaki, M., Takeuchi, K., Uchibori, Y., Ando-Akatsuka, Y.,
Tominaga, M., et al. (2004). DIP (mDia Interacting Protein) Is a Key
Molecule Regulating Rho and Rac in a Src-dependent Manner. Embo J. 23
(4), 760–771. doi:10.1038/sj.emboj.7600095

Michaelson, D., Silletti, J., Murphy, G., D’Eustachio, P., Rush, M., and Philips, M. R.
(2001). Differential Localization of Rho Gtpases in Live Cells. J. Cel. Biol. 152
(1), 111–126. doi:10.1083/jcb.152.1.111

Nassoy, P., and Lamaze, C. (2012). Stressing Caveolae New Role in Cell Mechanics.
Trends Cell Biology 22 (7), 381–389. doi:10.1016/j.tcb.2012.04.007

Nuno, D. W., England, S. K., and Lamping, K. G. (2012). RhoA Localization with
Caveolin-1 Regulates Vascular Contractions to Serotonin. Am. J. Physiology-
Regulatory, Integr. Comp. Physiol. 303 (9), R959–R967. doi:10.1152/ajpregu.
00667.2011

Oka, N., Yamamoto, M., Schwencke, C., Kawabe, J.-i., Ebina, T., Ohno, S., et al.
(1997). Caveolin Interaction with Protein Kinase C. J. Biol. Chem. 272 (52),
33416–33421. doi:10.1074/jbc.272.52.33416

Okamoto, T., Schlegel, A., Scherer, P. E., and Lisanti, M. P. (1998). Caveolins, a
Family of Scaffolding Proteins for Organizing “Preassembled Signaling
Complexes” at the Plasma Membrane. J. Biol. Chem. 273 (10), 5419–5422.
doi:10.1074/jbc.273.10.5419

Overby, D. R., Stamer, W. D., and Johnson, M. (2009). The Changing Paradigm of
Outflow Resistance Generation: towards Synergistic Models of the JCT and
Inner wall Endothelium. Exp. Eye Res. 88 (4), 656–670. doi:10.1016/j.exer.2008.
11.033

Overby, D. R., Zhou, E. H., Vargas-Pinto, R., Pedrigi, R. M., Fuchshofer, R.,
Braakman, S. T., et al. (2014). Altered Mechanobiology of Schlemm’s Canal
Endothelial Cells in Glaucoma. Proc. Natl. Acad. Sci. U.S.A. 111 (38),
13876–13881. doi:10.1073/pnas.1410602111

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85509718

De Ieso et al. Caveolae and Trabecular Meshwork Contractility

71

https://doi.org/10.1016/j.exer.2012.09.011
https://doi.org/10.1016/j.exer.2012.09.011
https://doi.org/10.1016/j.cell.2007.11.042
https://doi.org/10.1016/j.cell.2007.11.042
https://doi.org/10.1111/ceo.12201
https://doi.org/10.1038/ng.3087
https://doi.org/10.1083/jcb.201207089
https://doi.org/10.1158/0008-5472.can-08-0343
https://doi.org/10.1074/jbc.272.30.18522
https://doi.org/10.1146/annurev.pa.25.040185.003113
https://doi.org/10.1371/journal.pone.0039269
https://doi.org/10.1074/jbc.m300725200
https://doi.org/10.1016/j.exer.2008.11.023
https://doi.org/10.1016/j.exer.2018.03.001
https://doi.org/10.1126/science.273.5272.245
https://doi.org/10.1111/j.1469-7793.1999.00139.x
https://doi.org/10.1167/iovs.16-19481
https://doi.org/10.1167/iovs.16-19481
https://doi.org/10.1371/journal.pbio.1001912
https://doi.org/10.1242/jcs.110.19.2417
https://doi.org/10.1074/jbc.272.19.12257
https://doi.org/10.1091/mbc.e02-07-0379
https://doi.org/10.1152/ajpcell.00599.2020
https://doi.org/10.1167/iovs.15-18841
https://doi.org/10.1167/iovs.15-18841
https://doi.org/10.1074/jbc.271.7.3863
https://doi.org/10.1074/jbc.m707890200
https://doi.org/10.1083/jcb.201501046
https://doi.org/10.1083/jcb.201501046
https://doi.org/10.1016/j.ophtha.2013.09.012
https://doi.org/10.1016/j.ophtha.2013.09.012
https://doi.org/10.3390/ijms19061729
https://doi.org/10.1016/j.semcdb.2005.01.007
https://doi.org/10.1085/jgp.104.2.265
https://doi.org/10.1152/ajpcell.00024.2018
https://doi.org/10.1152/ajpcell.00024.2018
https://doi.org/10.1038/sj.emboj.7600095
https://doi.org/10.1083/jcb.152.1.111
https://doi.org/10.1016/j.tcb.2012.04.007
https://doi.org/10.1152/ajpregu.00667.2011
https://doi.org/10.1152/ajpregu.00667.2011
https://doi.org/10.1074/jbc.272.52.33416
https://doi.org/10.1074/jbc.273.10.5419
https://doi.org/10.1016/j.exer.2008.11.033
https://doi.org/10.1016/j.exer.2008.11.033
https://doi.org/10.1073/pnas.1410602111
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Ozel, A. B., Moroi, S. E., Moroi, S. E., Reed, D. M., Nika, M., Schmidt, C. M., et al.
(2014). Genome-wide Association Study and Meta-Analysis of Intraocular
Pressure. Hum. Genet. 133 (1), 41–57. doi:10.1007/s00439-013-1349-5

Parton, R. G., and Del Pozo, M. A. (2013). Caveolae as Plasma Membrane Sensors,
Protectors and Organizers. Nat. Rev. Mol. Cel Biol. 14 (2), 98–112. doi:10.1038/
nrm3512

Parton, R. G., Joggerst, B., and Simons, K. (1994). Regulated Internalization of
Caveolae. J. Cel Biol. 127 (5), 1199–1215. doi:10.1083/jcb.127.5.1199

Patel, G., Fury, W., Yang, H., Gomez-Caraballo, M., Bai, Y., Yang, T., et al. (2020).
Molecular Taxonomy of HumanOcular Outflow Tissues Defined by Single-Cell
Transcriptomics. Proc. Natl. Acad. Sci. USA 117 (23), 12856–12867. doi:10.
1073/pnas.2001896117

Patel, H. H., Murray, F., and Insel, P. A. (2008). Caveolae as Organizers of
Pharmacologically Relevant Signal Transduction Molecules. Annu. Rev.
Pharmacol. Toxicol. 48, 359–391. doi:10.1146/annurev.pharmtox.48.121506.
124841

Pei, J. V., Heng, S., De Ieso, M. L., Sylvia, G., Kourghi, M., Nourmohammadi, S.,
et al. (2019). Development of a Photoswitchable Lithium-Sensitive Probe to
Analyze Nonselective Cation Channel Activity in Migrating Cancer Cells. Mol.
Pharmacol. 95 (5), 573–583. doi:10.1124/mol.118.115428

Pelkmans, L., and Helenius, A. (2002). Endocytosis via Caveolae. Traffic 3 (5),
311–320. doi:10.1034/j.1600-0854.2002.30501.x

Pelkmans, L., Kartenbeck, J., and Helenius, A. (2001). Caveolar Endocytosis of
Simian Virus 40 Reveals a New Two-step Vesicular-Transport Pathway to the
ER. Nat. Cel Biol 3 (5), 473–483. doi:10.1038/35074539

Peng, F., Wu, D., Ingram, A. J., Zhang, B., Gao, B., and Krepinsky, J. C. (2007).
RhoA Activation inMesangial Cells byMechanical Strain Depends on Caveolae
and Caveolin-1 Interaction. Jasn 18 (1), 189–198. doi:10.1681/asn.2006050498

Peng, F., Zhang, B., Wu, D., Ingram, A. J., Gao, B., and Krepinsky, J. C. (2008).
Tgfβ-Induced RhoA Activation and Fibronectin Production in Mesangial Cells
Require Caveolae. Am. J. Physiology-Renal Physiol. 295 (1), F153–F164. doi:10.
1152/ajprenal.00419.2007

Philips, M. R., Pillinger, M. H., Staud, R., Volker, C., Rosenfeld, M. G., Weissmann,
G., et al. (1993). Carboxyl Methylation of Ras-Related Proteins during Signal
Transduction in Neutrophils. Science 259 (5097), 977–980. doi:10.1126/science.
8438158

Pilch, P. F., Souto, R. P., Liu, L., Jedrychowski, M. P., Berg, E. A., Costello, C. E.,
et al. (2007). Cellular Spelunking: Exploring Adipocyte Caveolae. J. Lipid Res. 48
(10), 2103–2111. doi:10.1194/jlr.r700009-jlr200

Radel, C., and Rizzo, V. (2005). Integrin Mechanotransduction Stimulates
Caveolin-1 Phosphorylation and Recruitment of Csk to Mediate Actin
Reorganization. Am. J. Physiology-Heart Circulatory Physiol. 288 (2),
H936–H945. doi:10.1152/ajpheart.00519.2004

Ramos, R. F., Sumida, G. M., and Stamer, W. D. (2009). Cyclic Mechanical Stress
and Trabecular Meshwork Cell Contractility. Invest. Ophthalmol. Vis. Sci. 50
(8), 3826–3832. doi:10.1167/iovs.08-2694

Rao, P. V., Deng, P. F., Kumar, J., and Epstein, D. L. (2001). Modulation of Aqueous
Humor Outflow Facility by the Rho Kinase-specific Inhibitor Y-27632. Invest.
Ophthalmol. Vis. Sci. 42 (5), 1029–1037.

Rao, P. V., Deng, P., Sasaki, Y., and Epstein, D. L. (2005). Regulation of Myosin
Light Chain Phosphorylation in the Trabecular Meshwork: Role in Aqueous
Humour Outflow Facility. Exp. Eye Res. 80 (2), 197–206. doi:10.1016/j.exer.
2004.08.029

Rao, V. P., and Epstein, D. L. (2007). Rho GTPase/Rho Kinase Inhibition as a Novel
Target for the Treatment of Glaucoma. BioDrugs 21 (3), 167–177. doi:10.2165/
00063030-200721030-00004

Razani, B., and Lisanti, M. P. (2001). Two Distinct Caveolin-1 Domains Mediate
the Functional Interaction of Caveolin-1 with Protein Kinase A. Am.
J. Physiology-Cell Physiol. 281 (4), C1241–C1250. doi:10.1152/ajpcell.2001.
281.4.c1241

Razani, B., Rubin, C. S., and Lisanti, M. P. (1999). Regulation of cAMP-Mediated
Signal Transduction via Interaction of Caveolins with the Catalytic Subunit of
Protein Kinase A. J. Biol. Chem. 274 (37), 26353–26360. doi:10.1074/jbc.274.37.
26353

Reina-Torres, E., de Ieso, M., Pasquale, L. R., Overby, D. R., and Stamer, W. D.
(2020). The Vital Role for Nitric Oxide in Intraocular Pressure
Homeostasis. Prog. Retin. Eye Res. 83, 100922. doi:10.1016/j.preteyeres.
2020.100922

Ren, R., Li, G., Le, T. D., Kopczynski, C., Stamer, W. D., and Gong, H. (2016).
Netarsudil Increases Outflow Facility in Human Eyes through Multiple
Mechanisms. Invest. Ophthalmol. Vis. Sci. 57 (14), 6197–6209. doi:10.1167/
iovs.16-20189

Richter, T., Floetenmeyer, M., Ferguson, C., Galea, J., Goh, J., Lindsay, M. R.,
et al. (2008). High-resolution 3D Quantitative Analysis of Caveolar
Ultrastructure and Caveola-Cytoskeleton Interactions. Traffic 9 (6),
893–909. doi:10.1111/j.1600-0854.2008.00733.x

Schlörmann, W., Steiniger, F., Richter, W., Kaufmann, R., Hause, G., Lemke,
C., et al. (2010). The Shape of Caveolae Is omega-like after Glutaraldehyde
Fixation and Cup-like after Cryofixation. Histochem. Cel Biol 133 (2),
223–228. doi:10.1007/s00418-009-0651-8

Schlunck, G. n., Han, H., Wecker, T., Kampik, D., Meyer-ter-Vehn, T., and
Grehn, F. (2008). Substrate Rigidity Modulates Cell-Matrix Interactions
and Protein Expression in Human Trabecular Meshwork Cells. Invest.
Ophthalmol. Vis. Sci. 49 (1), 262–269. doi:10.1167/iovs.07-0956

Shakirova, Y., Bonnevier, J., Albinsson, S., Adner, M., Rippe, B., Broman, J.,
et al. (2006). Increased Rho Activation and PKC-Mediated Smooth Muscle
Contractility in the Absence of Caveolin-1. Am. J. Physiology-Cell Physiol.
291 (6), C1326–C1335. doi:10.1152/ajpcell.00046.2006

Sinha, B., Köster, D., Ruez, R., Gonnord, P., Bastiani, M., Abankwa, D., et al.
(2011). Cells Respond to Mechanical Stress by Rapid Disassembly of
Caveolae. Cell 144 (3), 402–413. doi:10.1016/j.cell.2010.12.031

Soto, D., Comes, N. r., Ferrer, E., Morales, M., Escalada, A., Pale´s, J., et al.
(2004). Modulation of Aqueous Humor Outflow by Ionic Mechanisms
Involved in Trabecular Meshwork Cell Volume Regulation. Invest.
Ophthalmol. Vis. Sci. 45 (10), 3650–3661. doi:10.1167/iovs.04-0060

Stamer, W. D., Braakman, S. T., Zhou, E. H., Ethier, C. R., Fredberg, J. J.,
Overby, D. R., et al. (2015). Biomechanics of Schlemm’s Canal Endothelium
and Intraocular Pressure Reduction. Prog. Retin. Eye Res. 44, 86–98. doi:10.
1016/j.preteyeres.2014.08.002

Stamer, W. D., and Clark, A. F. (2017). The many Faces of the Trabecular
Meshwork Cell. Exp. Eye Res. 158, 112–123. doi:10.1016/j.exer.2016.07.009

Stamer, W. D., Lei, Y., Boussommier-Calleja, A., Overby, D. R., and Ethier, C.
R. (2011). eNOS, a Pressure-dependent Regulator of Intraocular Pressure.
Invest. Ophthalmol. Vis. Sci. 52 (13), 9438–9444. doi:10.1167/iovs.11-7839

Stamer, W. D., Seftor, R. E. B., Williams, S. K., Samaha, H. A. M., and Snyder,
R. W. (1995). Isolation and Culture of Human Trabecular Meshwork Cells
by Extracellular Matrix Digestion. Curr. Eye Res. 14 (7), 611–617. doi:10.
3109/02713689508998409

Taggart, M. J., Leavis, P., Feron, O., and Morgan, K. G. (2000). Inhibition of
PKCα and rhoA Translocation in Differentiated Smooth Muscle by a
Caveolin Scaffolding Domain Peptide. Exp. Cel. Res. 258 (1), 72–81.
doi:10.1006/excr.2000.4891

Tamm, E. R. (2009). The Trabecular Meshwork Outflow Pathways: Structural
and Functional Aspects. Exp. Eye Res. 88 (4), 648–655. doi:10.1016/j.exer.
2009.02.007

Tham, Y.-C., Li, X., Wong, T. Y., Quigley, H. A., Aung, T., and Cheng, C.-Y.
(2014). Global Prevalence of Glaucoma and Projections of Glaucoma
Burden through 2040. Ophthalmology 121 (11), 2081–2090. doi:10.1016/
j.ophtha.2014.05.013

Thomasy, S. M., Wood, J. A., Kass, P. H., Murphy, C. J., and Russell, P. (2012).
Substratum Stiffness and Latrunculin B Regulate Matrix Gene and Protein
Expression in Human Trabecular Meshwork Cells. Invest. Ophthalmol. Vis.
Sci. 53 (2), 952–958. doi:10.1167/iovs.11-8526

Thorleifsson, G., Walters, G. B., Hewitt, A. W., Masson, G., Helgason, A.,
DeWan, A., et al. (2010). Common Variants Near CAV1 and CAV2 Are
Associated with Primary Open-Angle Glaucoma. Nat. Genet. 42 (10),
906–909. doi:10.1038/ng.661

Tie, J., Chen, D., Guo, J., Liao, S., Luo, X., Zhang, Y., et al. (2020).
Transcriptome-wide Study of the Response of Human Trabecular
Meshwork Cells to the Substrate Stiffness Increase. J. Cel Biochem 121
(5-6), 3112–3123. doi:10.1002/jcb.29578

Tran, V. T., Ho, P. T., Cabrera, L., Torres, J. E., and Bhattacharya, S. K. (2014).
Mechanotransduction Channels of the Trabecular Meshwork. Curr. Eye
Res. 39 (3), 291–303. doi:10.3109/02713683.2013.842593

Tumminia, S. J., Mitton, K. P., Arora, J., Zelenka, P., Epstein, D. L., and Russell,
P. (1998). Mechanical Stretch Alters the Actin Cytoskeletal Network and

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85509719

De Ieso et al. Caveolae and Trabecular Meshwork Contractility

72

https://doi.org/10.1007/s00439-013-1349-5
https://doi.org/10.1038/nrm3512
https://doi.org/10.1038/nrm3512
https://doi.org/10.1083/jcb.127.5.1199
https://doi.org/10.1073/pnas.2001896117
https://doi.org/10.1073/pnas.2001896117
https://doi.org/10.1146/annurev.pharmtox.48.121506.124841
https://doi.org/10.1146/annurev.pharmtox.48.121506.124841
https://doi.org/10.1124/mol.118.115428
https://doi.org/10.1034/j.1600-0854.2002.30501.x
https://doi.org/10.1038/35074539
https://doi.org/10.1681/asn.2006050498
https://doi.org/10.1152/ajprenal.00419.2007
https://doi.org/10.1152/ajprenal.00419.2007
https://doi.org/10.1126/science.8438158
https://doi.org/10.1126/science.8438158
https://doi.org/10.1194/jlr.r700009-jlr200
https://doi.org/10.1152/ajpheart.00519.2004
https://doi.org/10.1167/iovs.08-2694
https://doi.org/10.1016/j.exer.2004.08.029
https://doi.org/10.1016/j.exer.2004.08.029
https://doi.org/10.2165/00063030-200721030-00004
https://doi.org/10.2165/00063030-200721030-00004
https://doi.org/10.1152/ajpcell.2001.281.4.c1241
https://doi.org/10.1152/ajpcell.2001.281.4.c1241
https://doi.org/10.1074/jbc.274.37.26353
https://doi.org/10.1074/jbc.274.37.26353
https://doi.org/10.1016/j.preteyeres.2020.100922
https://doi.org/10.1016/j.preteyeres.2020.100922
https://doi.org/10.1167/iovs.16-20189
https://doi.org/10.1167/iovs.16-20189
https://doi.org/10.1111/j.1600-0854.2008.00733.x
https://doi.org/10.1007/s00418-009-0651-8
https://doi.org/10.1167/iovs.07-0956
https://doi.org/10.1152/ajpcell.00046.2006
https://doi.org/10.1016/j.cell.2010.12.031
https://doi.org/10.1167/iovs.04-0060
https://doi.org/10.1016/j.preteyeres.2014.08.002
https://doi.org/10.1016/j.preteyeres.2014.08.002
https://doi.org/10.1016/j.exer.2016.07.009
https://doi.org/10.1167/iovs.11-7839
https://doi.org/10.3109/02713689508998409
https://doi.org/10.3109/02713689508998409
https://doi.org/10.1006/excr.2000.4891
https://doi.org/10.1016/j.exer.2009.02.007
https://doi.org/10.1016/j.exer.2009.02.007
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1167/iovs.11-8526
https://doi.org/10.1038/ng.661
https://doi.org/10.1002/jcb.29578
https://doi.org/10.3109/02713683.2013.842593
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Signal Transduction in Human Trabecular Meshwork Cells. Invest.
Ophthalmol. Vis. Sci. 39 (8), 1361–1371.

van Koolwijk, L.M. E., Ramdas,W.D., Ikram,M. K., Jansonius, N.M., Pasutto, F., Hysi,
P. G., et al. (2012). Common Genetic Determinants of Intraocular Pressure and
Primary Open-Angle Glaucoma. Plos Genet. 8 (5), e1002611. doi:10.1371/journal.
pgen.1002611

van Zyl, T., Yan,W.,McAdams, A., Peng, Y.-R., Shekhar, K., Regev, A., et al. (2020). Cell
Atlas of Aqueous Humor Outflow Pathways in Eyes of Humans and Four Model
Species Provides Insight into Glaucoma Pathogenesis. Proc. Natl. Acad. Sci. USA 117
(19), 10339–10349. doi:10.1073/pnas.2001250117

Vittal, V., Rose, A., Gregory, K. E., Kelley,M. J., andAcott, T. S. (2005). Changes in Gene
Expression by Trabecular Meshwork Cells in Response to Mechanical Stretching.
Invest. Ophthalmol. Vis. Sci. 46 (8), 2857–2868. doi:10.1167/iovs.05-0075

Wiederholt, M., Thieme, H., and Stumpff, F. (2000). The Regulation of Trabecular
Meshwork and Ciliary Muscle Contractility. Prog. Retin. Eye Res. 19 (3), 271–295.
doi:10.1016/s1350-9462(99)00015-4

Wiggs, J. L., Hee Kang, J., Yaspan, B. L., Mirel, D. B., Laurie, C., Crenshaw, A., et al.
(2011). Common Variants Near CAV1 and CAV2 Are Associated with Primary
Open-Angle Glaucoma in Caucasians from the USA. Hum. Mol. Genet. 20 (23),
4707–4713. doi:10.1093/hmg/ddr382

WuDunn, D. (2009). Mechanobiology of Trabecular Meshwork Cells. Exp. Eye Res. 88
(4), 718–723. doi:10.1016/j.exer.2008.11.008

Xin, C., Song, S., Johnstone, M., Wang, N., and Wang, R. K. (2018). Quantification of
Pulse-dependent Trabecular Meshwork Motion in normal Humans Using Phase-
Sensitive OCT. Invest. Ophthalmol. Vis. Sci. 59 (8), 3675–3681. doi:10.1167/iovs.17-
23579

Yang, B., Radel, C., Hughes, D., Kelemen, S., and Rizzo, V. (2011). p190 RhoGTPase-
Activating Protein Links the β1 Integrin/Caveolin-1 Mechanosignaling Complex to
RhoA and Actin Remodeling. Atvb 31 (2), 376–383. doi:10.1161/atvbaha.110.217794

Yarishkin, O., Phuong, T. T. T., Baumann, J. M., De Ieso, M. L., Vazquez-Chona, F.,
Rudzitis, C. N., et al. (2021). Piezo1 Channels Mediate Trabecular Meshwork
Mechanotransduction and Promote Aqueous Fluid Outflow. J. Physiol. 599 (2),
571–592. doi:10.1113/jp281011

Youngblood, H., Cai, J., Drewry, M. D., Helwa, I., Hu, E., Liu, S., et al. (2020).
Expression of mRNAs, miRNAs, and lncRNAs in Human Trabecular
Meshwork Cells upon Mechanical Stretch. Invest. Ophthalmol. Vis. Sci.
61 (5), 2. doi:10.1167/iovs.61.5.2

Yu, J., Bergaya, S., Murata, T., Alp, I. F., Bauer, M. P., Lin, M. I., et al. (2006).
Direct Evidence for the Role of Caveolin-1 and Caveolae in
Mechanotransduction and Remodeling of Blood Vessels. J. Clin. Invest.
116 (5), 1284–1291. doi:10.1172/jci27100

Zeidan, A., Broman, J., Hellstrand, P., and Swa€rd, K. (2003). Cholesterol
Dependence of Vascular ERK1/2 Activation and Growth in Response to
Stretch. Atvb 23 (9), 1528–1534. doi:10.1161/01.atv.0000090129.75275.c2

Zou, H., Ratz, P. H., and Hill, M. A. (1995). Role of Myosin Phosphorylation
and [Ca2+]i in Myogenic Reactivity and Arteriolar Tone. Am. J. Physiology-
Heart Circulatory Physiol. 269 (5), H1590–H1596. doi:10.1152/ajpheart.
1995.269.5.h1590

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 De Ieso, Kuhn, Bernatchez, Elliott and Stamer. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85509720

De Ieso et al. Caveolae and Trabecular Meshwork Contractility

73

https://doi.org/10.1371/journal.pgen.1002611
https://doi.org/10.1371/journal.pgen.1002611
https://doi.org/10.1073/pnas.2001250117
https://doi.org/10.1167/iovs.05-0075
https://doi.org/10.1016/s1350-9462(99)00015-4
https://doi.org/10.1093/hmg/ddr382
https://doi.org/10.1016/j.exer.2008.11.008
https://doi.org/10.1167/iovs.17-23579
https://doi.org/10.1167/iovs.17-23579
https://doi.org/10.1161/atvbaha.110.217794
https://doi.org/10.1113/jp281011
https://doi.org/10.1167/iovs.61.5.2
https://doi.org/10.1172/jci27100
https://doi.org/10.1161/01.atv.0000090129.75275.c2
https://doi.org/10.1152/ajpheart.1995.269.5.h1590
https://doi.org/10.1152/ajpheart.1995.269.5.h1590
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


The Pro-fibrotic Response of
Mesenchymal Leader Cells to Lens
Wounding Involves Hyaluronic Acid,
Its Receptor RHAMM, and Vimentin
A. Sue Menko1,2, Alison Romisher1 and Janice L. Walker1,2*

1Department of Pathology, Anatomy and Cell Biology, Sidney Kimmel Medical College, Thomas Jefferson University, Philadelphia,
PA, United States, 2Department of Ophthalmology, Sidney Kimmel Medical College, Thomas Jefferson University, Philadelphia,
PA, United States

Hyaluronic Acid/Hyaluronan (HA) is a major component of the provisional matrix deposited
by cells post-wounding with roles both in regulating cell migration to repair a wound and in
promoting a fibrotic outcome to wounding. Both are mediated through its receptors CD44
and RHAMM. We now showed that HA is present in the provisional matrix assembled on
the substrate surface in a lens post-cataract surgery explant wound model in which
mesenchymal leader cells populate the wound edges to direct migration of the lens
epithelium across the adjacent culture substrate onto which this matrix is assembled.
Inhibiting HA expression with 4-MU blocked assembly of FN-EDA and collagen I by the
wound-responsive mesenchymal leader cells and their migration. These cells express both
the HA receptors CD44 and RHAMM. CD44 co-localized with HA at their cell-cell
interfaces. RHAMM was predominant in the lamellipodial protrusions extended by the
mesenchymal cells at the leading edge, and along HA fibrils organized on the substrate
surface. Within a few days post-lens wounding the leader cells are induced to transition to
αSMA+myofibroblasts. Since HA/RHAMM is implicated in both cell migration and inducing
fibrosis we examined the impact of blocking HA synthesis on myofibroblast emergence
and discovered that it was dependent on HA. While RHAMM has not been previously
linked to the intermediate filament protein vimentin, our studies with these explant cultures
have shown that vimentin in the cells’ lamellipodial protrusions regulate their transition to
myofibroblast. PLA studies now revealed that RHAMM was complexed with both HA and
vimentin in the lamellipodial protrusions of leader cells, implicating this HA/RHAMM/
vimentin complex in the regulation of leader cell function post-wounding, both in
promoting cell migration and in the transition of these cells to myofibroblasts. These
results increase our understanding of how the post-wounding matrix environment
interacts with receptor/cytoskeletal complexes to determine whether injury outcomes
are regenerative or fibrotic.
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INTRODUCTION

A tissue’s extracellular matrix (ECM) microenvironment has
significant effects on cell behavior, as first revealed in studies
from Mina Bissell’s lab (Bissell 2016). Their data showed that
there is a dynamic reciprocity between cells and their
surrounding ECM that impacts their biomechanical properties
(Roskelley and Bissell 1995; Nelson and Bissell 2005; Nelson and
Bissell 2006). This leads to changes in gene expression that can
alter cell function to drive disease processes. More recently, it has
become clear that, in response to wounding, both the
composition and physical properties of the matrix produced to
promote tissue repair/regeneration can become pro-fibrotic, as
well as contribute to cancer progression (Lu et al., 2011; Kim et al.,
2018; Basta et al., 2021; Correa-Gallegos and Rinkevich 2021;
Tolg et al., 2021). These pro-fibrotic, post-wounding matrix
microenvironments promote fibrosis in part by inducing cells
that regulate wound-repair to acquire and maintain a
myofibroblast phenotype (Hinz 2016; Karppinen et al., 2019;
Tai et al., 2021).

Wound-induced provisional matrix proteins like fibronectin
and collagen I are among the components of the wound-healing
microenvironment that have been linked to promoting fibrosis.
We show that specific expression of these matrix proteins by
mesenchymal leader cells that populate the wound edge in
response to cataract surgery wounding and their transition to
myofibroblasts is dependent on TGFβ (Basta et al., 2021). These
studies were performed with an ex vivo post-cataract surgery
explant model that mimics both lens epithelial wound repair and
the pathological fibrotic outcome of Posterior Capsule
Opacification (PCO) (Walker et al., 2007; Walker et al., 2010;
Menko et al., 2014; Walker et al., 2018). These wounded lens
explant cultures provide an ideal reductionist model for
investigating how provisional matrices organized to promote
cell migration in response to wounding can lead to fibrotic
disease progression. They are created by performing a mock
cataract surgery on chick embryo lenses, ex vivo. This
microsurgery removes the lens fiber cell mass and leaves
behind the lens epithelial cell monolayer closely linked to the
basement membrane capsule that surrounds the lens.
Interdigitated among the lens epithelial cells are a
subpopulation of mesenchymal cells that we have identified as
resident immune cells. Resident immune cells are among the
earliest responders to a wound site (Oishi and Manabe 2018),
with a primary function of maintaining tissue homeostasis (Lech
et al., 2012), earning them the moniker of the “sentinels of the
immune system” (Davies et al., 2013). Our studies demonstrate
that resident immune cells are immediate responders to lens
wounding, rapidly populating the wound edges in both the chick
lens mock cataract surgery explants and in human pediatric post-
cataract surgery explants (Menko et al., 2021). These vimentin-
rich mesenchymal leader cells express CD45, CD44 and MHCII
(Walker et al., 2018; Menko et al., 2021), and display properties of
professional phagocytes (Walker and Menko 2021), features they
share with resident immune cells in other tissues (Arandjelovic
and Ravichandran 2015; Lim et al., 2017; Oishi and Manabe
2018). Their presence in the lens and their response to lens injury

involve important roles in directing lens wound repair (Menko
et al., 2014; Bleaken et al., 2016). Like other tissue resident
immune cells, the resident immune cells would also induce
activation of an adaptive immune response, as occurs in
response to lens injury (Jiang et al., 2018) and dysgenesis
(Logan et al., 2017).

While the primary function of tissue resident immune cells is
to maintain homeostasis, they can become agents of pathogenesis
(Boyman et al., 2007; Davies et al., 2013; Richmond and Harris
2014; Ginhoux and Guilliams 2016; Lu et al., 2019; Masopust and
Soerens 2019; Ardain et al., 2020). In studies with human post-
cataract surgery explants we show that the CD45 + resident
immune cells but not the lens epithelial cells in these explants,
acquire a myofibroblast phenotype (Menko et al., 2021). Cell
tracking studies using antibody to CD44 that binds exclusively to
the resident immune cells identified that the resident immune
cells in the chick mock cataract surgery explant cultures were the
progenitors of the αSMA+ myofibroblasts that appear in the
mock cataract surgery explant cultures (Walker et al., 2018). The
transition to αSMA+ myofibroblasts is a hallmark of PCO, a
common fibrotic pathological outcome of cataract surgery, which
also is characterized by cell proliferation, migration, and
deposition of matrix proteins (Wormstone et al., 2009;
Wormstone and Eldred 2016; Menko et al., 2020; Walker and
Menko 2021; Wormstone et al., 2021). While the matrix proteins
in the wound microenvironment are key to signaling the
acquisition of a fibrotic phenotype, we have also identified a
requisite role for the intermediate filament protein vimentin
associated with the mesenchymal leader cell population. These
functions include directing the collective migration of lens
epithelial cells (Menko et al., 2014), and the transition of these
leader cells to a myofibroblast phenotype (Walker et al., 2018).

We now examine the impact of hyaluronic acid/hyaluronan
(HA) and its receptors CD44 and Receptor for Hyaluronan
Mediated Motility (RHAMM) post-wounding in studies with
our clinically relevant, ex vivo mock cataract surgery wound
repair/fibrosis model. HA is a glycosaminoglycan ubiquitously
expressed in the ECM that also has been localized to the
cytoplasm and the nucleus (Ripellino et al., 1988; Evanko and
Wight 1999; Dicker et al., 2014). In the eye, HA is the principal
component of the vitreous humor (Bremer and Rasquin 1998;
Slevin et al., 2007; Theocharis et al., 2008), from where it was first
purified. HA is found from early stages of development in the
basement membranes of many eye tissues, including the lens
(Peterson et al., 1995), and the interphotoreceptor matrix of the
retina (Inatani and Tanihara 2002; Tanihara et al., 2002). A
salient feature of HA is its expression in the provisional
matrix that is assembled in response to tissue wounding. HA
functions in promoting cell migration, a central element in
modulating tissue repair and regeneration (Maytin 2016).
Important to our investigations, the presence of HA in the
post-wounding microenvironment is also linked to the
development of fibrosis (Albeiroti et al., 2015; Maytin 2016;
Tai et al., 2021). This property could, in part, reflect the
reported role for HA in fibronectin fibrillogenesis (Assunção
et al., 2021). HA associates either directly or indirectly with
many different proteins in the ECM. The relationship between
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HA and the accumulation of fibronectin in the matrix
environment is highlighted in studies of the trabecular
meshwork that showed blocking HA synthesis reduced the
presence of fibronectin (Keller et al., 2012). The complex, and
sometimes antithetical, roles of HA in biological processes, pro-
inflammatory and anti-inflammatory, promoting wound-repair/
regeneration and promoting fibrosis, is determined by many
different factors. These features include its size, modifications,
structural organization, and binding to different receptors
(Amorim et al., 2021).

HA synthesis and turnover are tightly regulated (Jiang et al.,
2007; Aya and Stern 2014; Garantziotis and Savani 2019;
Kobayashi et al., 2020). Hyaluronan synthases (HASs), are
the transmembrane enzymes responsible for producing HA,
while hyaluronidases are the enzymes critical to breakdown of
HA (Jiang et al., 2007; Aya and Stern 2014; Garantziotis and
Savani 2019; Kobayashi et al., 2020). There are three HASs;
HAS1, HAS2 and HAS3, which can exhibit distinct subcellular
locations, expression patterns and regulation (Itano and
Kimata 2002; Heldin et al., 2019; Kobayashi et al., 2020).
Typically, HASs are localized at the plasma membrane
where HA is secreted to the extracellular environment
(Itano and Kimata 2002; Heldin et al., 2019; Kobayashi
et al., 2020).

High molecular weight (HMW) HA accumulates at sites of
injury and plays roles in promoting tissue remodeling and wound
repair (Jiang et al., 2007; Aya and Stern 2014; Kobayashi et al.,
2020). In the wound environment, hyaluronidases and free
radicals can fragment HMW-HA into low molecular weight
forms (LMW-HA) that are associated with promoting
inflammation and disease (Jiang et al., 2007; Aya and Stern
2014; Kobayashi et al., 2020). Many studies support a role for
HA in the development of fibrosis in tissues such as the liver
(Andreichenko et al., 2019; Yang et al., 2019) and lung (Li et al.,
2011). HA was found to mediate fibroblast transition to a scar-
inducing myofibroblast phenotype associated with fibrosis
(Meran et al., 2007; Webber et al., 2009). TGFβ-induced
differentiation of dermal fibroblasts to a myofibroblast
phenotype is linked to HA production and assembly into a
pericellular coat (Meran et al., 2007). Interestingly, in this
same study, nonscarring oral fibroblasts, were found resistant
to TGFβ-induced myofibroblast differentiation. This alternative
response was associated with a lack of HA production and HA
pericellular coat formation (Meran et al., 2007). HA synthesis is
also required for TGFβ-induced differentiation of lung fibroblasts
to myofibroblasts (Webber et al., 2009). Surprisingly, providing
lung fibroblasts with exogenous HA blocked myofibroblast
differentiation, which was associated with the relocation of the
HA receptor CD44 and TGFβR ALK5 from lipid raft to non-lipid
raft regions of the membrane (Webber et al., 2009). This
paradoxical HA response lends support to the concept that
HA presentation and organization are critical to how HA
modulates cellular function (Webber et al., 2009). These
studies emphasize a key role for cell-associated HA in
inducing a fibrotic response, and demonstrate that HA
interactions with receptors at the membrane is essential to its
functional outcomes.

Principal among the many receptors for HA, are CD44 and
RHAMM; others include LYVE-1, TLR2 and TLR4 (Garantziotis
and Savani 2019; Abatangelo et al., 2020; Amorim et al., 2021).
The interaction between HA and these receptors provide HAwith
the ability to activate many different downstream signaling
effectors and impact cell behavior. Its cell-surface receptor
CD44 is a single pass transmembrane glycoprotein expressed
by a number of cell types including bone marrow mesenchymal
cells, immune cells, embryonic stem cells and cancer stem cells
(Levesque and Haynes 1996; Chen et al., 2018; Lee-Sayer et al.,
2018). CD44 has many functions including the regulation of cell
migration and cell proliferation (Krolikoski et al., 2019; Chen
et al., 2020). The HA receptor RHAMM is even more complex. It
is a multifunctional protein that localizes to both extracellular and
intracellular sites. RHAMM has important roles both during
development and in the wound-repair response that include
mediating cell migration, from which it derives its name
(Savani et al., 1995; Leng et al., 2019; Tolg et al., 2020).
RHAMM localizes to the cell surface where it mediates
binding to HA in the extracellular matrix environment, and to
the cell nucleus where it associates with transcriptional complexes
to regulate gene expression (Meier et al., 2014). Studies also show
localization of RHAMM to the cytoplasm and its association with
both microtubules and actin filaments (Assmann et al., 1999), as
well as to the centrosome where it functions in regulating spindle
pole stability (Maxwell et al., 2003). Following wounding,
RHAMM has been specifically localized to mesenchymal cells
with a fibroblastic morphology that localize to the leading edge of
the wound in response to injury (Hardwick et al., 1992; Savani
et al., 1995). Like their ligand HA, both CD44 and RHAMM have
been linked to the development of fibrosis (Tolg et al., 2012; Cui
et al., 2019; Govindaraju et al., 2019; Wu et al., 2021). In this
study, we show that HA is expressed in the matrix
microenvironment of the mesenchymal cells that are recruited
to the leading edge of the wound where it is associated with both
CD44 and RHAMMand induces cell migration and the transition
of the mesenchymal leader cells to αSMA+ myofibroblasts.

MATERIALS AND METHODS

Ex vivoPost-cataract SurgeryChick Explant
Cultures and Inhibitor Treatment
Ex vivo post-cataract surgery chicken explants were created as
previously described (Walker et al., 2007; Walker et al., 2010;
Menko et al., 2014; Walker et al., 2018). Briefly, lenses are
removed from E15 chick embryos prior to performing mock
cataract surgery to remove the lens fibers cells, leaving behind the
wounded epithelial cells, a population that is tightly adherent to
the lens capsule basement membrane. Cuts are made in the
epithelium to create a star shaped explant that is flattened on
the culture substrate. Eggs are procured from Poultry Futures
(Lititz, PA). Experiments using chick embryo lenses comply with
ARVO guidelines for animals. All animal studies are approved by
the Institutional Animal Care and Use Committee (IACUC) at
Thomas Jefferson University (Philadelphia, PA). For studies
blocking HA synthesis, ex vivo post-cataract surgery explants
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were treated from day (D)1 through D3 in culture with the HA
inhibitor 4-Methylumbelliferone (4-MU) at 400 µM
(Selleckchem, Houston, Texas (IC50: .4 mM)) or its vehicle
(DMSO). Both vehicle and 4-MU were replaced each day and
at D3 post-injury, cultures were fixed in 4% formaldehyde. The
dose for 4-MU was chosen based both on the IC50 and the
literature (Rilla et al., 2004; Vigetti et al., 2009; Saito et al., 2013).
Phase contrast images were acquired with a Nikon Eclipse Ti
microscope using NIS elements software. For migration studies,
time-lapse imaging was set up D1 post-injury for 24 h using a
Tokai Hit stage-top incubator on a Nikon Eclipse TE2000-U
microscope.

Immunofluorescence and Live
Immunolabeling
For standard immunofluorescence studies, ex vivo post-
cataract surgery explant cultures were fixed in 4%
formaldehyde for 15 min, permeabilized in 0.25% Triton-X-
100 for 5 min and blocked in 5% goat serum for 30 min.
Subsequently, explant cultures were incubated with primary
antibodies for 30 min to 1 h followed by incubation with
fluorescent-conjugated secondary antibodies (Jackson
ImmunoResearch, West Grove, PA). For immunolabeling
we used the following primary antibodies αSMA (Sigma
Aldrich, St. Louis, MO or Abcam, Cambridge, MA), α-
tubulin (Cell Signaling Technology, Danvers, MA), Collagen
I alpha (Novus Biologicals, Centennial, CO), Fibronectin EDA
(Santa Cruz Biotechnology, Santa Cruz, CA), HA (Abcam,
Cambridge, MA) and RHAMM (Novus Biologicals,
Centennial CO). The following primary antibodies were
obtained from Developmental Studies Hybridoma Bank,
created by the NICHD of the NIH (The University of Iowa,
Department of Biology, Iowa City, IA): 1D10 monoclonal
antibody to CD44 developed by Halfter, W.M. and AMF17B
monoclonal antibody to vimentin deposited by Fulton, A.B.
Explant cultures were counterstained with DAPI (Biolegend,
San Diego, CA) to identify nuclei or fluorescent-conjugated
Phalloidin (Invitrogen, Waltham, MA) to identify F-actin. For
live antibody immunolabeling studies, cultures were incubated
on the indicated day post-injury with HA (Abcam, Cambridge,
MA), RHAMM (Novus Biologicals, Centennial CO), and/or
CD44 antibody or with matched isotype controls (Jackson
ImmunoResearch, West Grove, PA) for 20 min on ice, fixed in
4% formaldehyde and processed for immunostaining with
fluorescent-conjugated secondary antibodies (Jackson
Immunoresearch, West Grove, PA).

Proximal Ligation Assay
Proximal ligation assay was performed according to
manufacturer’s directions (Sigma Aldrich, St. Louis, MO)
using antibodies to RHAMM and vimentin or RHAMM and HA.

Confocal Microscopy Imaging
Images were captured using either a confocal Zeiss 510 or a
confocal Zeiss 800 microscope. Z-stacks were collected with each
optical plane at either 0.33 µm or 0.49 µm, as indicated. Images

are shown as either single optical planes from the z-stack or as
projected images.

RESULTS

Emergence of Fibrotic Disease in an Ex Vivo
Mock Cataract Surgery Explant Model
To create a model that mimics conditions associated with the
emergence of fibrosis post-cataract surgery we performed
microsurgery ex vivo on isolated E15 chick embryo lenses. The
procedure involves removing the differentiated fiber cells that
comprise the mass of lens tissue, as in human cataract surgery
(Menko et al., 2014; Walker et al., 2015). Following this, the lens
epithelium, together with its subpopulation of mesenchymal
resident immune cells, remain as an intact sheet closely linked
to the thick basement membrane capsule surrounding the lens.
The cataract-surgery wound edge is located where the fiber
cells had bordered the lens epithelium. Secondary wound sites
are created at cuts made in the anterior aspects of the lens
capsular bag to flatten the wounded tissue explant on the tissue
culture platform. From these cut sites, the wounded lens cell
populations move off their basement membrane capsule onto
and across the surrounding tissue culture platform (Figures
1A,B (blue)). This region is referred to as the ExtraCapsular
Zone (ECZ). As the wounded lens epithelial cells migrate
across the ECZ they are directed by the wound-activated
mesenchymal cell subpopulation, which rapidly populates
the leading edge (Figure 1C). This mesenchymal leader cell
population expands as the cells migrate across the substrate
(Figure 1D). On the substrate surface, the mesenchymal leader
cells assemble a complex provisional matrix that, we have
shown previously, includes the EDA isoform of fibronectin
(FN-EDA) (Figures 1E,G). By D3 post-injury the
mesenchymal leader cells express αSMA, a hallmark of their
acquisition of a myofibroblast phenotype (Figure 1F). This
myofibroblast population expands significantly by culture D6
(Figure 1H).

Hyaluronic Acid Is an Integral Component of
the Provisional Matrix Organized Post-lens
Wounding
While the literature shows that hyaluronic acid (HA) is
expressed in response to wounding, where it is an integral
component of the provisional matrix organized to promote
wound-healing, its presence in the wound microenvironment
has also been linked to fibrosis (Albeiroti et al., 2015; Maytin
2016; Tai et al., 2021). We examined whether HA is a
component of the provisional matrix organized on the
substrate surface of the ECZ by the mesenchymal leader
cells activated by mock cataract surgery wounding. For
these studies, explant cultures were live-immunolabeled at
7 days post-wounding with an antibody to HA, fixed, tagged
with a fluorescent-secondary antibody and imaged by confocal
microscopy. The results showed that an extensive fibrillar HA
network forms on the substrate surface as a component of the
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provisional matrix organized by the wound-activated cells
migrating across the ECZ (Figure 2).

Fibronectin-EDA Matrix Organized Along
Hyaluronic Acid Fibrils Formed in Response
to Lens Wounding
As we have shown previously (Basta et al., 2021), a FN-EDA
provisional matrix is organized at the leading edge of the wound-
activated cells migrating across the substrate surface adjacent to
the injured lens explant (Figures 1E,G). We now investigated
whether the HA provisional matrix produced by these cells in
response to mock cataract surgery wounding provides a substrate

on which FN-EDA fibrils or organized. Mock cataract surgery
explant cultures were live labeled for HA at both 3- and 6-days
post-wounding. Following fixation and tagging with secondary
antibody, the cultures were co-immunolabeled with an FN-EDA
antibody, and imaged by confocal microscopy (Figure 3). These
studies revealed that the FN-EDAmatrix assembled on the substrate
at the leading edge of the ECZ during the first 3 days post-wounding
is organized along the fibrils of the provisional HAmatrix produced
by the wound-activated mesenchymal leader cells (Figures 3A–C).
The coincidence of the HA and FN-EDA matrices on the substrate
surface beneath the mesenchymal cell population at the leading edge
of the extracapsular zone remains a defining feature of the explant
cultures at culture day 6 (Figures 3D–F).

FIGURE 1 | Ex vivo post-cataract surgery wound repair/fibrosis explant cultures. (A,B)Models created using a phase microscopy image of the star shaped ex vivo
mock cataract surgery explant in culture at (A) culture D3 and (B) culture D6, on which is superimposed diagrams showing the movement of wound-activated lens
epithelial cells across the adjacent culture substrate, referred to as the ExtraCapsular Zone (ECZ), shown in blue. The explant cultures also harbor a population of
endogenous mesenchymal cells that rapidly migrate to the wound edges, direct the migration of the epithelium, acquire an αSMA+ myofibroblast phenotype at
D3 post-wounding (F), which expands greatly by D6 (H), modeled in A,B in green. Phase contrast microscopy images showing the wounded lens epithelial cells and
mesenchymal cells at the leading edge (white dashed line) at (C) D3 and (D) D6 post-wounding. The outside cut edge of the explant is indicated by a white dotted line.
Along the substrate surface of the ECZ, the mesenchymal cells at the leading edge assemble a provisional matrix by D3 (E), which expands by D6 (G), which includes the
ECM protein FN-EDA (E,G). Images are presented as a projection from the collected confocal z-stack with each optical plane at 0.49 µm. Magnification bar = 20 µm.
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Hyaluronic Acid Receptors CD44 and
Receptor for Hyaluronan Mediated Motility
Expressed by Leading Edge Cells Post-lens
Wounding
The most prominent among the HA receptors are CD44 and
RHAMM. They are molecularly distinct receptors. CD44 is a
transmembrane glycoprotein typically expressed by immune
cells, bone marrow mesenchymal cells, embryonic stem cells,
and cancer stem cells (Chen et al., 2018). RHAMM is commonly
expressed by the migrating cells at a wound edge with multiple
subcellular regions of localization including the cell surface, the
cytoplasm, and the nucleus (Hardwick et al., 1992; Savani et al.,
1995). In previous studies, we had identified that CD44 was
expressed by the mesenchymal cells that populate that wound
edge in response to mock cataract surgery (Walker et al., 2018;
Basta et al., 2021). We now have performed a co-localization
analyses to determine the relative patterns of expression of CD44
and RHAMM by the mesenchymal cells at the leading edge of the
ECZ during the first few days following mock cataract surgery
wounding. For these studies, the wounded lens explant cultures
were fixed and permeabilized at culture D2 and D3, prior to
immunolabeling for CD44 and RHAMM. The results showed
that both these HA receptors were expressed by the cells that
populate the leading-edge post-mock cataract surgery wounding,
each with a distinct pattern of expression (Figure 4). At D2 post-
wounding, CD44 was most highly expressed along their cell
borders and was also localized to the tips of the lamellipodial
processes they extend along the substrate at the leading edge
(Figures 4A,C). While labeling intensity was diminished, this
pattern of CD44 localization was retained at culture day 3 when
these cells first acquire a myofibroblast phenotype (Figures
4D,F). In contrast to CD44, RHAMM was primarily localized
to the lamellipodial processes extended by the mesenchymal cells
at the leading edge of the ECZ at culture day 2 (Figure 4B). Here,

there is some co-localization of RHAMM with CD44 at the cells’
lamellipodial tips (Figure 4C). This pattern of RHAMM
localization is retained by the cells at the leading edge at
D3 post-wounding, after these cells have acquired a
myofibroblast phenotype (Figures 4E,F).

CD44 Colocalizes With Hyaluronic Acid at
Cell-Cell Interfaces of Leader Cells
Post-wounding
Following their transition to myofibroblasts, these cells expand to
comprise a large area at the leading edge of the ECZ (Figures
1D,H). The coincidence of HA with its receptor CD44 was
investigated in these cells by live labeling the mock cataract
surgery explant cultures at 7 days post-wounding for both HA
and CD44. High-resolution confocal microscopy imaging was
performed at the leading edge of the ECZ (Figure 5). This
approach revealed two distinct patterns of HA organization in
the matrix microenvironment, one aligned with cell-cell borders
(Figure 5A, arrow, from boxed in region of Figure 5A), the other
organized in fibrous cords (Figure 5A, arrowhead). CD44 was
colocalized with HA at cells’ lamellipodia edges concentrated
along their cell-cell borders (Figure 5B,Bi,C,Ci). No labeling for
CD44 was observed along the network of HA extracellular matrix
fibrils (Figures 5A,C, arrowhead).

Receptor for Hyaluronan Mediated Motility
Colocalizes With Hyaluronic Acid Fibrillar
Network Post-wounding
The HA receptor RHAMM, which functions in cell migration,
has roles as both a cell surface and an intracellular molecule. To
provide insight into the different RHAMM localizations in the
migrating cells at the leading edge of the ECZ, explant cultures at
6 days post-wounding wounding were either fixed and

FIGURE 2 | HA is a key element of the provisional matrix microenvironment post-wounding. (A) Post-cataract surgery explant model with a white box
representative of the region examined in this study. (B,C) Live-immunolabeling of HA (green) of lens post-mock surgery explant cultures shown at D7 following imaging
by confocal microscopy using the tiling feature to image across a large area of the ECZ. Dotted line indicates the border of the lens capsule explant and the ECZ. Boxed
region in B is shown at higher magnification in C revealing that HA is synthesized and organized as a component of the provisional matrix formed in response to
wounding. Magnification bar = 20 µm.
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immunolabeled for RHAMM (Figure 6A) or live labeled with the
RHAMM antibody (Figure 6B). Confocal microscopy imaging at
the leading edge revealed the presence of both intracellular
(Figure 6A) and cell surface-associated (Figure 6B)
populations of RHAMM at D6 post-wounding. In the fixed
explant cultures, RHAMM localized to the tips of the lamellipodia
that the cells extended along the cell surface (Figure 6A, arrow). This
pattern of localizationwas consistent with that observed for RHAMM
in leading edge cells at culture D2 and D3 (Figures 4B,E). At D6,
RHAMM also localized along actin stress fiber-like cytoskeletal
structures in this mesenchymal leader cell population (Figure 6A,
arrowhead). Live labeling revealed that cell-surface linked RHAMM
was present at the tips of the protrusions the cells extend at the
leading edge (Figure 6B, arrow) and in a filamentous distribution in
the cells just behind the migrating edge with a distribution similar to
that of the fibrous network of HA (Figure 6B, arrowhead). To
examine the co-incidence of this cell surface RHAMM population
with theHA extracellular fibrils ex vivo post-cataract surgery explants
were live labelled with antibodies to both RHAMM and HA.
Confocal imaging at the leading edge of the ECZ confirmed the

colocalization of cell-surface RHAMM with HA fibrils
(Figures 6C–E).

Hyaluronic Acid and Receptor for
Hyaluronan Mediated Motility Co-localize
Along αSMA+ Stress Fibers in
Myofibroblasts That Emerge
Post-wounding
The localization of intracellular RHAMM in mesenchymal leader
cells that have acquired a myofibroblast phenotype at D6
resembles that of actin stress fibers, suggesting its association
with these cytoskeletal filaments (Figure 6A). As previous studies
provide evidence that RHAMM can interact with actin filaments
(Assmann et al., 1999), we examined whether RHAMM function
in myofibroblasts may involve its cooperation with αSMA+ stress
fibers. For these studies, ex vivo mock cataract surgery cultures
were fixed and permeabilized at D6 post-wounding, co-
immunolabeled for αSMA and RHAMM, and labeled with a
fluorescent-conjugated phalloidin to detect F-actin. Imaging was

FIGURE 3 | FN-EDA assembled along HA fibrils in the matrix formed post-wounding. (A–F) Ex vivo lens post-wounding explant cultures at (A–C) D3 and (D–F) D6
were live immunolabeled for HA (A,D), fixed and immunolabeled for FN-EDA (B,E) and imaged at the leading edge of the ECZ (indicated by white arrow) by confocal
microscopy. (C,F)Colocalization of HA and FN-EDA shown together with DAPI labeling of nuclei. Box with white dotted line in F is shown as an inset at higher magnificent
and intensity adjusted. These studies show that FN-EDA is organized along HA fibrils. Images are presented as a projection from the collected confocal z-stack with
each optical plane at 0.49 µm. Magnification bar = 20 µm.
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performed by confocal microscopy at the leading edge of the ECZ.
The results confirm that RHAMM is localized along αSMA+ stress
fibers and co-incident with F-actin (Figures 7A–D, arrows). In these
same cells, RHAMM is also found in the tips of the lamellipodial
protrusions extended by themyofibroblasts along the substrate at the
leading edge (Figures 7A,D arrowhead).

Since HA can interact with RHAMM both outside and inside
the cell (Hascall et al., 2004), we investigated whether HA also
localizes along αSMA+ stress fibers in the myofibroblasts at the
leading edge of the ECZ at D6 post-wounding. For these studies,
the wounded explant cultures were fixed and permeabilized prior
to labeling for F-actin, αSMA and HA. Similar to RHAMM
(Figures 7A–D), HA was localized along αSMA+ stress fibers
(Figures 7E–H, arrows), as well as to lamellipodial protrusions of
the myofibroblasts at the leading edge (Figures 7E,H, arrowhead).
These findings suggest that HA/RHAMM may have a role in
regulating the contractile machinery of myofibroblasts.

Another cytoskeletal structure that RHAMM has been shown
to associate with are the microtubules, an association that is both

context-specific and cell cycle-dependent, often involving its
presence at the spindle poles (Assmann et al., 1999; Tolg
et al., 2010; Chen et al., 2014). Ex vivo cataract surgery explant
cultures co-immunolabeled for α-tubulin and RHAMM at D2
andD3 post-wounding and imaged by confocal microscopy at the
leading edge of the ECZ showed that while these cells have an
extensive microtubule network there was no evidence of their co-
localization with RHAMM (Supplementary Figure S1). The
most prominent localization of RHAMM in these cells was to
their lamellipodia protrusions.

Novel Association of Receptor for
Hyaluronan Mediated Motility With Vimentin
in Leader Cell Lamellipodial Protrusions
Post-wounding
Our studies show that in the mesenchymal cells at the leading
edge of the ECZ post-cataract surgery wounding RHAMM was
consistently localized to the tips of lamellipodial protrusions

FIGURE 4 | The HA receptors CD44 and RHAMM are expressed by mesenchymal leader cells responding to lens wounding. Ex vivo lens post-wounding explant
cultures at (A–C) D2 and (D–F) D3 co-immunolabeled for (A,D) CD44 and (B,E) RHAMM, imaged by confocal microscopy at the leading edge of the ECZ, and (C,F)
shown as merged images together with DAPI labeling of nuclei. CD44 and RHAMM have distinct patterns of localization, with CD44 most prominent at the edges of the
mesenchymal cells along their cell-cell borders and RHAMM predominately localized to the lamellipodial processes extended along the substrate at the leading
edge, co-localizing with CD44 at the tips of these lamellipodia. Images are presented as single optical section from a confocal z-stack with each optical plane at 0.49 µm.
Magnification bars = 20 µm.
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(Figures 4B,E, Figures 6A, 7A). This pattern of localization is
similar to that of the intermediate filament protein vimentin
shown in our previous studies (Walker et al., 2018). Importantly,
we had discovered that blocking vimentin function impairs cell
migration post-wounding and blocks the transition of
mesenchymal leader cells to myofibroblasts (Menko et al.,
2014; Walker et al., 2018). We investigated whether RHAMM
could associate with vimentin at these leader cell lamellipodial
protrusions. Ex vivo mock cataract surgery explant cultures
were co-labeled for RHAMM and vimentin at D2 post-
wounding and imaged at the leading edge of the ECZ by
confocal microscopy. These studies revealed that RHAMM
and vimentin were highly co-localized at the lamellipodial
extensions extended along the substrate surface at the
leading edge of the ECZ (Figures 8A–C, 8Ai-Ci, arrowhead).
Co-localization was also observed along the vimentin
cytoskeletal network (Figure 8C, arrow). In addition, there
were regions where punctate labeling of RHAMMwas localized
to the substrate surface (Figure 8A, open arrowhead, and
Supplementary Figure S2A, Ai).

To further investigate this discovery that RHAMM is
colocalized with vimentin, we used the Proximal Ligation
Assay (PLA), an in-situ assay that identifies protein-protein
interactions within 40 nm. PLA was performed on the explant
cultures at D2 post-wounding with antibodies to vimentin and
RHAMM, and the cultures post-labeled for F-actin. The results
revealed that there is a close association between RHAMM and
vimentin at the lamellipodial protrusions of cells at the leading
edge of the ECZ (Figures 8D,E). These are the first studies that
link RHAMM function to the vimentin intermediate filament
cytoskeleton. Since HA was also found enriched within the
membrane protrusions of the cells at the leading edge of the
ECZ (Figure 7E), we examined the potential link between HA
and RHAMM by PLA. The results also showed a close association
between RHAMM and HA that is specific to the cell protrusions
of the cells at the leading edge of the ECZ (Figures 8F,G). These
were the same sites as there is a positive PLA signal for RHAMM
and vimentin. These findings suggest that the lamellipodial
protrusions of the leader cells are enriched with a HA/
RHAMM/vimentin complex. Since our previous studies

FIGURE 5 | CD44 colocalized with HA in the region of cell-cell interfaces of mesenchymal leader cells. Ex vivo post-cataract surgery explant cultures were live
immunolabeled at D7 for both HA (A,Ai) and CD44 (B,Bi), imaged by confocal microscopy at the leading edge of the ECZ and (C,Ci) shown as merged images together
with DAPI labeling of nuclei. Boxed areas in A-C are shown at higher magnification in Ai-Ci. CD44 colocalizes with HA along cell-cell interfaces (white arrow). No labeling
for CD44 was detected along HA fibrils (arrowhead). Images are presented as a projection from a collected confocal z-stack with each optical plane at 0.49 µm.
Magnification bars = 20 µm.
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showed that vimentin plays a role in mediating leader cell
transition to a myofibroblast phenotype post-mock cataract
surgery wounding (Walker et al., 2018), our new findings
suggest that this function is likely to be coordinated with HA/
RHAMM.

Blocking Hyaluronic Acid Synthesis
Prevents Leader Cell Production of a
Pro-fibrotic Provisional Matrix, Suppresses
Their Migration and Blocks Their Transition
to an αSMA+ Myofibroblast Phenotype
Our findings showed that HA is an integral component of the FN-
EDA/collagen I provisional matrix that is organized by the
mesenchymal leader cells as they migrate across the ECZ in

response to lens wounding. Here, they express RHAMM and
CD44 with different patterns of localization, each of which co-
localizes with HA. In addition to promoting processes like
migration that are essential to wound repair,
microenvironments rich in FN-EDA and collagen I are also
considered pro-fibrotic (Muro et al., 2008; Bhattacharyya et al.,
2014; Herrera et al., 2018). Their organization in a wound
environment has been linked to the presence of HA
(Assunção et al., 2021). Therefore, we performed functional
studies to determine the impact of the HA synthesis inhibitor
4-MU on the assembly of these matrix proteins in the ECZ, the
migration of the mesenchymal leader cells and their associated
lens epithelium across the ECZ and the appearance of
myofibroblasts at the leading edge. For these studies,
wounded lens mock cataract surgery explant cultures were

FIGURE 6 | RHAMM localizes along HA fibrils. To distinguish intracellular and extracellular RHAMM populations, ex vivo post-cataract surgery explant cultures at
D6 were either (A) fixed, permeabilized, and immunolabeled for RHAMM or (B) live-labeled with the RHAMM antibody and imaged at the leading edge of the ECZ by
confocal microscopy. These approaches revealed the presence of RHAMM (A) along cytoskeletal-structures (arrowhead) and (A,B) in the cells’ lamellipodial processes
(arrow), as well as (B) as a cell-surface associated population with a fibrillar organization (arrowhead). Co-localization of cell surface of RHAMM with HA fibrils was
demonstrated by live immunolabeling at D6 for both (C) RHAMM and (D) HA, imaged by confocal microscopy at the leading edge of the ECZ and (E) shown as merged
images together with DAPI labeling of nuclei. (A,C-E) are projections created from collected confocal z-stacks with each optical plane at 0.49 µm, (B) is a tiled confocal
image. Magnification bars = (A,C-E) 20µm; (E) 50 µm.
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exposed to the HA synthesis inhibitor 4-MU or the vehicle
DMSO from D1 through D3 post-injury. D3 is the time when
the mesenchymal cells at the leading edge have acquired a
myofibroblast phenotype. Confocal microscopy imaging was
performed following immunolabeling for FN-EDA (Figures
9A–D), collagen I (with an antibody that recognizes both pro-
collagen I and collagen I) (Figures 9E–H) and αSMA+
(Figures 9I–L). The results showed that blocking HA
synthesis with 4-MU prevented the assembly of both FN-
EDA and collagen I matrices in the extracellular
microenvironment of the mesenchymal leader cells.
Blocking HA expression also blocked the transition of the
mesenchymal leader cells to an αSMA+ myofibroblast
phenotype. The prevention of this key hallmark of fibrosis
is likely the direct result of the failure to assemble a
profibrotic ECM. As HA/RHAMM also has key roles in
promoting cell migration post-wounding, we examined the
impact of the absence of this provisional matrix
microenvironment in the ECZ microenvironment. The
wounded explant cultures were exposed to the HA
synthesis inhibitor 4-MU or their vehicle DMSO from D1
through D3 post-injury and examined by phase contrast
microscopy (Figure 10), and with time-lapse microscopy
imaging (Supplementary Movies S1, S2). Blocking HA
synthesis greatly suppressed but did not block cell
migration across the ECZ. These results suggest the HA
plays an essential role in the formation of the provisional
matrix in response to cataract surgery wounding that is
required for both the promotion of cell migration and the
development of fibrosis.

DISCUSSION

A provisional matrix is formed in the wound microenvironment
to promote cell migration across the injured area and close the
wound (Barker and Engler 2017; Chester and Brown 2017;
Johnson et al., 2018; McKay et al., 2019; Das et al., 2021). In
addition to serving as the substrate for movement of the wound-
activated cells, this ECM can also be a sink for cytokines and
growth factors that impact both cell movement and cell fate
(Schultz and Wysocki 2009; Wilgus 2012; Frangogiannis 2017).
Induction of many of the components of this provisional matrix
post-wounding, including collagen I, fibronectin and HA, have
been linked to activation of TGFβ (Roberts et al., 1986; Ignotz
et al., 1987; Albeiroti et al., 2015). These matrix proteins provide
ligands for receptors expressed on the cell surface that
participate directly in cell adhesion and in the
transmission of signals from the matrix that promote cell
migration. In the post-wounding microenvironment,
fibronectin, collagen I, HA and TGFβ are all also linked to
promoting fibrosis, a pathological outcome to their function
in wound repair (Leask and Abraham 2004; Albeiroti et al.,
2015; Walraven and Hinz 2018). The post-cataract surgery
fibrotic disease PCO is characterized by both cell migration
onto the cell-denuded posterior lens capsule and the
subsequent appearance of myofibroblasts (Spalton 1999;
Wormstone et al., 2009; Wormstone and Eldred 2016;
Walker et al., 2018; Wormstone et al., 2021). Collagen I,
fibronectin and TGFβ have been linked to fibrosis and fibrotic
PCO (Uitto et al., 1982; Serini et al., 1998; Gabbiani 2003;
Muro et al., 2008; Herrera et al., 2018; Basta et al., 2021).

FIGURE 7 | HA/RHAMM localize along αSMA+ stress fibers of myofibroblasts. Ex vivo post-cataract surgery explant cultures at D6 were immunolabeled for either
(A) RHAMM or (E) HA and each immunolabeled for (B,F) αSMA, and (C,G) colabeled for F-actin with fluorescent conjugated phalloidin and imaged by confocal
microscopy. (D)Merged image of RHAMM, αSMA and F-actin; (H)Merged image of HA, αSMA and F-actin. RHAMM and HA both were co-localize along αSMA+ stress
fibers and were coincident with F-actin (arrows). HA and RHAMM were also localized to lamellipodial protrusions at the leading edge (arrowheads). All images are
presented as projections from collected confocal z-stacks with each optical plane at 0.49 µm. Magnification bars = 20 µm.
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FIGURE 8 | RHAMM associates with vimentin at lamellipodial protrusions extended bymesenchymal leader cells. (A–C) Ex vivo lens post-wounding explant cultures
at D2were co-immunolabeled for (A)RHAMM and (B) vimentin, imaged by confocal microscopy at the leading edge of the ECZ, and (C) shown as amerged image. Boxed
regions in (A–C) are shown at higher magnification in (Ai-Ci). The images show significant co-localization of RHAMM and vimentin in the lamellipodial extensions
(arrowhead) of themesenchymal cells at the leading edge of the ECZ. RHAMMwas also co-localizedwith to the vimentin cytoskeletal network (arrow) and detected as
puncta along the substrate (open arrowhead). (D,E) PLAwas performed at D2 post-mock cataract surgery wounding for (D)RHAMM and vimentin or (F)HA and vimentin
to determine if there was a near-neighbor association (within 40 nm or less) between these molecules and imaged by confocal microscopy at the leading edge of the ECZ.
(E,G) shows the PLA finding together with co-labeling for F-actin. The results provides evidence of a complex consisting of HA, RHAMM and vimentin in leader cell
lamellipodial protrusions. All images are presented as projections from collected confocal z-stacks with each optical plane at 0.49 µm. Magnification bars = 20 µm.
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However, the only evidence that HA may play a role in
induction of fibrosis following lens wounding comes from
a study with a canine ex vivo cataract surgery model where the
inclusion of exogenous HA promoted fibrotic PCO (Chandler
et al., 2012). Our findings now showed that HA is produced in
response to cataract surgery wounding and that its presence
in the lens wound environment promotes cell migration and
also creates conditions permissive to transitioning the cells
involved in lens wound repair to a myofibroblast phenotype.

These findings support developing a therapeutic approach
targeting HA production to mitigate the development of the
lens fibrotic disease PCO. The use of a small molecular inhibitor
to block HA production at the time of cataract surgery, applied
directly to the post-cataract surgery lens capsular bag is expected
to have limited effects on surrounding eye tissues. The inhibitor
used in our study, 4-MU, blocks global HA synthesis by depleting
cellular pools of the HAS substrate UDP- glucuronic acid (UDP-
GlcUA), which is required for HA synthesis (Kakizaki et al.,

FIGURE9 |Blocking HA expression with 4-MU prevents assembly of a FN-EDA, collagen I rich provisional matrix and the transition of mesenchymal leader cells to a
myofibroblast phenotype in response to wounding. (A–L) Ex vivo cataract surgery explants were treated in culture from D1-D3 post-wounding with (C,D,G,H,K,L) the
HA synthesis inhibitor 4-MU (400 µM) or (A,B,E,F,I,J) its vehicle DMSO, immunolabeled for (A–D) FN-EDA (E–H) collagen I or (I–L) αSMA, co-labeled with DAPI, and
imaged by confocal microscopy at the leading edge of the ECZ. Blocking expression of HA with 4-MU prevented leader cell assembly of a FN-EDA and Collagen I
rich ECM microenvironment and prevented the emergence of αSMA+ myofibroblasts. Images are presented as projections from collected confocal z-stacks with each
optical plane at 0.33 µm. Magnification bars = 20 µm. The data presented represents at least 3 independent studies.
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2004). 4-MU also was shown to decrease HAS mRNA levels (Kultti
et al., 2009). Therefore, treatment with 4-MU will interfere with the
function of all threeHA synthases, HAS1, HAS2 andHAS3, with the
potential to impact both fibrotic and regenerative repair. A better
approach would be to identify and target the specific injury activated
HAS(s) lead to the lens fibrotic phenotype post-cataract surgery
wounding. A likely candidate is HAS2, which is linked to driving
fibrosis in other tissues, such as the liver and lung (Li et al., 2016;
Yang et al., 2019). The ex vivo post-cataract surgery model will
provide an ideal reductionist model for future studies in which to
determine the function of individual HASs in promoting the fibrotic
outcome to cataract surgery wounding.

In studies with the ex vivo chick mock cataract surgery explant
cultures and human post-cataract surgery explant cultures we now
identify the mesenchymal leader cells that rapidly populate the
wound edges of the explant and acquire a myofibroblast
phenotype as tissue resident immune cells (Menko et al., 2021).
Our earlier studies demonstrated that this mesenchymal leader cell
population directs the wounded lens epithelium to migrate off the
capsule onto and across the surrounding tissue culture substrate
(Walker et al., 2010; Menko et al., 2014; Walker et al., 2015; Bleaken
et al., 2016), and that their acquisition of myofibroblast phenotype
continues to expand over time (Walker et al., 2018). We show that
the properties of these resident immune cells includes expression of
CD45, MHCII, and the HA receptor CD44 (Menko et al., 2021;
Walker and Menko 2021). The interaction between CD44, a
hallmark of the leader cell population, and HA is considered a
driving force in the recruitment and migration of immune cells
(McDonald and Kubes 2015; Nagy et al., 2019).

Studies of the cataract surgery response in CD44 knockout
mice shows that the development of fibrotic PCO is not impaired
in the absence of this HA receptor (Desai et al., 2010). Our new
findings suggest that this role is played by the HA receptor

RHAMM. Its pattern of localization in the mesenchymal
leader cells post-cataract surgery wounding to lamellipodia
processes extended at the leading edge, and along actin stress
fibers are consistent with functions in leader cell migration,
transition to a myofibroblast, and myofibroblast persistence in
fibrosis. Since HA signaling through RHAMM can mediate the
induction of cell migration by TGFβ (Samuel et al., 1993), it is
possible that RHAMM function is coordinated with TGFβ in
promoting a fibrotic outcome. The intracellular population of
RHAMM have distinct, and important functions that include
roles as a transcriptional regulator (Meier et al., 2014) and in its
association with different elements of the cytoskeleton (Assmann
et al., 1999). In mitotic cells, RHAMM is a stabilizer of the spindle
poles and there is evidence that of a stabilizing role along
microtubules and actin filaments (Maxwell et al., 2003). While
we find no evidence of a microtubule association in the
mesenchymal leader cells post-cataract surgery wounding, we
found that RHAMM is localized along the αSMA+ stress fibers of
myofibroblasts during the later culture times of our study. A
recent study shows that Hyaluronidase-2 (HYAL2) localizes
along F-actin rich stress fibers and associates with αSMA in
TGFβ-induced myofibroblasts (Midgley et al., 2020). In this
study, HYAL-2 is shown to interact with and activate RhoA to
regulate myofibroblast migration, contraction, and expression of
pro-fibrotic genes such as FN and collagen I (Midgley et al., 2020).
The initial localization of RHAMM to lamellipodial extensions of
the mesenchymal cells that locate to the leading-edge post-
wounding in our studies suggests that RHAMM may be
concentrated at integrin focal adhesion complexes, sites where
active Rho/ROCK signaling involved in inducing the assembly of
both the focal adhesions and the actin stress fibers that directly
link to them. We speculate that RHAMM localization to these
sites may play a role in the initial formation of actin stress fibers,
and the mechanotransduction signaling involved in acquisition of
a myofibroblast phenotype. Furthermore, localization of
RHAMM along αSMA+ stress fibers formed after the
transition of the leader cells to myofibroblasts may function in
a similar manner to HYAL2 to regulate their contractile, pro-
fibrotic functions. Rho-Rho kinase signaling is critical to the
acquisition of a myofibroblast phenotype in the lens (Korol et al.,
2016) and for capsule contraction linked to fibrosis in a mouse
lens injury model (Ichikawa et al., 2020). Our new findings that
RHAMM localizes initially to leader cells in regions rich in integrin
focal adhesion complexes and then along the αSMA+ contractile
machinery after their transition to myofibroblasts open promising
new areas of study for investigating whether there is a functional
link between RHAMM and Rho-ROCK signaling in response to
cataract surgery wounding. RHAMM’s distinct extracellular and
intracellular subcellular patterns observed with the ex vivo post-
cataract surgery cultures suggest that RHAMM plays multiple
location-specific functions to mediate the fibrotic outcome to
cataract surgery wounding.

Our PLA studies provide the first evidence that the localization
of RHAMM to the lamellipodial processes of mesenchymal leader
cells post-wounding reflects its presence in a complex together
with both HA and vimentin. Vimentin is an intermediate
filament protein with essential functions in both cell migration

FIGURE 10 | Blocking HA synthesis inhibits migration of cells within the
ECZ. Ex vivo post-cataract surgery explants were treated in culture from D1-
D3 post-wounding with the HA synthesis inhibitor 4-MU (400 µM) or its vehicle
DMSO. Phase images of the ECZ were captured 48hrs post-treatment
on D3, revealing that 4-MU treatment reduced cell migration in the ECZ region
compared to vehicle controls. White dotted line marks the border between the
explant and the ECZ.
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and wound closure (SundarRaj et al., 1992; Eckes et al., 1998;
Eckes et al., 2000; Mendez et al., 2010; Menko et al., 2014). While
it is best known as a cytoskeletal filamentous network that
provides cells with resistance to mechanical stresses, non-
filamentous forms of vimentin have been identified with both
intracellular and extracellular functions (Mor-Vaknin et al., 2003;
Teshigawara et al., 2013; Menko et al., 2014; Shigyo et al., 2015;
Shigyo and Tohda 2016; Walker et al., 2018). The extracellular
form of vimentin has been linked to the activation of latent TGFβ
(Nishida et al., 2009). Our previous studies show that extracellular
vimentin is produced in response to cataract surgery wounding
and that an extracellular, cell surface-linked, population of
vimentin is involved in signaling the transition of the
mesenchymal leader cells to a myofibroblast phenotype
(Walker et al., 2018). The ex vivo lens-wound explant model
closely parallels the complexity of typical wound environments,
including the organization of an HA-containing provisional
matrix that is formed to promote cell migration and close the
wound that also can induce repair-modulating wound-response
cells to acquire a myofibroblast phenotype. Our discoveries,
including that of an HA/extracellular vimentin/RHAMM axis
that is likely linked to both cell migration and the transition of
mesenchymal leader cells to myofibroblasts provides a previously
unknown key to the mysteries of the antithetical outcomes of
healing and fibrosis in the wound environment.
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Beyond the Channels: Adhesion
Functions of Aquaporin 0 and
Connexin 50 in Lens Development
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Lens, an avascular tissue involved in light transmission, generates an internal
microcirculatory system to promote ion and fluid circulation, thus providing
nutrients to internal lens cells and excreting the waste. This unique system makes
up for the lack of vasculature and distinctively maintains lens homeostasis and lens fiber
cell survival through channels of connexins and other transporters. Aquaporins (AQP)
and connexins (Cx) comprise the majority of channels in the lens microcirculation
system and are, thus, essential for lens development and transparency. Mutations of
AQPs and Cxs result in abnormal channel function and cataract formation.
Interestingly, in the last decade or so, increasing evidence has emerged suggesting
that in addition to their well-established channel functions, AQP0 and Cx50 play pivotal
roles through channel-independent actions in lens development and transparency.
Specifically, AQP0 and Cx50 have been shown to have a unique cell adhesion function
that mediates lens development and transparency. Precise regulation of cell-matrix and
cell-cell adhesion is necessary for cell migration, a critical process during lens
development. This review will provide recent advances in basic research of cell
adhesion mediated by AQP0 and Cx50.

Keywords: connexin, aquaporin, cell adhesion, lens transparency, lens development, lens cell differentiation

INTRODUCTION

The lens is an avascular organ formed by epithelial cells at the anterior surface, differentiating fiber cells
at the lens equator region, and highly differentiated fiber cells at the lens cortex and core, also called the
lens nucleus. During development, epithelial cells at the lens equator continuously proliferate, elongate,
and differentiate to lens fiber cells. The highly differentiated fiber cells abruptly lose their organelles to
generate an organelle-free zone for clear light transmission. During the differentiation, high
concentrations of aquaporin (AQP) 0, crystallins, Connexin (Cx) 46, and Cx50 (Jiang et al., 1995;
Petrova et al., 2015) are accumulated to fiber cells. Given that the formation of tissues during
embryogenesis largely depends on the close interactions between neighboring cells, the unique
structure and organization of the lens organ relies on the maintenance of cell-cell contacts
throughout the morphogenetic process. Cell adhesion molecules, E-cadherin and N-cadherin,
expressed by undifferentiated lens epithelial cells throughout growth, are thought to be essential
for the separation of the initial lens vesicle from the head ectoderm during early lens development
(Pontoriero et al., 2009). E-cadherin expression is inhibited after fiber cell differentiation has begun,
while N-cadherin is expressed and organized along the fiber cell lateral interfaces in coordination with
cortical F-actin (Leonard et al., 2011). As newly differentiating fiber cells turn at the lens fulcrum, they
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begin to elongate, and their apical surfaces move along the apical
surfaces of cells in the adjacent lens epithelium, creating a region
defined as the epithelial-fiber interface. Cadherins and catenins-
composed adherens junctions maintain the interface, apical-basal
polarity, and lens morphology (Cain et al., 2008; Pontoriero et al.,
2009; Biswas et al., 2016). In lens, cadherin-forming adherens
junctions along their cell-cell borders, pin neighboring fiber cells
and regulate lens fiber cell elongation and lens morphogenesis
(Cheng et al., 2016; Logan et al., 2017). A study using N-cadherin
deficient mice indicated that lens channel proteins might
compensate for the loss of cell-cell contacts mediated by
N-cadherin as localization of AQP0 increased at lateral cell
interfaces of fiber cells, and elevated levels of Cx50 were
observed in the subpopulation of migration-defective lens fiber
cells in the N-cadherin knock out mice (Logan et al., 2017). Recent
advances have begun to shed light on the cell adhesion
mediated by AQP0 and Cx50. In this article, we will review
recent research advances for the unique adhesive roles of
AQP0 and Cx50 in lens homeostasis, transparency, and
development.

AQUAPORINS AND CONNEXINS IN THE
LENS

AQPs and Cxs composed of water channels and gap junctions/
hemichannels, respectively, in lens provide fundamental support
for lens microcirculation and are pivotal for avascular lens
homeostasis, including cell synchronization of intracellular
voltage and ion concentrations, differentiation, growth, and
metabolic coordination (Mathias et al., 2007). In addition to
channel functions, AQPs and Cxs have also been shown to be
involved in cell growth, differentiation, and adhesion in a
channel-independent manner in the lens or other organs (Gu
et al., 2003; Hiroaki et al., 2006; Banks et al., 2007; Kameritsch
et al., 2012).

Aquaporins in the Lens
AQPs belong to a small integral membrane protein family with 13
members broadly expressed in various animal cell types (Bill and
Hedfalk, 2021). AQP has six transmembrane domains, three
extracellular loop domains, two intracellular loop domains

FIGURE 1 | Illustration showing the basic structure of channels formed by aquaporins and connexins. Aquaporins and connexins share similar membrane
topologies consisting of transmembrane domains connected by extracellular and cytoplasmic loops; both the amino- and carboxy-termini are intracellular. An AQP0
monomer consists of six transmembrane α-helices and two half helices connected by five loops. Each AQP monomer contains an independent water pore. AQP0
tetramers forms wavy thin junctions or square array junctions between adjacent cells. The dark blue arrow represents the pore which transports water (left upper
panel). The amino acid residues (Arg33, Arg113, Arg187, His40, His112, His201, Pro109, Pro110, and Pro123) located in the extracellular loop domain involved in the
cell adhesion are labeled (left lower panel). The membrane topology of a connexin consists of four transmembrane domains, two extracellular loops and one cytoplasmic
loop (right lower panel). Connexin channels provide a pathway for the intracellular and intercellular exchange of ions, small metabolites, and second messengers (dark
blue arrow). A hemichannel (also known as connexons) is formed by six connexins that contains a pore in the center, and a hemichannel dock with the other hemichannel
of adjacent cells to form a functional intercellular channel termed gap junction channel (right upper panel).
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with cytosolic N- and C-terminal domains (Figure 1). AQPs form
tetrameric membrane-bound channels to facilitate the exchanges
of water and some small uncharged solutes, such as glycerol, urea
and gas of physiological importance (Gomes et al., 2009; Padhi
and Priyakumar, 2020). Among the 13 members of AQPs, three
AQP subtypes, AQP0, AQP1, and AQP5, are expressed in the
lens. AQP0 is distributed throughout the lens fibers, while AQP1
is located primarily in the lens epithelium (Hamann et al., 1998).
AQP5 is expressed in both lens fiber and epithelial cells,

decreasing and translocating from intracellular localization to
the plasma membrane during lens fiber differentiation (Kumari
et al., 2012; Grey et al., 2013). As for AQP8, identified in lens
epithelial from cataract patients (Hayashi et al., 2017) will not be
discussed here as the mRNA transcript of it was not found in
normal eyes (Tran et al., 2013).

AQP0, also known as major intrinsic protein (MIP) 26 in
earlier publications (Broekhuyse et al., 1976), was the first
sequenced protein among the AQP family and is the most

FIGURE 2 | Impairment of cell adhesive function mediated by AQP0 or Cx50 mutation disrupts the organization of lens fibers. In lens fibers, AQP0 and Cx50,
primarily located at the short side and broad side of mature lens fibers, respectively, directly interact with each other, and function like “glue” to mediate the cell–cell
adhesion, which maintains lens fiber integrity and organization (left upper and lower panels). The hexagon shape indicates cross-section of lens fiber cells. The lenses
showing mutations of Cx50 or AQP0 lose cell–cell adhesion in fiber cells, resulting in the impairment of epithelial cell proliferation, increased intercellular spaces and
disorganization of lens fibers, which consequently leads to loss of lens elasticity and transparency (right upper and lower panels). The complete loss of Cx50 or AQP0
(Cx50 KO or AQP0 KO) lead to a similar levels of fiber cell disruption.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8669803

Li et al. AQP0 and Cx50 in Cell Adhesion

94

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


abundant membrane protein in the lens (Hall et al., 2019). But
unlike other AQP family members, AQP0 exhibits lower water
permeability, at least 40 times lower than that of AQP1 (Chandy
et al., 1997). In 1994, MIP26 was identified as a family member of
aquaporin through the sequence homology comparison
(Verbavatz et al., 1994). The water transport function was
confirmed by expressing bovine MIP26 cRNA in Xenopus
oocytes (Mulders et al., 1995). Structure studies of AQP0
revealed an unusually narrow water-conducting channel with
the residue Tyr24 poking into the channel, breaking the
hydrogen-bonding pattern of the single-filed water molecules
moving through the channel (Roche and Törnroth-Horsefield,
2017). This unique structural feature might partially explain the
low water permeability of AQP0. Unlike AQP1 and AQP5, the
water permeability of AQP0 is insensitive to mercury compounds
(Mulders et al., 1995), but is sensitive to pH and calcium
concentration ([Ca2+]), with a–4-fold increase in AQP0 water
permeability with lower pH or [Ca2+] (Németh-Cahalan and
Hall, 2000). The calcium regulation of AQP0 is mediated by an
interaction with the calcium-binding messenger protein,
calmodulin (CaM) (Reichow et al., 2013). The CaM interacts
with AQP0 through electrostatic interactions between CaM and
the cytoplasmic face of AQP0 or directly binds to a cytosolic
arginine-rich loop located near the center of the tetramer of
AQP0 (Fields et al., 2017). Thus, element altering the CaM-
bonding with AQP0 would result in different calcium regulation
of AQP0 water permeability. Since AQP0 accounts for
approximately 50% of total membrane protein content (Alcalá
et al., 1975), this protein was thought to be important for lens
homeostasis and transparency. Indeed, AQP0 gene mutations are
directly linked to human congenital cataracts (Sun et al., 2021).
AQP0 deletion in a knockout mouse model leads to cataract and
spherical aberration phenotypes at 3 weeks of age (Shiels et al.,
2001; Kumari et al., 2017). Interestingly, AQP1 is persistently
expressed in lens fiber cells of AQP0 knockout mice, which
indicates that AQP0 may have unique roles that cannot be
adequately fulfilled by other AQPs (Kumari et al., 2017).
Given its abundant presence and low water permeability,
AQP0 is likely to have water-channel independent functions in
the lens.

Connexins in the Lens
Cx, an integral membrane protein with 21 family members in
humans, has four conserved transmembrane domains, two
extracellular loop domains, a variable intracellular loop
domain, and cytoplasmic N- and C-terminal domains (Beyer
and Berthoud, 2018). Six connexins oligomerize to form a
connexon (also called hemichannel), and two connexons from
two adjacent cells dock with each other to form an intercellular
gap junction channel (Figure 1). Many gap junction channels are
clustered together to form gap junction plaques. In lens, three Cxs
have been identified: Cx43 expressed in lens epithelial cells, Cx46
primarily localized in lens fiber cells, and Cx50 distributed in both
lens epithelial and fiber cells (Berthoud and Ngezahayo, 2017).
The transcript of a fourth isoform, Cx23, has been detected in the
zebrafish embryo and mouse lens (Gustincich et al., 2003; Iovine
et al., 2008; Bassnett et al., 2009).

Connexons can consist of either the identical Cx isoforms or a
combination of different Cx isoforms, forming homomeric or
heteromeric connexons, respectively, (Jiang and Goodenough,
1996). Two adjacent cells may contribute identical or different
types of connexons, to form homotypic or heterotypic channels,
respectively. Channels formed by different connexins have
unique electrical conductance. Heterotypic and heteromeric
channels formed by Cx46 and Cx50 display a range of unitary
conductance, but none of them ever exceed the homotypic Cx50
value of 220 pS (Hopperstad et al., 2000). In vitro studies have
unveiled that different conductance of gap junction channels
results in different permeability and the intercellular exchange of
ions (Na+, K+, Ca2+, and Cl−), second messengers [cAMP, cGMP,
inositol trisphosphate (IP3)], and small metabolites (glucose,
amino acids) (X. Jiang, 2010). In addition, in vitro study
results suggest that most congenital cataract-related lens Cx50
and Cx46 mutants form non-functional gap junction channels
that may impair lens homeostasis through disrupted lens
microcirculation (Berthoud et al., 2020). Mutations of Cx46
and Cx50 also induce abnormal hemichannel activities with
aberrant voltage-dependent gating or modulation, which can
potentially affect the lens microcirculation by depolarizing the
cells and decreasing the driving force for the movement of ions
throughout the organ (Verselis and Srinivas, 2008; Minogue et al.,
2009). Cx46 and Cx50 knockouts result in cataract formation in
mice (Shi et al., 2022). In addition, mice with Cx50 deletion
exhibits microphthalmia (Rong et al., 2002). Furthermore, studies
have showed that knocking-in Cx46 gene in Cx50 gene-deficient
mice rescued lens transparency and recovered gap junction
coupling and resting voltages with partially improved coupling
conductance in differentiating lens fibers, and slightly enhanced
postnatal epithelial cell proliferation rates, but microphthalmia
remains (White, 2002; White et al., 2007; Wang et al., 2017).
There are not obvious phenotypes in Cx43 mutations and Cx43
knockout mouse model. It has been proposed that Cx23 might be
expressed in the lens and related to fiber cell differentiation
because Cx23-deficient mouse exhibits smaller lenses with
opalescent puncta in the nuclear region and a missense
mutation of Cx23 (R32Q) in mice results in small eyes, small
lenses and polar lens opacities (Gustincich et al., 2003; Iovine
et al., 2008). However, Cx23 transcripts and proteins have not
been identified in human lenses (Jiang and Goodenough, 1996;
Bassnett et al., 2009). Even in the mouse, the cellular distribution
of the Cx23 protein is unknown due to the lack of specific
antibodies for Cx23. Therefore, we do not include any further
discussion of Cx23.

Aquaporins and Connexins in Lens
Development
Lens development is a critical process for eye organogenesis, and
its abnormal development results in cataract formation and
microphthalmia. During the early stages of lens development,
with the thickening of the surface ectoderm overlying the optic
vesicle, the epithelial cells in the predetermined region first
differentiate to form the lens placode. Invagination of the
placode leads to the formation of the lens pit and then the
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lens vesicle (Piatigorsky, 1981; Li et al., 1994). The cells in the
anterior of the lens vesicle become the lens epithelium, and the
cells in the posterior of the vesicle form the primary lens fibers
through cell elongation and differentiation toward the anterior
epithelium. Primary lens fiber cells gradually lose their organelles
and rapidly elongate toward the anterior surface to form primary
lens fibers. During lens development, secondary lens fibers are
subsequently produced by the equatorial epithelial cells that
proliferate, elongate and migrate toward the anterior and
posterior poles as newly formed fiber cells (Leong et al., 2000).
Fiber cells form concentric shells with newly formed fibers in the
periphery and mature lens fibers move toward the center of the
tissue. The processes of epithelial proliferation and fiber
differentiation to form secondary lens fibers lasts throughout
the organism’s lifespan (Petrova et al., 2015).

The characteristic shape of the lens depends on highly
regulated cell movements during development. The precise
regulations of cell-cell and cell-matrix adhesions, and the
connections between cell adherence molecules and the
cytoskeleton are essential for lens morphogenesis (Zelenka,
2004). Cadherin mediated cell–cell adhesions play a critical
role in lens development. During fiber differentiation,
cadherins are colocalized with filamentous actin and become
increasingly associated with the lens cytoskeleton (Leong et al.,
2000). In the process of lens development and growth, the
expression patterns of AQPs and Cxs are closely involved in
the morphologic differentiation of lens cells. AQP0 is first
detected in the membrane of lens epithelium and elongating
primary fibers during embryonic lens development at embryonic
day (E) 11 (Petrova et al., 2015). AQP0, unlike other members of
AQP family, is proposed to serve as a major structural protein to
facilitate the formation of the ordered cellular structure
(Chepelinsky, 2009). In contrast, during postnatal
development, AQP1 serves mainly as a water channel to
maintain lens homeostasis (Schey et al., 2017). AQP1 protein
expression is detected at E17.5 in lens anterior epithelial cells at a
low level and increases at postnatal day 6.5 when the lens
microcirculation system is initiated at the later stages of
embryonic development (Varadaraj et al., 2007). In addition,
AQP5 appears at E10, but is only present inside the cell
(Varadaraj et al., 2007; Petrova et al., 2015), which indicates
that it may not contribute to water permeability on the plasma
membrane at this early stage of embryonic development.

Cx43 is first detected at the lens placode stage (Ookawara et al.,
1992), while Cx46 and Cx50 are first synthesized at the vesicle
stage along with the primary fiber elongation (Evans et al., 1993;
Jiang et al., 1995). Cxs undergo posttranslational modifications,
such as protein phosphorylation in the cortical fibers (Saleh et al.,
2001; Wang and Schey, 2009) and the increased proteolytic
cleavage of the COOH termini from cortical fibers to outer
cortex to nucleus (Slavi et al., 2016) which resulted in and
reorganization with gap junctional plaque (Biswas et al., 2009)
and function in mature nuclear fibers (Sheng Lin et al., 1998;
DeRosa et al., 2006; Liu et al., 2011a). In addition to their roles in
lens hemostasis and microcirculation, unlike Cx46, Cx50 plays a
critical role in lens fiber differentiation and lens development.
Cx50 gene knockout mice exhibit microphthalmia in addition to

zonular pulverulent cataracts (White et al., 1998). An earlier
study from our lab shows that overexpression of Cx50 promotes
lens fiber cell differentiation in primary chick lens culture (Gu
et al., 2003). Moreover, we found that Cx50 retains Skp2, an E3
ligase in the cytosol, which will prevent Skp2 from migrating into
the nucleus and degrades cell cycle inhibitors, p57/p27, leading to
cell cycle arrest and ultimately inhibiting cell proliferation and
promoting fiber cell differentiation (Shi et al., 2015).

MECHANISM OF AQP0 ADHESIVE
FUNCTION

Homotypic Adhesion
As mentioned above, besides its channel functions, AQP0 also
plays a unique and crucial role as an adhesion molecule in
mediating the formation of thin junctions between lens fibers
(Figure 1). Thin section transmission electron microscopy
(TEM) analyses of AQP0 show that in mature fiber cells,
AQP0 forms wavy thin (10 nm) junctions or square array
junctions between adjacent fiber cells, indicating AQP0 may
possess cell adhesive properties due to the interaction between
AQP0 molecules from opposing plasma membranes (Lo and
Harding, 1984). Consistent with the observation by TEM, double-
layered 2D crystals obtained from the reconstitution of AQP0
isolated from the core of sheep lenses display the same
dimensions as the thin 11-nm lens fiber cell junctions (Gonen
et al., 2004). AQP0 membrane junction formed by localized
interactions between AQP0 tetramers is mainly mediated by
proline residues in the extracellular loop domains A and C
(Figure 1). These proline residues in the extracellular loop
domain A and C are evolutionarily conserved in AQP0 but
not conserved in most of the other aquaporin isoforms. It is
also shown that Pro109, Pro110, Arg113, and Pro123 in the
C-loop domain are involved in the interaction between two AQP0
molecules on membranes of adjoining cells (Engel et al., 2008). In
addition, AQP0 can be pulled down with the glutathione
S-transferase (GST)-AQP0-C-loop and GST-AQP0-C
terminals, but not with the GST-AQP0-A-loop, GST-AQP0-E-
loop, or GST alone (Yu et al., 2005). This protein pull-down study
confirms that the intercellular adhesion by opposing AQP0
occurs in the extracellular loop domains. Moreover, the
intracellular C-terminal domain appears to mediate the
formation of AQP0 tetrameric oligomers within the cell
(Nakazawa et al., 2017). In vitro cell adhesion assay using
mouse fibroblasts lacking endogenous adherence molecules
unveils the cell adhesive role of AQP0 (Kumari and Varadaraj,
2009). Contrary to mammalian AQP0, zebrafish have two AQP0
isoforms, AQP0a and AQP0b, and AQP0b has strong adhesive
properties while AQP0a does not (Vorontsova et al., 2021).
Consistent with biochemical data, mutation of zebrafish
AQP0b N110T (N110 is equivalent to P110 in mammalian
AQP0) decreases the percentage of adherent cells due to
homotypic adhesion of AQP0b (Michea et al., 1994). The
mutation T110N in AQP0a, which makes the identical residue
as AQP0b at the same location, increases adhesive properties
similar to WT AQP0b. These studies highlight the importance of
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residue Pro110 in AQP0 cell-to-cell adhesion (Vorontsova et al.,
2021). Furthermore, swapping loop C of AQP0 with that of AQP1
resulted in plasmamembrane localization of AQP0. Together, the
loop C domain of AQP0 is identified as a critical domain for the
homotypic adhesion function of AQP0.

Heterotypic Adhesion
In addition to AQP0-AQP0 homotypic interaction, a AQP0-
plasma membrane interaction has been also proposed. A
biophysical study with AQP0-containing proteoliposomes
shows a resonance energy transfer and an increase in turbidity
occurred only with the presence of both AQP0 and
phosphatidylserine vesicles. This study indicates the
heterotypic adhesion between AQP0 and a negatively charged
membrane (Michea et al., 1994). It is also suggested that the
AQP0-plasma membrane interaction is electrostatic in nature,
meaning the requirement of several positively charged residues in
the AQP0 extracellular loops A, C, and E. The positively charged
protein surface of mouse AQP0 is made of three arginine residues
(Arg33 in loop A, Arg113 in loop C, and Arg187 in loop E) and
three histidine residues (His40 in loop A, His122 in loop C, and
His201 in loop E) in extracellular loop of AQP0. Among these
arginine residues, a mutation at Arg33, R33C was also identified
as a mutation causing autosomal dominant congenital lens
cataracts in a five-generation Chinese family (Gu et al., 2007)
and shows reduced cell–cell adhesion, but normal protein
localization and water permeability (Kumari et al., 2013). In
addition, another study reported that the adhesion function
decreased in the mutations of all positively charged residues in
loops A and C of AQP0 (Kumari et al., 2019). It is worth noting
that the mutation of Arg113 to Gln decreases the AQP0 adhesion
by changing the positively charged residue to neutral (Kumari
et al., 2019). However, in another study, the mutation of Arg113
to Gly, another neutral amino acid, did not affect cell-cell
adhesion (Nakazawa et al., 2017). The data generated from a
double-layered 2D crystal structural study provides a possible
explanation; the Arg113 in loop C from AQP0 monomer in one
cell interacts with Pro123 in loop C from the AQP0 monomer in
the adjacent cell to facilitate AQP0-AQP0 interaction (Engel
et al., 2008). The changes in hydrophobicity or hydrogen bond
in the Arg 113 to Gly mutation might compensate for the less
adhesion introduced by electrostatic interaction. These studies
suggest that substitution of uncharged residues for positively
charged residues inhibits AQP0-mediated cell adhesion, which
offers solid support concerning the interaction between the
positively charged residues of AQP0 and negatively charged
opposing plasma membrane through electrostatic interaction.

Evidence of the role the C-terminal domain of AQP0 plays in
cell adhesion has been contradictory. Researchers first proposed
that the C-terminal truncated AQP0 was the adhesive form while
full-length AQP0 primarily fulfills the role of a water channel
(Engel et al., 2008). This hypothesis is based on the fact that full-
length AQP0 yields more single-layered 2D AQP0 crystals while
C-terminal truncation primarily induces double-layered 2D
AQP0 crystals (Gonen et al., 2005). High-resolution structure
analysis supports this hypothesis. The X-ray structure at the
resolution of 2.2 Å reveals that the tetramer formed by

C-terminal truncated AQP0 has a reconfigured loop A domain
which positions Pro38 towards a rosette-like structure at the
center of the tetramer and facilitates a major junctional contact.
C-terminal truncation also causes a swapped position in the side
chains of Arg33 with Trp34, leading to the proximity of another
tetramer compared with intact AQP0 (Gonen et al., 2005).
However, the role of C-terminal truncated AQP0 in cell
adhesion was not supported by experimental evidence using
adhesion function studies. Mouse fibroblast cells expressing
full-length AQP0 exhibit cell-cell adhesive function (Kumari
and Varadaraj, 2009). A protein pull-down study provides
direct evidence that the C-terminal domain is important for
the interaction between AQP0’s (Nakazawa et al., 2017). Based
on the above evidence, C-terminal truncation would be expected
to compromise the adhesive function. Intriguingly, fibroblast cells
expressing C-terminal truncated AQP0 (1–243, 1–246, 1–249,
and 1–259) exhibit comparable levels of adhesion compared to
full-length AQP0 (Sindhu Kumari and Varadaraj, 2014). AQP0
1–243 truncation appears to be less adhesive, but after
normalization with membrane protein expression, there is no
difference between AQP0 1–243 and full-length AQP0. However,
the length of C-terminus required for cell adhesion could not be
determined since further truncation mutant proteins like AQP0
1–234 and AQP0 1–238 failed to localize on the plasma
membrane. It is difficult to firmly establish that the C-terminal
domain directly participates in AQP0-plasma interaction.
Further studies also show that there is no difference between
AQP0 1–246 and full-length AQP0 either in homotypic or
heterotypic pairing in fibroblasts (Varadaraj and Kumari,
2018). Fibroblast cells expressing full-length AQP0 or AQP0
1–246 adhere to negatively charged L-α-phosphatidylserine
lipid vesicles, but not to neutral phosphatidylcholine lipid
vesicles. However, works from the same group demonstrate
that lens fiber cell membrane vesicles prepared from the mice
expressing AQP1-246 show an increased adhesion to mouse
fibroblast cells compared with WT AQP0 (Kumari and
Varadaraj, 2019).

Interestingly, AQP0 1–246 in different model systems
mentioned above exhibit variable adhesive properties, which
might be caused by the influence of the lipid
microenvironment on AQP0 protein. First, the high-resolution
density maps show that reconstituted AQP0 with the anionic
lipid dimyristoyl phosphatidylglycerol yields a mixture of 2D
crystals with different symmetries, while reconstitution of AQP0
with dimyristoyl phosphatidylserine yielded a crystal with typical
symmetry (Hite et al., 2015). Reconstruction of AQP0 with
different lipids exhibit different levels of symmetries,
indicating lipids might create distinct membrane surface
properties that could modify the properties of the embedded
membrane proteins. Second, the freeze-fracture structure of
AQP0 in lipid vesicles shows individual intramembrane
particles at a low protein/lipid molar ratio (1:20,000); some
protein clustering at a higher protein/lipid ratio (1:400), and
large aggregates or two-dimensional crystalline regions of AQP-0
at an even higher protein/lipid ratio (1:100) (Ehring et al., 1990).
Detergent extraction analysis and confocal microscopy imaging
show similar results that AQP0 is located almost exclusively in the
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detergent soluble membrane at a 1:1200 AQP0/lipid ratio,
whereas half of the AQP0 protein is sequestered into
detergent-resistant membranes and oligomerizes at a 1:100
ratio (Tong et al., 2009). These results infer that different lipid
environments could significantly impact AQP0 localization in the
plasma membrane. Lastly, molecular dynamics experiment
indicated that AQP0 protein surfaces induce specific fluid- and
gel-phase prone areas at room-temperature, and several lipid
layers might guide AQP0 interactions towards other membrane
components (Briones et al., 2017). This model is compatible with
the squared array oligomerization of AQP0 tetramers separated
by a layer of annular lipids (Briones et al., 2017). Another
interesting phenomenon is that there is no difference between
lens fiber cell membrane vesicles prepared from lens outer cortex
or inner cortex in their adhesion to fibroblast cells (Varadaraj and
Kumari, 2018). This observation supports the notion that full-
length and C-terminal truncated AQP0 might have comparable
adhesive function since C-terminal truncation is primarily
detected in the core of the lens while integral AQP0 was more
expressed in the outer cortex (Grey et al., 2009; Wenke et al.,
2015). However, there are several possible caveats: First, the age of
mice used in this study is not specified. At postnatal day 21,
C-terminal truncation was detected in lens core fiber but not lens
cortex in mice (Grey et al., 2009). Second, cell adhesion properties
possessed by other proteins in lens fiber cells, such as Cx50 cannot
be excluded, which will be discussed separately in the later
sections. Together, although the underlying molecular
mechanism of homotypic adhesion by AQP0 remains largely
elusive, heterotypic adhesion is likely mediated by the positively
charged loop C domain of AQP0, which interacts with the
negatively charged molecules of opposing plasma membranes
through electrostatic interactions to form thin adherens junctions
in the lens.

AQP0 ADHESION IN LENS STRUCTURE
AND TRANSPARENCY

Studies in transgenic mouse model revealed that the stiffness of
the lens correlates with the expression level of AQP0 protein,
indicating that AQP0 is likely required for maintaining optical
quality and biomechanical properties of the normal lens (Sindhu
Kumari et al., 2015). Lenses expressing only 50% of AQP0 protein
have significantly lower optical refracting power than wild-type
(WT) lenses, and these lenses scatter light and exhibit spherical
aberration (Kumari and Varadaraj, 2014). Loss of AQP0 in mice
induced not only worse optimal focusing compared with 50% loss
of it but also cataract formation (Shiels et al., 2001). Cataract
formation could be observed at embryo day 17.5 is related with
fiber cell degeneration. These defects reflect the essential roles of
AQP0 in lens fiber cell differentiation and lens transparency.
Earlier studies showed low water permeability in the opaque lens
of mice expressing null AQP0 (Shiels et al., 2001) and a chimeric
AQP0, comprised of AQP0 with an ETn long terminal repeat
sequence (Shiels et al., 2000; Kalman et al., 2006), highlighting the
importance of the water channel function of AQP0 for lens
transparency. However, compromised adhesion was also

observed in AQP0 knock out mice in the studies (Kumari
et al., 2011). Thus which function of AQP0 is responsible for
lens transperancy? The adhesion function, but not water
permeability, appears to play a major role in lens structure
and transparency. Replacement of AQP0 with AQP1 improved
the shape, structure, and outer cortical fiber cell transparency by
rescuing and enhancing water channel function, which is 2.6 fold
higher than the wild-type lenses. However, the replacement of
AQP0 with AQP1 was still ineffective in restoring lens
transparency, the normal fiber cell interdigitations and
Y-suture formation (Varadaraj et al., 2010). In the meantime,
mice with AQP1 overexpression in fiber cells do not exhibit any
difference in size, transparency, or light-focusing ability
compared with WT mice, indicating that lens could maintain
its development and clarity with the higher water permeability of
AQP1 in the lens core and cortex (Kumari et al., 2011). Aqp0-
R33C, a congenital cataract mutation of AQP0, showed proper
intracellular trafficking, membrane localization and water
permeability like WT-AQP0 (Kumari et al., 2013). As
discussed above, change of positively charged residue in AQP0
extracellular surface induced less AQP0-membrane interaction
likely by interrupt electrostatic interaction. The Arg33 is one of
the positively charged residues on the surface. This result suggests
that adhesion defect is a result of interrupted electrostatic
interaction. Nevertheless, R33C with impeded adhesion
function only results in disorganized lens fiber cells and
cataract formation (Kumari et al., 2013). It is less clear
whether the adhesion defect is downstream of the cell-cell
communication dysfunction. Therefore, the adhesion function
of AQP0 is necessary for regaining complete lens clarity. In
addition to transgenic mice, gene knockdown experiments in
zebrafish also confirmed the importance of cell adhesion as
morpholino knocking down the AQP0b gene, an adhesion
subtype of AQP0 found in zebrafish, results in cataract
formation (Froger et al., 2010). This defect could be rescued
by injection of exogenous cDNA of AQP0b, but not AQP0a, an
AQP0 subtype that forms functional water channel in zebrafish
(Clemens et al., 2013). Subsequently, CRISPR-Cas9 knockouts of
Aqp0a and Aqp0b in zebrafish provided detailed mechanisms
regarding how loss of AQP0a and AQP0b induced a disrupted
refractive index gradient in lens and confirmed the morpholino
findings that both proteins are essential for lens development and
transparency (Vorontsova et al., 2018). However, heterogeneric
AQP0b exhibited worse optical focusing indicating the
importance of adhesion in lens transparency (Vorontsova
et al., 2018).

AQP0 was also proposed as a specific adhesionmolecule required
for the normal structure of interlocking protrusions, a major
structural feature in maintaining fiber cell stability. Immunogold
labeling shows that interlocking protrusions have significantly more
AQP0-labeled gold particles than adjacent flat membranes (Lo et al.,
2014). Subsequently, scanning electron microscopy shows that the
interlocking protrusions in mature fiber cells of Aqp0 knockout mice
are elongated, deformed, and fragmented during fiber cell
differentiation, and this maturation resulted in fiber cell
separation, breakdown, and cataract formation in the lens core
region. Transmission electron microscopy demonstrated that
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transgenic mice overexpressing AQP1 could compensate the loss of
membrane water permeability in the AQP0 KO in the lens fiber cells,
but could not restore the characteristic architecture and compact
packing of lens fibers (Varadaraj and Kumari, 2018).

ADHESION FUNCTION OF CX50 IN LENS
DEVELOPMENT

The cell adhesive function of Cxs has been proposed over the
decades due to their formation of gap junctions between adjacent
cells and close association with other adhesion-related proteins,
including tight junction proteins, cadherins, and other cytoskeletal
proteins (Wu andWang, 2019). For example, gap junctions formed
by Cx43 are suggested to function analogously to cell adhesion
molecules in mediating cellular recognition, selective neurite
adhesion and repulsion by its interaction with the actin
cytoskeleton (Strauss and Gourdie, 2020). The unique role of
Cx50 in cell adhesion was identified in a study investigating the
functional relationship between Cx50 and AQP0 (Hu et al., 2017).
The initial goal of our study was to determine if Cx50 had any
impact on the cell adhesion function of AQP0. Interestingly, we
found that, like AQP0, exogenous expression of Cx50 in fibroblast
cells increased adhesive properties, while the other two Cxs
expressed in the lens, Cx43 and Cx46, failed to exhibit any
increase of adhesion. To control for possible involvement of gap
junction formation in cell adhesion function, a cell-to-cell adhesion
assay was performed through the heterotypic pairing of Cxs.
Interestingly, compared to non-Cx expressing cells, expression
of Cx43 and Cx46 does not further increase adhesion function
with heterotypic pairing of the cells expressing Cx50. Thus, like
AQP0, Cx50 is capable of mediating both homotypic interaction
and heterotypic protein-membrane interaction (Hu et al., 2017).
Furthermore, a Cx50mutant, P88S, a sitemutation that impairs the
ability of Cx50 to form functional gap junction channels and
hemichannels (Berry et al., 2020), exhibits comparable cell
adhesive capability as WT Cx50 (Hu et al., 2017). Thus, this
experimental evidence suggests that Cx50, but not the other
lens Cxs, acts as a cell adhesive molecule, and this adhesive
function is independent of its role in forming Cx channels. We
identified that the extracellular E2 domain of Cx50 is responsible
for cell adhesion function (Hu et al., 2017). We showed that the
second extracellular domain (E2) of Cx50 is responsible for its
adhesion function because blocking this domain using a mimetic
peptide and GST fusion protein conjugated E2 domain containing
site mutations resulted in decreased adhesion (Hu et al., 2017).
Protein pull-down assay confirmed that the Cx50 E2 domain but
not E1 domain mediate intermolecular interaction of Cx50 (Hu
et al., 2017). Lens fiber differentiation indicated by lentoid numbers
and AQP0 expression was reduced in chick lens primary cultures
treated with a fusion protein of the Cx50 E2 domain (Hu et al.,
2017). However, E2 domain fusion protein containing site
mutations that interrupt cell adhesion fails to attenuate the
inhibitory effect of E2 domain on lens fiber differentiation.
These studies assert that Cx50-mediated cell adhesion plays a
critical role in lens epithelial to fiber cell differentiation and lens
development.

RELATIONSHIPBETWEENAQP0ANDCX50
IN CELL ADHESION

Cx50, but not Cx46 or Cx43, was proved to interact with AQP0
during the early stages of embryonic lens development (Yu and
Jiang, 2004; Yu et al., 2005). Protein pull down assay revealed that
the intracellular loop (IL) domain of Cx50 and the CT domain of
AQP0 directly interact with each other (Liu et al., 2011b). IL
domain swapping studies of Cxs further confirmed the specific
interaction between AQP0 and Cx50 as embryonic chick lens
expressing exogenous wild-type Cx50 co-localizes with
endogenous AQP0 while Cx50 mutant with IL domain
swapped with that of Cx43 does not co-localize with AQP0
(Liu et al., 2011b). In addition, co-expression of Cx50 and
AQP0 in mouse fibroblast cells increased 20–30% of the
intercellular coupling and electrical conductance of Cx50 gap
junctions compared with Cx50, indicating Cx50-AQP0
interaction promotes gap junction function (Liu et al., 2011b).
It is postulated that the cell-to-cell adhesion function of AQP0
serves to increase the proximity of adjacent fiber cells, thus
enhancing the probability of gap junction formation. In
primary chick lens fiber cell culture, exogenous co-expression
of AQP0 with Cx50 enhanced gap junction coupling while
treatment with the GSP-fusion protein of AQP0 containing
extracellular loop domains disrupted adhesive properties and
impeded the enhancement on gap junctions (Liu et al., 2011b).
Since gap junction coupling is increased between cells, it is
expected to show an increase in adhesion of the cells
expressing both AQP0 and Cx50 (Hu et al., 2017). Co-
expression of Cx50 and AQP0 has greater cell adhesion
enhancement than the sole expression of Cx50 or AQP0 (Hu
et al., 2017). The adhesion enhancement observed in Cx50 was
absent in fibroblast cells co-expressing Cx43 or Cx46 with AQP0.
As AQP0 interacts with Cx50 through its C-terminal domain (Yu
and Jiang, 2004), the fusion protein of AQP0 without C-terminus
appears to have no obvious effect on this interaction as AQP0
without C-terminus was unable to pull down proteins from lens
lysate. Gap junction coupling was also reduced in both AQP0-
deficient and AQP0 ΔC/ΔC transgenic mice with C-terminally
end-cleaved aquaporin 0 expressed in fiber cells (Al-Ghoul et al.,
2003; Varadaraj et al., 2019). Lens fiber cell membrane vesicles
from AQP0 ΔC/ΔC transgenic mice exhibited comparable water
permeability to wild type mice (Kumari and Varadaraj, 2019)
indicating that gap junction coupling was regulated by
AQP0 C-terminals and its adhesion function.

The interlocking system between fiber cells consists of
protrusions, balls, and sockets in the lens of various species
studied (Kuwabara, 1975; Kuszak et al., 1980; Willekens and
Vrensen, 1982). As aforementioned, AQP0 participates in the
formation of protrusions and Cx50 appears to be responsible for
regulating surface ball and socket structures based on the
following evidence. First, electron microscopy revealed that
gap junctions are selectively associated with interlocking balls
and sockets in various species (Biswas et al., 2010). Disruption
ball and socket structures was observed in Cx50 knockout mice,
but not in Cx46 knockout mice (Wang et al., 2016). Lastly, most
regions of Cx46 knockin lenses showed little to no of ball and
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socket structures, indicating Cx46 knockin could not rescue the
disruptions caused by Cx50 knockout (Wang et al., 2017). Cell
adhesive functions by AQP0 and Cx50 at the short side and broad
side of mature lens fiber, respectively, functions like “glue” to
maintain lens fiber integrity and organization (Figure 2). Thin-
section electron microscopy revealed the presence of numerous
intercellular spaces between the lens fiber cells and loss of lens
fiber membrane structure in AQP0 or Cx50 gene knockout mice,
and this structure disruption appears to be more severe in double
gene knockout mouse lenses with the deletion of both AQP0 and
Cx50 genes (Gu, et al., 2019).

FUTURE PROSPECTIVE AND
CHALLENGES

Cell culture, chicken lens primary culture, and mouse models
with various genetic manipulations have been established,
allowing us to obtain invaluable knowledge of the uncanonical
roles of AQP0 and Cx50 in cell adhesion in the lens. While
significant progress and advances have been made in the last
decade, there are still many unanswered questions in our
understanding of the adhesion function mediated by AQP0
and Cx50 in lens homeostasis, lens transparency, and
development. The detailed molecular mechanism of adhesion

of Cx50 and AQP0, especially the heterotypic adhesion between
protein and plasma membrane, is yet to be unveiled.
Furthermore, one of the future challenges is related to the
mechanistic elucidation of the regulatory role of adhesion
played by these two proteins during lens fiber cell
differentiation and lens development.
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Schlemm’s Canal Endothelium
Cellular Connectivity in Giant Vacuole
and Pore Formation in Different
Flow-type Areas: A Serial Block-Face
Scanning Electron Microscopy Study
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Glaucoma is associated with increased resistance in the conventional aqueous humor (AH)
outflow pathway of the eye. The majority of resistance is thought to reside in the
juxtacanalicular connective tissue (JCT) region of the trabecular meshwork and is
modulated by the inner wall (IW) endothelial cells of Schlemm’s canal (SC). The IW
cells form connections with the underlying JCT cells/matrix, and these connections are
thought to modulate outflow resistance. Two ways by which AH crosses the IW
endothelium are through: 1) the formation of outpouchings in IW cells called giant
vacuoles (GVs) and their intracellular pores (I-pores), and 2) intercellular pores between
two adjacent IW cells (B-pores). AH outflow is segmental with areas of high-, low-, and
non-flow around the circumference of the eye. To investigate whether changes in cellular
connectivity play a role in segmental outflow regulation, we used global imaging, serial
block-face scanning electron microscopy (SBF-SEM), and 3D reconstruction to examine
individual IW cells from different flow areas of ex vivo perfused normal human donor eyes.
Specifically, we investigated the differences in cellular dimensions, connections with
JCT cells/matrix, GVs, and pores in SC IW cells between high-, low-, and non-flow
areas. Our data showed that: 1) IW cell-JCT cell/matrix connectivity was significantly
decreased in the cells in high-flow areas compared to those in low- and non-flow areas; 2)
GVs in the cells of high-flow areas had significantly fewer connections beneath them
compared to GVs in the cells of low- and non-flow areas; 3) Type IV GVs (with I-pores and
basal openings) had significantly fewer connections beneath them compared to Type I GVs
(no I-pore or basal opening). Our results suggest that a decreased number of cellular
connections between the IW and JCT in high-flow areas is associated with increased
numbers of GVs with I-pores and larger Type IV GVs observed in previous studies.
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Therefore, modulating the number of cellular connections may affect the amount of high-
flow area around the eye and thereby modulate AH outflow.

Keywords: Schlemm’s canal endothelium, giant vacuoles, segmental aqueous humor outflow, serial block-face
scanning electron microscopy, 3D electron microscopy, pores, cellular connectivity

1 INTRODUCTION

Primary open-angle glaucoma (POAG) is an optic neuropathy
and a leading cause of irreversible blindness worldwide (Quigley,
1995). The only modifiable risk factor for POAG is intraocular
pressure (IOP). Elevated IOP results from a disequilibrium
between aqueous humor (AH) production and drainage (AGIS
Investigators, 2000), which results from increased resistance to
AH drainage in the trabecular outflow pathway. The majority of
resistance is thought to reside in the juxtacanalicular connective
tissue (JCT) region of the trabecular meshwork (TM) and is
modulated by the inner wall (IW) endothelial cells of Schlemm’s
canal (SC) (Grant, 1958, 1963; Maepea and Bill, 1989; Johnson
et al., 1992; Maepea and Bill, 1992; Overby et al., 2009;
Vahabikashi et al., 2019). The mechanisms by which the JCT
and IW of SC interact and modify outflow resistance are still
unclear.

The IW endothelium of SC is held together by tight junctions
(Raviola and Raviola, 1981; Bhatt et al., 1995). Onemechanism by
which AH crosses the IW endothelium is through small openings,
or intercellular pores, that form between adjacent IW cells
(B-pores) (Ethier et al., 1998). Another mechanism by which
AH passes through this endothelial monolayer is through giant
vacuoles (GVs), which are outpouchings filled with AH that form
by AH pushing against the basal side of the IW cells to form an
invagination known as a basal opening (Tripathi, 1971). AH exits
the GVs through intracellular pores (I-pores) on the luminal
surface of the GV (Ethier et al., 1998). I-pores are thought to form
in the cellular lining around the GVs as the GVs fill with AH and
increase in size (Tripathi, 1972; Braakman et al., 2014). A
previous study has shown that GVs with I-pores are larger
and have thinner cellular lining around the GVs compared to
GVs without I-pores (Swain et al., 2021). The I-pores allow AH to
pass from the JCT through the GV and into the lumen of SC
(Johnson and Erickson, 2000; Swain et al., 2021). The factors that
influence GV and pore formation are not fully understood and
warrant further investigation.

Previous studies have shown that flow of AH through the
outflow pathway around the circumference of the eye is
segmental, or non-uniform, by perfusing fluorescently-labeled
tracers or dyes into enucleated eyes (Lu et al., 2008; Lu et al., 2011;
Yang et al., 2013; Vranka et al., 2015; Cha et al., 2016; Huang et al.,
2016; Ren et al., 2016; Swain et al., 2021) or living eyes (Huang
et al., 2017a; Huang et al., 2017b; Huang et al., 2018). Previous
studies of these specific areas of active and inactive flow have
attempted to understand their morphological and molecular
differences. One study examined TM endothelial cell specific
differences using primary cells isolated from active and inactive
areas and found differences in adhesion proteins and
metalloproteinase inhibitors (Staverosky et al., 2020). Another

study in our lab found that the number of GVs with I-pores and
basal openings was greater in high-flow areas compared to low-
and non-flow areas (Swain et al., 2021). However, these studies
did not examine SC IW cells and their interactions with the
underlying JCT cells and matrix.

Current treatment for POAG aims to maintain IOP within a
normal range by decreasing AH production or increasing
drainage of AH through uveal outflow pathways. A relatively
new medication is netarsudil, a rho-kinase inhibitor, that targets
the trabecular outflow pathway. Netarsudil has been shown to
increase the amount of effective filtration area (EFA) around the
circumference of the eye, which correlated with increased outflow
facility (Ren et al., 2016). Other studies with rho-kinase inhibitors
have shown that an increase in outflow facility is associated with
physical separation between the IW of SC and the JCT in porcine,
bovine, and monkey eyes (Rao et al., 2001; Lu et al., 2008; Lu et al.,
2011), and expansion of the JCT in human eyes, which is also
associated with increased active flow areas (Yang et al., 2013;
Gong and Yang, 2014; Ren et al., 2016). One hypothesis is that the
expansion observed with rho-kinase inhibitor treatment is due to
the targeted release of cellular connections between SC IW cells
and underlying JCT matrix and cells. Whether the connectivity
between these cell types differs in active and inactive flow areas
has not previously been investigated.

Previous transmission electron microscopy studies have
categorized the various types of connections between SC IW
endothelial cells and underlying JCT cells/matrix (Grierson
et al., 1978; Lai et al., 2019). We previously used serial block-
face scanning electron microscopy (SBF-SEM) to quantify the total
number of connections on 3D-reconstructed individual IW cells
and to investigate their differences between immersion- and
perfusion-fixed (15 mmHg) eyes. We found that the number of
IW-JCT connections significantly decreased in IW cells of
perfusion-fixed eyes compared to IW cells from immersion-
fixed eyes (Lai et al., 2019). Additionally, GVs were much larger
and had I-pores in the IW cells from perfusion-fixed eyes, whereas
no I-pores were found in IW cells from immersion-fixed eyes.
However, this study did not compare differences between IW cells
in different flow-type areas.

IW endothelial cells also connect to their adjacent IW cells
through tight junctions (Raviola and Raviola, 1981; Bhatt et al.,
1995). Studies have shown that the tight junctions simplify in
response to increased pressure, and this simplification may
promote B-pore formation and allow greater paracellular flow (Ye
et al., 1997). The overlap between adjacent IW cells also decreases
with increased pressure (Ye et al., 1997). Our previous study in
immersion- and perfusion-fixed eyes found that B-pores only formed
in areas where the overlap between adjacent IW cells was reduced to
zero (Lai et al., 2019). However, this previous study did not examine
the overlap between adjacent IW cells in different flow-type areas.
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The aim of this study was to use SBF-SEM and subsequent 3D-
reconstruction to investigate differences in cellular connectivity
between 3D-reconstructed IW cells and their underlying
JCT cells/matrix and between adjacent IW cells in high-, low-,
and non-flow areas of human eyes perfusion-fixed at 15 mmHg,
in order to understand how changes in cellular connections may
play a role in GV and pore formation and the regulation of
segmental outflow.

2 MATERIALS AND METHODS

2.1 Human Donor Eyes
Two normal human donor eyes (Eye 1: 32 years-old; Eye 2:
80 years-old) without traceable identity and any known history
of ocular disease or surgery were received from the Miracles in
Sight Eye Bank (Winston-Salem, NC, United States) within 24 h
post-mortem. All eyes were managed according to the
Declaration of Helsinki guidelines on research involving
human tissue and the Boston University Medical Center
Institutional Review Board. The eyes were confirmed to be
grossly normal under a dissecting microscope.

2.2 Ocular Perfusion and Fixation
The perfusion procedure has been described in detail previously
(Scott et al., 2009). All eyes were perfused with Dulbecco’s
phosphate-buffered saline (pH 7.3; Invitrogen, Grand Island,
NY, United States) containing 5.5 mM D-glucose (collectively
referred as GPBS) for 30 min at 15 mmHg using pressure-
controlled hydraulic pumps to establish a stable baseline
facility (Eye 1: 0.263 μL/min/mmHg; Eye 2: 0.318). Eyes were
exchanged and perfused with a fixed volume (200 µL) of red
fluorescent tracers (size: 200 nm; Catalog number: F8810;
Thermo Fisher Scientific, Waltham, MA, United States) and
perfusion-fixed at the same pressure with modified
Karnovsky’s fixative (2% glutaraldehyde in 2%
paraformaldehyde) for 30 min. Eyes were immersed in the
same fixative overnight.

2.3 Global Imaging and Ocular Dissection
Global imaging was performed, as described previously (Cha
et al., 2016) to visualize the outflow pattern along the entire TM
and episcleral veins. Each fixed globe (n = 2) was cut into anterior
and posterior segments through the equator, followed by careful
removal of the lens, vitreous body, iris, cornea (with a 10-mm
trephine), and excess conjunctiva. Anterior segments were
imaged en face on both the TM and scleral surfaces with a
fixed exposure time (5 s) using a 300 mm lens on a 4000 MP
VersaDock imaging system (Bio-Rad Laboratories, Hercules, CA,
United States) with Quantity One imaging software (Bio-Rad
Laboratories).

From global images, flow-type areas were designated qualitatively
based on the relative amount of fluorescence as follows: 1) high-flow,
bright fluorescence on both anterior (episcleral veins) and posterior
(TM) sides of anterior segments; 2) low-flow, intermediate
fluorescence on both posterior and anterior sides; 3) non-flow, no
visible fluorescence on either anterior or posterior sides. Global

images of these eyes have been published previously (Swain et al.,
2021). Two radial wedges (2 × 2 × 2mm) of tissue from each flow-
type area were shipped to Cleveland Clinic (Cleveland, OH,
United States) for SBF-SEM.

2.4 Serial Block-Face Scanning Electron
Microscopy and 3D Reconstruction
Wedges were processed for SBF-SEM using a previously
described method (Deerinck et al., 2010; Swain et al., 2021). In
brief, tissues were post-fixed with OsO4/K ferrocyanide and
thiocarbohydrazide and en-bloc stained with uranyl acetate
and lead aspartate. SC and the TM were identified in each
block and imaged using a Zeiss Sigma VP serial block-face
scanning electron microscope equipped with a Gatan 3View
in-chamber ultramicrotome stage (Gatan, Inc., Pleasanton, CA,
United States) and low-kV backscattered electron detectors
optimized for 3View systems. Images were taken of each block
face. Each image had a pixel size of 0.0101 µm × 0.0101 µm, and
each section was 0.13 µm in thickness. The image field size was
141 μm x 60–71 µm. The total number of images was 11,334 for
six blocks of tissue, and the mean number of images per sample
was 1889. Image sets were compiled and aligned for analysis.

2.5 Morphometric Analyses
Using Reconstruct (Fiala, 2005), 11,334 SBF-SEM images were
screened to identify SC IW cells (n = 15) from each flow-type area
that were completely within the imaging field (total: 45 cells). All
of the following morphometric analyses were performed twice,
either by two investigators individually or by one investigator
twice with 2 weeks between trials with less than 10% difference
between trials or investigators (DLS, SY, BF, GL). For each IW
cell, GVs were identified and counted (Figure 1A). I-pores were
identified as openings in the cellular lining surrounding the GVs
that had a clear separation with smooth borders (Figure 1B).
Exclusion criteria included openings in the cellular lining that
were in line with knife marks from the sectioning process or
appeared rough with jagged edges. GVs were typed according to
previous studies (Grierson and Lee, 1978; Koudouna et al., 2019;
Swain et al., 2021): Type I: no basal opening or I-pore, Type II:
basal opening, no I-pore; Type III: I-pore, no basal opening; Type
IV: both basal opening and I-pore. The percentages of each GV
type were determined. Volumes of GVs were determined from
the manual segmentation using the Volume Tool in Reconstruct.
B-pores were identified as clear openings between the
reconstructed cell and either of its adjacent neighboring IW
cells where the cell borders clearly separate (Figures 1D–F).

2.5.1 Schlemm’s Canal Endothelial Cell Dimensions:
Length, Width, Thickness, Volume
Methods for measuring IW dimensions have been described
previously (Lai et al., 2019). Using Reconstruct, cell length was
measured for each reconstructed IW endothelial cell in the
z-dimension, along the major axis, from the first image in
which the cell appeared to the last section using the Z-trace
function. The IW cell width was measured in two ways: 1) in
nuclear regions, measured once on the section with the largest
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cross-sectional area (CSA) of the nucleus (Figure 2A); 2) in non-
nuclear regions, measured every 40 sections throughout the
length of the cell where the nucleus was not present
(Figure 2B). To account for the curvature of the IW, a
segmented line with up to three segments was used for IW
cell width measurements. The IW cell thickness (i.e., basal-to-
apical height) was measured in both nuclear and non-nuclear
regions. In nuclear regions, one measurement was made on the
section with the largest CSA of the nucleus. In non-nuclear
regions, a measurement was made every 40 sections

throughout the length of the cell where the nucleus and GVs
were not present, and the average of these measurements was
used to calculate the mean thickness per cell (Figure 2C). The IW
cell volume was calculated using the Volume Tool in Reconstruct,
and because the cell traces encompassed the GVs, the volumes of
the GVs were subtracted to determine the cell volumes.

2.5.2 IW/JCT Connections
Connections between SC IW cells and underlying JCT cells/
matrix were manually counted for every cell. Connections

FIGURE 1 |Giant vacuoles and two types of pores. (A–C): Serial electron micrographs showing a giant vacuole (GV) with an I-pore (arrowhead) and basal opening
(arrow). (D–F): Serial electron micrographs showing a B-pore (arrowhead) between two adjacent inner wall cells. The cellular junction can be seen before and after the
B-pore (arrow). SC = Schlemm’s canal; JCT = juxtacanalicular connective tissue; N = inner wall endothelial cell nucleus; Sec = serial block-face electron microscopy
section number.

FIGURE 2 |Methods for measuring cell width and thickness in Reconstruct. (A): The cell width (green line) was measured in the nuclear area on the section with the
greatest cross-sectional area of the nucleus (N). To account for the curvature of the inner wall, a segmented line was used, if necessary. (B): The cell width wasmeasured
in the non-nuclear regions (dashed green line). (C): The cell thickness was measured on the section with the greatest cross-sectional area of the nucleus to determine
thickness in the nuclear region and on sections where the nucleus and giant vacuoles were not present (shown) to determine the thickness in non-nuclear
thickness. First, a solid red linewas drawn connecting the 2 cell borders and a dotted red linewas drawn perpendicular at the halfway point. Then, a solid green linewas
drawn through the axis of the cell, intersecting the dotted red line. Finally, a solid yellow line was drawn perpendicular to the green axis line to measure the cell thickness,
crossing the intersection of the solid green axis line and the dotted red line. JCT = juxtacanalicular connective tissue; SC = Schlemm’s canal.
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were categorized into seven types, based on previous studies
(Grierson et al., 1978; Lai et al., 2019): Type 1: IW cell process-to-
JCT ECM; Type 2: IW cell process-to-JCT cell body; Type 3: IW
cell tongue-in-JCT groove of cell body; Type 4: IW cell process-
to-JCT cell process; Type 5: JCT cell process-to-IW cell body;
Type 6: JCT cell tongue-in-IW groove of cell body; Type 7: IW cell
body-to-JCT cell body (Figure 3). Types 1–6 were counted as
connections if the projections from the cells had a height that
measured at least 0.3 µm from the cell body, as measured on the
SBF-SEM image in Reconstruct. Type 7 connections were
counted if the area of contact was at least 0.5 µm2. For each
GV for each cell, the number of total connections beneath the
GVs was determined by examining each section in which the GV
appeared and counting the connections. The ratio of the total
number of connections beneath each GV to the GV volume was
determined for GV types I-IV in order to examine the
relationship between connections, GV size, and GV type
(i.e., presence of an I-pore/basal opening). We accounted for
volume, because previous studies have shown that these GV types
have significantly different median volumes (Swain et al., 2021).
Due to the relatively small number of GV Types III and IV in
different flow-type areas, this analysis was conducted using all
GVs from all cells.

2.5.3 IW/IW Overlap and B-Pores
The connectivity between adjacent IW cells was quantified by
measuring the overlap length (OL). Overlap length between the
reconstructed IW cells and their adjacent IW cells was measured
for each cell on every 40 sections through the entire cell length on
both sides of the cell. These values were averaged to find the mean
OL for each cell. On each image, OL was measured if the borders
of the adjacent IW cell were parallel or within 45° of the axis of the
IW (Figure 4). Cell borders that were perpendicular or at least
>45° away from the axis of the IW were not counted as OL. For
each B-pore, OL was also measured on sections before and after
the pore was present to determine the amount of OL around

B-pores. This OL was compared to the average OL for each cell on
which the B-pore was found.

2.6 Statistical Methods
All data are listed as mean ± SEM, except GV volumes, which
are reported as medians and interquartile ranges (IQR). All
statistical analyses were performed using R statistical
computing package (v3.5.1; R Foundation for Statistical
Computing, Vienna, Austria). One-way ANOVA tests were
performed to analyze differences in cell dimensions,
connections, and overlap between flow-type areas with
post-hoc Tukey HSD tests for pairwise comparisons. For
ratios of total cellular connections beneath a GV-to-GV
volume, Kruskal-Wallis tests were used with post-hoc
Wilcoxon rank-sum tests for pairwise comparisons
between GV types, due to small sample size for type III GVs.

3 RESULTS

Overall, a total of 45 IW cells were reconstructed (15 from each flow-
type area). These cells had 234 GVs, 41 I-pores, and 12 B-pores with
adjacent IW cells. These counts, mean pores/cell, and percentages of
GVswith I-pores in three different flow-type areas are summarized in
Table 1. Examples of 3D-reconstructed cells are shown in Figure 5.

3.1 IW Cell Dimensions: Length, Width,
Thickness, and Volume
3.1.1 Length
Mean length of SC IW cells was 70.76 ± 4.78 µm, 108.56 ±
9.68 µm, and 79.68 ± 6.38 µm in high-, low-, and non-flow areas,
respectively (Figure 6A). Mean lengths differed significantly by
flow-type area (ANOVA, p ≤ 0.01). Specifically, the cells in the
low-flow area were significantly longer than those in high- (p =
0.02) and non-flow areas (p ≤ 0.01).

FIGURE 3 | Types of cellular connections between IW endothelial cells and JCT cells/matrix. Types of connections between the inner wall (IW) endothelial cells (red) of
Schlemm’s canal (SC) and underlying juxtacanalicular connective tissue (JCT) cells (green) and extracellular matrix. Type 1: IW cell process-to-JCT matrix; Type 2: IW cell
process-to-JCT cell body; Type 3: IW tongue-in-JCT groove; Type 4: IW cell process-to-JCT cell process; Type 5: JCT process-to-IW-body; Type 6: JCT tongue-in-IW
groove; and Type 7: IW body-to-JCT body. Scale bars = 0.5 µm.
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3.1.2 Width
The mean width of SC IW cells measured at the section with the
largest cross-sectional area of the nucleus (nuclear width) was
10.05 ± 0.73 µm, 12.41 ± 1.03 µm, 9.06 ± 0.82 µm in high-, low-,
and non-flow areas, respectively, and these differed significantly
(ANOVA, p = 0.03; Figure 6B). Specifically, in nuclear regions, the
IW cells were significantly wider in low-flow areas than those in non-
flow areas (p = 0.02). The mean non-nuclear width of SC IW cells
was 5.72 ± 0.56 µm, 6.90 ± 0.45 µm, 4.18 ± 0.30 µm in high-, low-,
and non-flow areas, respectively, and these differed significantly
(ANOVA, p ≤ 0.01; Figure 6B). Specifically, in non-nuclear regions,
IW cells in low-flow areas were significantly wider than the cells in
non-flow areas (p ≤ 0.01). The mean non-nuclear width of IW cells
in high-flow areas was not quite significantly wider compared to IW
cells in non-flow areas (p = 0.05).

3.1.3 Thickness
The mean thickness of SC IW cells in nuclear regions was 6.19 ±
0.67 µm, 4.50 ± 0.38 µm, 7.07 ± 1.08 µm in high-, low-, and non-
flow areas, respectively, and these did not differ significantly
(ANOVA, p = 0.06; Figure 6C). The thickness of SC IW cells in
non-nuclear regions was 0.68 ± 0.08 µm, 0.62 ± 0.04 µm, 0.75 ±
0.07 µm in high-, low-, and non-flow areas, respectively, and
these did not differ significantly (ANOVA, p = 0.24; Figure 6C).

3.1.4 Volume
Mean volumes of SC IW cells were 669.58 ± 65.50 µm3,
671.96 ± 65.06 µm3, 383.25 ± 51.53 µm3 in high-, low-, and

non-flow areas, respectively. Mean volumes varied
significantly among flow-type areas (ANOVA, p ≤ 0.01).
Specifically, the cells in high- and low-flow areas had
significantly larger cellular volumes than the cells in non-
flow areas (both p ≤ 0.01; Figure 6D).

3.2 IW/JCT Connections
3.2.1 Total Cellular Connections Between SC IW Cells
and JCT Cells/Matrix
The mean total number of connections per IW cell between IW
cells and JCT cells/matrix were 26.6 ± 3.8, 45.0 ± 4.5, and 59.1 ±
5.2 in high-, low-, and non-flow areas, respectively. These varied
significantly among flow-type areas (ANOVA, p ≤ 0.01).
Specifically, the cells in high-flow areas had significantly fewer
total connections than the cells in low- (p = 0.02) and non-flow
areas (p ≤ 0.01; Figure 7A). No significant difference in the mean
total connections was found between the cells in low- and non-
flow areas (p = 0.08; Figure 7A).

3.2.1.1 IW Cell-JCT Matrix Connections
Mean IW cell-JCTmatrix connections per IW cell were 18.5 ± 2.7,
15.7 ± 1.7, and 33.1 ± 4.9 in high-, low-, and non-flow areas,
respectively (Figure 7A). These varied significantly among flow-
type areas (ANOVA, p ≤ 0.01). Specifically, the cells in high- and
low-flow areas had significantly fewer IW cell-JCT matrix
connections compared to the cells in non-flow areas (p = 0.01
and p ≤ 0.01, respectively; Figure 7A).

FIGURE 4 | Methods for inner wall cell overlap length measurements in Reconstruct. (A): Inner wall cell overlap length (OL) was measured on both sides of the
reconstructed cells on every 40 sections throughout the length of each cell. The junctions between the cell and its adjacent cells are demarcated with arrowheads. (B): To
measure OL, a line parallel to the inner wall (IW) was drawn first (red lines). OL was measured if the plane of overlap was parallel to the axis of the inner wall or within 45° of
the IW axis (example shown by the segmented green line on the right of the cell). An example of no overlap length (OL = 0 µm) is shown on the left of the cell
(segmented orange line). JCT = juxtacanalicular connective tissue; SC = Schlemm’s canal; N = inner wall endothelial cell nucleus.

TABLE 1 | Summary of giant vacuoles and pores of reconstructed IW cells.

Flow-
Type

Count: IW Cells Count: GVs Mean #GVs/
Cell (SEM)

Count: I-Pores (Mean/
Cell)

Count: GVs with
I-Pores (% of

Total)

Count:
B-Pores

Count: IW cells with
a B-Pore

High-flow 15 105 7.0 (1.2) 20 (1.3) 20 (19.0%) 3 3
Low-flow 15 66 4.4 (0.6) 15 (1.0) 14 (21.2%) 2 2
Non-flow 15 63 4.2 (0.6) 6 (0.4) 6 (9.5%) 7 4
Overall 45 234 5.2 (0.5) 41 (0.9) 40 (17.1%) 12 9
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3.2.1.2 IW Cell-JCT Cell Connections
Mean IW cell-JCT cell connections per IW cell were 8.1 ± 2.2,
29.3 ± 3.4, and 26.0 ± 4.1 in high-, low-, and non-flow areas,
respectively (Figure 7A). These varied significantly among flow-
type areas (ANOVA, p ≤ 0.01). Specifically, the cells in high-flow
areas had significantly fewer IW cell-JCT cell connections
compared to those in low- and non-flow areas (both p ≤ 0.01;
Figure 7A).

IW cell-JCT cell connections were analyzed by their types
(2–7) based on how they connect to one another. The most
common types of IW cell-JCT cell connections were types 5, 4,
and then 2. Mean number of IW-cell-JCT cell connections per IW
cell differed significantly among three flow-types for type 2
(ANOVA, p = 0.01), type 3 (p = 0.03), type 4 (p = 0.02), type
5 (p ≤ 0.01), and type 7 (p ≤ 0.02) (Figure 7B). Only type 6
connections did not differ significantly among three flow-type
areas (p = 0.74). Generally, the cells in high-flow areas had
significantly fewer connections than those in low-flow, or non-
flow, or both. Specifically, for type 2, the cells in high-flow areas
had significantly fewer connections (1.2 ± 0.6) than the cells in
non-flow areas (4.5 ± 1.1; p ≤ 0.01). For type 3, the cells in high-
flow areas had significantly fewer connections (0.1 ± 0.1) than
those in low-flow areas (0.7 ± 0.2; p = 0.02). For type 4, the cells in
high-flow areas had significantly fewer connections (3.3 ± 1.1)
than those in low-flow areas (9.9 ± 2.2; p = 0.03). For type 5, the

cells in high-flow areas had significantly fewer connections (2.8 ±
0.9) than those in low-flow (13.5 ± 1.6; p ≤ 0.01) and non-flow
areas (10.1 ± 2.1; p ≤ 0.01). For type 7, the cells in high-flow areas
had significantly fewer connections (0.3 ± 0.2) compared to those
in low-flow (1.8 ± 0.4; p ≤ 0.01) and non-flow areas (1.4 ± 0.4; p =
0.03) (Figure 7B).

3.2.2 Giant Vacuoles and IW Cell-JCT Cell
Connections Beneath GVs
The mean numbers of GVs per IW cell were 7.0 ± 1.2, 4.4 ± 0.6,
and 4.2 ± 0.6 in high-, low-, and non-flow areas, respectively
(Table 1). These means were not quite significantly different (p =
0.05); however, the range of number of GVs per IW cell was
highest in high-flow (range: 1–15), then low-flow (range: 1–11),
and then smallest in non-flow (range: 1–9). The percentages of
GVs with I-pores appeared larger in the cells in high- (19.0%) and
low-flow (21.2%) areas compared to non-flow (9.5%) (Table 1).

For each GV of each IW cell, we determined the number of
connections that were beneath the GVs in each SBF-SEM image
in which the GVs appeared. We found that the mean number of
connections beneath a GV differed significantly among flow-type
areas (p < 0.01). Specifically, the GVs in high-flow areas had
significantly fewer connections beneath them (2.4 ± 0.3; n = 105)
compared to GVs in low-flow (4.6 ± 0.6; n = 66; p ≤ 0.01) and
non-flow areas (5.2 ± 0.7; n = 63; p ≤ 0.01; Figures 8A, B). We
also calculated the percentage of connections under GVs for each
IW cell. We found that a mean of 39.1 ± 2.7% of connections was
under GVs for our 45 cells, compared to 60.9% of connections in
areas without GVs. This did not differ among flow-type areas
(44.6 ± 5.4% in high-flow, 41.2 ± 5.4% in low-flow, and 31.6 ±
3.7% in non-flow areas) (p = 0.12).

We also determined the percentages of each GV type, based on
previous studies (Grierson and Lee, 1978; Koudouna et al., 2019;
Swain et al., 2021): Type I: no basal opening or I-pore; Type II:
basal opening, no I-pore; Type III: I-pore, no basal opening; and
Type IV: both basal opening and I-pore. Of the 234 GVs we found
in all 45 cells, 67 (28.6%), 127 (54.3%), 7 (3.0%), 33 (14.1%) were
Types I, II, III, and IV GVs, respectively. Due to the relatively
small numbers of types III and IV across different flow areas, the
subsequent analysis was conducted using all GVs combined.

To investigate the relationship between cellular connections
and GV types, we determined the median ratio of total
connections beneath GVs to GV volume for the four types of
GVs. The medians were 0.32 (IQR: 0.01–0.63), 0.08 (IQR:
0.01–0.31), 0.06 (IQR: 0.05–0.75), and 0.04 (IQR: 0.01–0.14) in
GV types I, II, III, and IV, respectively. We found that these ratios
varied significantly among GV types (Kruskal-Wallis test, H =
7.84, p < 0.05). Specifically, the median ratios of total connections
per unit GV volume in Type IV (with I-pore and basal opening)
and Type II (basal opening, no I-pore) GVs were significantly
decreased compared to Type I (no basal opening or I-pore) (both
p = 0.02; Figure 8C).

3.3 IW/IW Overlap and B-Pores
Mean OL was 0.24 ± 0.02 µm for all 45 reconstructed cells. Mean
OL was 0.18 ± 0.03 µm, 0.29 ± 0.05 µm, and 0.23 ± 0.03 µm for
high-, low-, and non-flow cells, respectively (Figure 9A). OL did

FIGURE 5 | 3D reconstructions of cells from three flow-type areas.
Representative 3D reconstructions of Schlemm’s canal inner wall endothelial
cells from high-(A), low-(B), and non-flow (C) areas. Cells typically had one or
two large giant vacuoles (GVs, green) near the nucleus (N, red) with
smaller GVs throughout the length of the cell.
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not differ significantly between flow-type areas (p = 0.12). There
were 12 B-pores in total, three in high-flow, two in low-flow, and
seven in non-flow. Nine of our 45 IW cells had at least one B-pore.
In non-flow, 1 cell had 2 B-pores and 1 cell had 3 B-pores with
adjacent cells. OL near B-pores (measured on sections before and
after a B-pore was present) was always 0 µm for all 12 B-pores,
and this was significantly less than the mean OL for these nine
cells (0.21 ± 0.06 µm, p ≤ 0.01; Figure 9B).

4 DISCUSSION

In this study, we used SBF-SEM and 3D reconstruction to
investigate the cellular connectivity between IW endothelial
cells and their underlying JCT matrix/cells in different flow-
type areas in normal human eyes perfusion-fixed at 15 mmHg to

understand how changes in cellular connections may play a role
in GV and pore formation and regulation of segmental outflow.
Our main findings were the following: 1) mean cellular
connections were significantly fewer in the cells in high-flow
areas compared to those in low- and non-flow areas; 2) GVs of the
cells in high-flow areas also had significantly fewer connections
beneath them compared to the GVs of the cells in low- and non-
flow areas; 3) Type IV GVs had a significantly decreased median
number of total connections beneath them per unit volume,
compared to Type I GVs; and 4) OL between adjacent IW
cells was always 0 µm near B-pores.

This was the first study to quantify the total number of cellular
connections on individual SC IW endothelial cells in different
flow-type areas. We found that the mean total number of
connections on IW cells in high-flow areas was significantly
decreased compared to those in low- and non-flow areas

FIGURE 6 | Inner wall cell dimensions. (A): Mean IW cell length was measured in the z-plane through the stack of serial images. IW cells in low-flow areas were significantly
longer than IW cells in high- (p = 0.02) and non-flow areas (p ≤ 0.01). (B): Mean nuclear IW cell width was measured on the section with the largest cross-sectional area of the
nucleus. In nuclear regions, IW cells were significantly wider in low-flow areas than in non-flow areas (p = 0.02). Non-nuclear IW cell width was measured on sections where the
nucleuswas not present. In non-nuclear regions, IW cellswere significantlywider in low-flowareas than non-flowareas (p≤0.01). (C):Mean IWcell thickness (basal-to-apical
height) in nuclear regionswasnot significantly different amongcells in different flow-type areas (p=0.06).Mean IWcell thickness in non-nuclear regionswasnot significantly different
among cells in different flow-type areas (p = 0.24). (D): Mean IW cell volume was calculated by subtracting the volume of giant vacuoles from the cell traces. Mean volumes of IW
cells in high- and low-flow areas were significantly larger than IW cells in non-flow areas (both p ≤ 0.01). *p < 0.05; **p ≤ 0.01. Error bars: SEM.
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(Figure 7A). IW cell-JCT matrix connections and IW cell-JCT
cell connections were also significantly decreased in the cells in
high-flow compared to those in low- and/or non-flow areas
(Figure 7A). These results suggest that the physical separation
between the JCT and IW observed in ex vivo perfused eyes may be
due to decreased cellular connectivity between the IW cells and
JCT cells/matrix.

Previous studies have shown that the distribution of flow areas
around the circumference of the eye can change under certain
conditions. For example, one study used non-diseased human ex-
vivo donor eyes perfused with fluorescent tracers labeling on day
1 and day 8 of continuous perfusion at 1x or 2x physiologic
pressure (Vranka et al., 2020). This study found that over time the
amount of these flow areas and their positions could change
overtime at 2x physiologic pressure. Previous studies with rho-

kinase inhibitors, including Y27632 and netarsudil, found that the
amount of high-flow (or active flow) areas around the eye is
increased compared to untreated control eyes (Yang et al., 2013;
Ren et al., 2016). Based on these observations, low-flow areas do
not necessarily remain low-flow areas and could become high-
flow areas when induced pharmacologically. Our current study’s
findings of fewer connections between IW and JCT in high-flow
areas suggest that modulating the cellular connectivity between
these two tissues could be a method to increase the amount of
EFA around the circumference of the eye.

To better understand GV formation and its relationship to the
cellular connections between the IW cells and underlying
JCT cells/matrix, we determined the mean number of
connections beneath GVs and found that GVs in cells in high-
flow areas had significantly fewer connections compared to GVs

FIGURE 7 | Mean number of cellular connections between IW cells and JCT cells/matrix. (A): Total connections were significantly decreased in cells in high-flow
areas, compared to those in low- and non-flow areas. When analyzed by IW cell to JCT matrix (cell-matrix connections), IW cells in high-flow and low-flow areas had
significantly fewer connections than those in non-flow areas. When analyzed by IW cell to JCT cells (cell-cell connections), IW cells in high-flow areas had significantly
fewer connections than those in low- and non-flow areas. (B): When IW cell-JCT cell connections were analyzed by type, the most common types were type 5, 4,
and then 2. IW cells in high-flow areas had significantly fewer connections than cells in low-flow, non-flow, or both for all types, except type 6. Specifically, for type 2, IW
cells in high-flow areas had significantly fewer connections than IW cells in non-flow areas. For type 3, IW cells in high-flow areas had significantly fewer connections than
IW cells in low-flow areas. For type 4, IW cells in high-flow areas had significantly fewer connections than IW cells in low-flow areas. For type 5, IW cells in high-flow areas
had significantly fewer connections than IW cells in low- and non-flow areas. For type 7, IW cells in high-flow areas had significantly fewer connections compared to IW
cells in low- and non-flow areas. *p < 0.05; **p ≤ 0.01. Error bars: SEM.

FIGURE 8 | Mean connections beneath giant vacuoles. (A): Connections between Schlemm’s canal (SC) endothelial cells and underlying juxtacanalicular
connective tissue (JCT) cells (white arrow) and matrix (black arrows) were identified beneath each giant vacuole (GV) and counted. N = endothelial cell nucleus. (B): The
mean number of connections beneath GVs in the cells in high-flow areas was significantly fewer compared to GVs in the cells in low- or non-flow areas (both p ≤ 0.01).
Error bars: SEM. (C): When standardized by volume and analyzed by type, Types IV and II GVs had significantly fewer connections per unit volume compared to
Type I GVs (both p = 0.02). Type I: GV with no basal opening or I-pore; Type II: GV with a basal opening, no I-pore; Type III: GV with an I-pore, no basal opening; Type IV:
GV with both basal opening and I-pore. Whiskers = 1.5 interquartile range (IQR). X = mean. *p < 0.05; **p ≤ 0.01.
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in cells of low- and non-flow areas (Figure 8B). We also found
that the mean percentage of connections under GVs for all IW
cells was 39.1% overall compared to 60.9% in areas of the IW cells
without GVs. These findings suggest that the IW cells may need
to detach from the underlying JCT cells/matrix in areas where
GVs will form. Additionally, we determined the ratio of the total
number of connections beneath the GVs per unit volume. We
used this ratio to account for differences in volumes between the
four types of GVs. We found that the ratio of GVs was
significantly decreased in Type IV GVs compared to Type I
GVs (Figure 8C). Our previous study found that cells perfusion-
fixed at 15 mmHg had significantly fewer connections to
underlying JCT cells/matrix and significantly larger GVs with
I-pores than cells fixed at 0 mmHg, which did not have I-pores
(Lai et al., 2019). Another of our previous studies demonstrated
that GVs with I-pores have significantly larger volumes and span
significantly more sections than those without I-pores and that
high-flow areas have significantly more Type IV GVs compared
to non-flow areas (Swain et al., 2021). In the context of our
previous studies, our current findings may suggest that the
number of connections between IW cells and underlying
JCT cells/matrix may influence GV size. These findings
together support the hypothesis that modulating cellular
connectivity may promote the formation of larger Type IV
GVs in the IW endothelium and increase AH outflow.

While we did not find a difference in the amount of OL
between different flow-type regions, we did find that the OL was
always 0 µm on the sections before and after a B-pore appeared.
The similarity in OL between flow-type areas was not surprising
given that a relatively similar number of B-pores were found in
each population of cells from each flow-type area. The finding
that OL was always 0 µm before and after a B-pore is consistent
with previous studies and the hypothesis that tight junctions
simplify and that OL needs to decrease in order to form B-pores
in the IW endothelium (Ye et al., 1997; Lai et al., 2019). One
previous study in mouse eyes found that targeting tight junctional
proteins with small interfering RNA resulted in significantly
increased paracellular permeability (Tam et al., 2017). Our
findings support the hypothesis that potentially targeting tight

junctions to reduce OL may be a strategy for pharmaceutical
intervention to promote B-pore formation and increase AH
outflow.

We also found that the IW cell dimensions varied among flow-
type areas. In high-flow areas, there is lower resistance to AH
outflow and a larger pressure difference between anterior
chamber IOP and the venous system; thus, more AH flow is
directed through these areas. In response to this AH flow and
pressure gradient, IW endothelial cells deform and change shape
by utilizing a reservoir of excess membrane that is stored in folds,
or vesicles, in order to maintain total membrane surface area
(Raucher and Sheetz, 1992; Lee and Schmid-Schönbein, 1995;
Overby et al., 2009; Pedrigi et al., 2011). Our IW cells from non-
flow areas were significantly shorter and narrower in nuclear and
non-nuclear areas compared to IW cells in low-flow areas. IW
cells from non-flow areas also had smaller volumes compared to
IW cells in low- and high-flow areas. These differences may be
related to differences in the amount of AH flow across these cells
compared to those in high-flow areas. However, with our method,
there were various factors that could have influenced the IW
cellular dimensions that we were not able to measure, including
cytoskeletal dynamics, extracellular matrix stiffness, cell tension,
stage of the cell cycle for the IW cells, and fluid shear stress in the
lumen of SC, so further investigation is warranted into the factors
that impact cellular dimensions. Also, the selected IW endothelial
cells in this study were limited to the cells that had their cell
bodies completely within the frame of our images and image
stacks; therefore, our sample is not fully random. A larger study
with more cell and eyes would be needed to confirm this result.

SBF-SEM provided a detailed method to investigate
morphological characteristics of individual IW endothelial cells;
however, there were some limitations in our study. SBF-SEM is a
static imagingmodality; therefore, we cannot determine the life cycle
of the connections between IW cells and JCT cells/matrix. For
example, a projection from an IW cell that is identified as an IW
cell-JCT matrix connection may have been connected to a JCT cell
process immediately before the eye was fixed. Similarly, for GVs
without I-pores, we cannot determine whether a GV simply did not
form an I-pore or had formed an I-pore that closed immediately

FIGURE 9 | Mean overlap length between adjacent inner wall cells. (A): Mean overlap length (OL) was 0.236 ± 0.022 µm (n = 45 cells), and this was not different
between flow-type areas. (B): OL was measured on the sections before and after a B-pore was observed for 12 B-pores. OL was always 0 μm, which was significantly
less (p ≤ 0.01) than the mean OL for the nine inner wall (IW) cells on which the B-pores were found. **p ≤ 0.01. Error bars: SEM.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 86737610

Swain et al. SC Connectivity Regulates Segmental Flow

113

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


before fixation. Further studies utilizing live cell imagingmay further
elucidate the dynamic process of I-pore formation. Also, we cannot
distinguish the different types of integrins that mediate the different
types of IW cell-JCT matrix/cell connections with our SBF-SEM
method. Finally, due to the labor-intensive nature of SBF-SEM and
manual segmentation of cells, we were only able to capture a
relatively small population of 45 cells.

In summary, despite SBF-SEM and manual segmentation being
labor-intensive, a major advantage of our technique was that the
high-resolution, serial imaging allowed us to investigate the
connectivity of the IW with the JCT in 3D and provided
volumetric data. In this study, we demonstrated that IW cell-JCT
cell/matrix connectivity was significantly decreased in the cells in
high-flow areas. The GVs in high-flow areas also had significantly
fewer connections beneath them compared to low- and non-flow
areas. These results suggest thatmodulating the IW-JCT and IW-IW
connectivity may potentially affect the amount of EFA around the
circumference of the eye, and thereby modulate aqueous outflow.
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CCN2/CTGF—A Modulator of the
Optic Nerve Head Astrocyte
Andrea E. Dillinger1, Gregor R. Weber1, Matthias Mayer2, Magdalena Schneider1,
Corinna Göppner1, Andreas Ohlmann3, Mikhail Shamonin2, Gareth J. Monkman2 and
Rudolf Fuchshofer1*

1Institute of Human Anatomy and Embryology, University of Regensburg, Regensburg, Germany, 2Faculty of Electrical
Engineering and Information Technology, Ostbayerische Technische Hochschule Regensburg, Regensburg, Germany,
3Department of Ophthalmology, University Hospital, Ludwig-Maximilians-University Munich, Munich, Germany

In primary open-angle glaucoma (POAG), a neurodegenerative disease of the optic nerve
(ON) and leading cause of blindness, the optic nerve head (ONH) undergoes marked
structural extracellular matrix (ECM) changes, which contribute to its permanent
deformation and to degeneration of ON axons. The remodeling process of the ECM
causes changes in the biomechanical properties of the ONH and the peripapillary sclera,
which is accompanied by an increased reactivity of the resident astrocytes. The molecular
factors involved in the remodeling process belong to the Transforming growth factor (TGF)-
β superfamily, especially TGF-β2. In previous publications we showed that TGF-β2
induced ECM alterations are mediated by Cellular Communication Network Factor
(CCN)2/Connective Tissue Growth Factor (CTGF) and recently we showed that CCN2/
CTGF is expressed by astrocytes of the ON under normal conditions. In this study we
wanted to get a better understanding of the function of CCN2/CTGF under normal and
pathologic conditions. To this end, we analyzed the glial lamina and peripapillary sclera of
CCN2/CTGF overexpressing mice and studied the effect of CCN2/CTGF and increasing
substratum stiffness on murine ON astrocytes in vitro. We observed enhanced astrocyte
reactivity in the ONH, increased ECM protein synthesis in the peripapillary sclera and
increased Ccn2/Ctgf expression in the ONH during the pathologic development in situ.
CCN2/CTGF treatment of primary murine ON astrocytes induced a higher migration rate,
and increase of ECM proteins including fibronectin, elastin and collagen type III.
Furthermore, the astrocytes responded to stiffer substratum with increased glial
fibrillary acidic protein, vimentin, actin and CCN2/CTGF synthesis. Finally, we observed
the reinforced appearance of CCN2/CTGF in the lamina cribrosa of glaucomatous
patients. We conclude that reactive changes in ONH astrocytes, induced by the
altered biomechanical characteristics of the region, give rise to a self-amplifying
process that includes increased TGF-β2/CCN2/CTGF signaling and leads to the
synthesis of ECM molecules and cytoskeleton proteins, a process that in turn
augments the stiffness at the ONH. Such a scenario may finally result in a vicious
circle in the pathogenesis of POAG. The transgenic CTGF-overexpressing mouse
model might be an optimal model to study the chronic pathological POAG changes in
the ONH.
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INTRODUCTION

Primary open angle glaucoma (POAG), a neurodegenerative disease
of the optic nerve (ON), is one of the leading cause of blindness in the
western hemisphere (Quigley, 1996; Resnikoff et al., 2004). In course
of the disease, ON axons become damaged at the optic nerve head
(ONH), leading to progressive loss of retinal ganglion cells (RGCs)
(Quigley, 2011), which is characterized by an excavation or cupping
of the optic disk, a key clinical feature of glaucoma differentiating it
from other optic neuropathies (Quigley et al., 1983). Multiple,
randomized clinical studies revealed that intraocular pressure
(IOP) is a major risk factor for the axon loss in POAG and that
lowering IOP reduces its progression (Anderson, 1998a; Anderson,
1998b) (Anderson, 1998b; Kass et al., 2002). The location of
glaucomatous damage is at the scleral opening where RGC axons
leave the eye (Quigley et al., 1983). The axons are supported at the
passage by a mesh-like structure, which constitutes of connective
tissue and/or cellular elements depending on the species (Anderson,
1969; Radius and Gonzales, 1981; Quigley, 1987; May and Lutjen-
Drecoll, 2002; Howell et al., 2007; Sun et al., 2009). In humans, the
lamina cribrosa is a sieve-like plate of connective tissue and elastic
fibers, lined by a dense meshwork of astrocytes (Quigley, 2011).
During the pathogenesis of POAG the lamina cribrosa undergoes
structural changes. The connective tissue organization is markedly
altered and the sheaths around the capillaries are significantly
thickened in the prelaminar region of the ONH (Pena et al.,
1998; Pena et al., 2001; Gottanka et al., 2005; Tektas et al., 2010).
The process includes alterations in quality and quantity of ECM
components, which causes changes in the biomechanical properties
of the affected tissue (Hopkins et al., 2020). Also, cellular changes in
the resident astrocytes of the ONH are observed during the
pathogenesis of the POAG, indicated by an increased reactivity,
which is characterized by morphologic changes and variations in
their expression patterns (Pena et al., 1999; Hernandez, 2000;
Hernandez et al., 2002). While IOP is thought to be an
important factor in the process of lamina cribrosa deformation,
the causative mechanisms of axonal degeneration are not completely
understood, but likely include neurotrophic deprivation due to
axonal compression, lamina cribrosa deformation and finally the
disruption of axonal transport.

In the last decade many different mouse glaucoma models were
generated to achieve a better understanding of the pathological
alterations during the progression of the disease, even though mice
do not have a collagenous lamina cribrosa (Johnson and Tomarev,
2010). In mice, a honeycomb structure is built up by astrocytes,
forming a glial lamina, where the ON axons pass through and leave
the eye (May and Lutjen-Drecoll, 2002; Howell et al., 2007; Sun
et al., 2009). In mice and humans, the ON axons are lined by
astrocytes in this region and in mouse or rat glaucoma models the
astrocytes show similar alterations of reactivity after IOP elevation
like glaucomatous patients (Radius and Gonzales, 1981; Elkington
et al., 1990; Ye and Hernandez, 1995; Trivino et al., 1996; Oyama
et al., 2006; Sun et al., 2009; Tehrani et al., 2016; Sun et al., 2017;
Wang et al., 2017).

The molecular mechanisms contributing to the disease are not
entirely known yet, but increased amounts of Transforming growth
factor (TGF) -β2 were detected in the ONH of POAG patients (Pena

et al., 1999; Zode et al., 2011). There is evidence that reactive
astrocytes are the major source of growth factor and ECM
component upregulation, as it was shown that TGF-β2 is
extensively localized to reactive astrocytes in the glaucomatous
ONH (Pena et al., 2001). In vitro studies could show that TGF-β2
leads to an increased synthesis of ECM proteins in human ONH
astrocytes, and that this effect is dependent on its downstream
mediator Cellular Communication Network Factor/Connective
Tissue Growth Factor (CCN2/CTGF) (Fuchshofer et al., 2005).
CCN2/CTGF is a member of the CCN family of matricellular
regulatory proteins and is involved in fibrotic processes in many
different diseases (Leask et al., 2002; Brigstock, 2003; Rachfal and
Brigstock, 2005). In the healthy human eye CCN2/CTGF is described
to be present in many different compartments and it shows high
expression especially in the trabecular meshwork (TM) (Tomarev
et al., 2003; van Setten et al., 2016). Moreover, glaucomatous
Schlemm’s canal cells showed a significantly higher CCN2/CTGF
expression than healthy controls (Overby et al., 2014). In the aqueous
humor CCN2/CTGF is a general component, furthermore CCN2/
CTGF levels are increased in patients with pseudoexfoliation
glaucoma (van Setten et al., 2002; Browne et al., 2011). Finally, a
direct implication of CCN2/CTGF in the dysregulation of the
aqueous humor outflow facility was demonstrated in transgenic
animals with a lens specific expression of CCN2/CTGF (Junglas
et al., 2012). In this mouse model, the chicken βB1-crystallin
promotor was used to direct high and specific expression of
transgenes to lens fibers of the mouse eye (Duncan et al., 1996;
Junglas et al., 2012). In the lenses of βB1-CTGF1 mice, but not in the
rest of the eye or in the lenses or eyes of wild-type littermates a strong
and specific expression of CCN2/CTGF mRNA was detected.
Furthermore, this transgenic expression led to the secretion of
high amounts of CCN2/CTGF into the aqueous humor of the
transgenic animals. The lens specific expression of CCN2/CTGF
causes an increased IOP and decline in number of ON axons. Both
effects continue to increase with increasing age (Junglas et al., 2012).
Recently we could show that astrocytes are the cellular source of
CCN2/CTGF in the murine ON and ONH (Dillinger et al., 2021). A
detailed analysis of the CCN2/CTGF distribution in the ONH of
glaucomatous eyes is missing.

In this study we analyzed the astrocytic reactivity and CCN2/
CTGF level in the ON and ONH and the ECM protein synthesis in
the peripapillary sclera in the βB1-CTGF1 murine glaucoma model.
Furthermore, we investigated the CCN2/CTGF distribution in the
ONH in healthy and glaucomatous human eyes. We analyzed
in vitro the direct effect of CCN2/CTGF on ECM components,
like fibronectin or collagen and the cytoskeleton in primary murine
ON astrocytes. Finally, we investigated whether cultured primary
murine ON astrocytes can sense even small changes in stiffness in
their surrounding matrix.

RESULTS

Increased Astrocyte Reactivity in the Glial
Lamina of a Murine Glaucoma Model
An increased reactivity of resident astrocytes in POAG is
indicated by morphologic changes and changes in the
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expression pattern of Glial fibrillary acidic protein (GFAP), a
specific marker for astrocytes. Therefore, we investigated the
distribution of GFAP in tangential sections of the glial lamina
of 1 month and 2 month old βB1-CTGF1 mice, to analyze
astrocyte morphology and expression profile. 1 month-old
βB1-CTGF1 mice showed no changes in IOP compared to
their wildtype (WT) littermates (WT: 14.71 ± 1.68; TG:
15.11 ± 3.34; p = 0.75). In contrast, 2 month-old
transgenic (TG) mice showed a significant increase in IOP
compared to WT controls (WT: 15.34 ± 2.08; TG: 16.70 ±
1.47; p = 0.018). GFAP immunostaining in the glial lamina of
1 month old TG and WT shows no alteration either in the
GFAP synthesis or astrocyte morphology (Figure 1A, upper
panel). In 2 month-old TG animals, the immunoreactivity for
GFAP was increased in the glia lamina, compared to WT
littermates (Figure 1A, middle and lower panel). The
morphological analysis of the glial lamina showed a
thickening of the astrocytic processes and the open spaces
between the astrocyte processes were diminished in the TG
animals in comparison to WT controls. The schematic
illustration in Figure 1B shows the region where cross
sections of the glial lamina and ON and ONH samples for

molecular analysis were obtained. Quantification of the
GFAP stained area in the glial lamina showed a significant
increase in the TG animals compared to WT littermates in
2 month-old animals, but not in 1 month-old mice (1 month-
old: WT: 1 ± 0.16; TG: 1.03 ± 0.33; 2 month-old: WT: 1.00 ±
0.35; TG: 1.39 ± 0.34; Figure 1C). Real-time RT-PCR analyses
were performed to determine the expression level of Gfap in
the ONH, containing the unmyelinated part of the nerve, and
in the ON, comprised of the remaining myelinated nerve of
1 month and 2 month old βB1-CTGF1 and WT mice
(Figure 1B). The Gfap mRNA expression analyses of the
1 month old TG mice shows no changes either in the ON
(WT: 1 ± 0.06; TG: 1.19 ± 0.24) or the ONH (WT: 1 ± 0.14;
TG: 1.14 ± 0.15) in comparison to their WT littermates
(Figure 1D). Interestingly, real-time RT-PCR experiments
showed a dramatic increase of Gfap in the ONH of 2 month
old TG animals, which have a significantly enhanced
intraocular pressure compared to WT controls (Junglas
et al., 2012) (WT: 1 ± 0.13; TG: 5.08 ± 1.62; Figure 1C).
Intriguingly, the mRNA analyses of the ON show no change
in the Gfap expression (WT: 1 ± 0.68; TG: 0.85 ± 0.45;
Figure 1D).

FIGURE 1 | GFAP expression and synthesis in the ON and ONH in a murine glaucoma model. (A) GFAP immunoreactivity in the glial lamina of 1-month (green,
upper panel) and 2 months (green, middle and lower panel) old βB1-CTGF1 mice compared to WT controls. Immunoreactivity of GFAP was not altered in 1-month old
TG and WT animals (green, upper panel). 2 month old βB1-CTGF1 mice showed an increased GFAP immunoreactivity compared to WT control (green, middle panel).
Lower panel shows a magnified detail of the middle panel. Nuclei are stained with Dapi (blue). (B) Schmatic illustration of the optic nerve. A depicts the region in the
glial lamina where cross sections were obtained. ONH (unmyelinated part) and ON (myelinated part) were used for molecular analysis. (C) Quantification of
immunohistochemical staining of GFAP in the glial lamina is not altered in 1 month old TG and WT animals (WT: n = 5; TG: n = 4). GFAP immunoreactivity is increased in
2 month old TG animals compared toWT littermates (WT: n = 10, TG: n = 13; *p = 0.039; two-tailed t-test compared to theoretical mean of 1 (normalized control)). Mean
value of WT animals (control) was set at 1. (D) RT-PCR analyses revealed no alteration in the Gfap mRNA expression in the ON of 1-month (WT: n = 7; TG: n = 5) and
2 month old βB1-CTGF1 mice (WT: n = 15; TG: n = 16) compared to WT controls. In the ONH theGfapmRNA expression is increased in the 2 month old TG compared
to WT animals (WT: n = 6, TG: n = 5; *p = 0.04). The mRNA expression of Gfap is not altered in 1 month old animals (WT: n = 6, TG: n = 5). Mean value of WT animals
(control) was set at 1. RPL32 was used to normalize mRNA expression. Data represented as mean ± SEM. PRL, Prelaminar region; PSL, Postlaminar region; ON, optic
nerve; ONH, optic nerve head.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8644333

Dillinger et al. CCN2/CTGF and Optic Nerve Astrocyte

118

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Fibronectin and the Amount of Filamentous
Actin are Increased in the Optic Nerve Head
of 2Month old Transgenic βB1-Connective
Tissue Growth Factor1 Mice
It is suggested that axonal damage is associated with
alterations of the biomechanical properties of the
peripapillary sclera (Coudrillier et al., 2012), which
translates the IOP changes to the glial lamina and ON
axons (Kimball et al., 2014). As the 2 month old TG βB1-
CTGF1 mice show intense changes in astrocytes morphology
in the ONH (Figure 1A), we focused on the 2 month old
animals for the analysis of fibronectin and filamentous actin in
the peripapillary sclera (Figure 2A). The
immunohistochemical analysis of fibronectin and its
distribution in tangential sections of the glial lamina region
showed a marked increase of fibronectin in the peripapillary
sclera in TG in comparison to controls. The localization of
fibronectin within the glial lamina was mostly around the
blood vessels. More interestingly the intensity of the
staining was enhanced in TG animals compared to WT
mice (Figure 2A, upper panel). The quantification of
fibronectin stained areas showed a significant increase in
the peripapillary sclera region of 2 month old TG mice
compared to WT littermates (WT: 1 ± 0.45; TG, 2.64 ±
0.24; Figure 2B). The observed changes were accompanied
by a considerable increase in the amount of filamentous actin
in the ON of βB1-CTGF1 compared to their WT littermates.
The increase in phalloidin labeled actin was especially
pronounced next to the peripapillary sclera (Figure 2A,
lower panel). The measurement of the area of phalloidin

labeled filamentous actin in the ONH could show an
increase in the TG animals in comparison to WT
littermates (WT: 1 ± 0.58; TG: 3.07 ± 0.11; Figure 2C).

Cellular Communication Network Factor 2/
Connective Tissue Growth Factor is
Increased in a Murine Glaucoma Model
To address the question, whether CCN2/CTGF is altered related to
increased astrocyte reactivity and enhanced IOP, the
immunoreactivity of CCN2/CTGF in the glial lamina was
analyzed. A faint staining throughout the entire ON tissue with no
obvious preference for glial or neuronal tissue is observed in TG and
WTmice (Figure 3A). Immunoreactivity against CCN2/CTGF shows
no changes in the glial lamina of 1-month old TG mice, compared to
WT littermates (Figure 3A). Furthermore, quantification of CCN2/
CTGF stained area in the glial lamina sections could not identify any
variation (WT: 1.00 ± 0.05; TG: 0.98 ± 0.10; Figure 3B). 2 month old
WTmice showed the same distribution for CCN2/CTGF as observed
for the 1month old animals. Interestingly, the intensity of the
immunoreactivity for CCN2/CTGF was increased in the 2month
old animals compared toWT animals (Figure 3A). Measurements of
CCN2/CTGF stained area in the ONH show a significant increase in
the TG mice in comparison to WT littermates (WT: 1.00 ± 0.46; TG:
1.63 ± 0.16; *p= 0.028;Figure 3B).mRNAanalysis ofCcn2/Ctgf in the
1month old animals showed similar results, which were seen for
GFAP. Ccn2/CtgfmRNA expression is not changed either in the ON
(WT: 1 ± 0.10; TG: 1.21 ± 0.14) or in the ONH (WT: 1 ± 0.18; TG:
1.06 ± 0.14;Figure 3C) of 1month old animals. Interestingly, real time
RT-PCR experiments showed a huge increase of Ccn2/Ctgf in the
ONH of TG animals compared toWT littermates (WT: 1 ± 0.12; TG:

FIGURE 2 | Immunoreactivity of fibronectin and labeling of filamentous actin in the ON and ONH in a murine glaucoma model. (A) Immunoreactivity of fibronectin
(red, upper panel) is increased in the peripapillary sclera of βB1-CTGF1 mice compared to WT controls. Filamentous actin labeled by Phalloidin (red, lower panel) in
increased in the ON of βB1-CTGF1 mice compared to WT controls. Nuclei are stained with Dapi (blue). (B) Quantification of immunohistochemical staining of fibronectin
show a significant increase in the peripapillary sclera of TG animals compared to controls (TG: n = 4; WT: n = 5; **p = 0.002). (C) Quantification of
immunohistochemical staining of phalloidin labeled filamentous actin show a significant increase in the ON of TG animals compared to controls (TG: n = 5; WT: n = 5;
***p = 0.0001).
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10.04 ± 1.66; **p = 0.006; Figure 3C) in the 2month old animals.
Intriguingly, the mRNA analyses of the ON showed no change in the
Ccn2/Ctgf expression (WT: 1 ± 0.18; TG: 1.33 ± 0.29; Figure 3C).

Cellular Communication Network Factor 2/
Connective Tissue Growth Factor is
Increased in the Glaucomatous Optic Nerve
We further investigated the CCN2/CTGF expression in the
human ON under healthy and glaucomatous conditions.
Therefore, we analyzed the CCN2/CTGF immunoreactivity in
two healthy and four glaucomatous human ON (Figure 4). In the
healthy humanONwe found a weak, but consistent CCN2/CTGF
signal in the entire ON, with no obvious preference for glial or
neuronal tissue. Additionally, we could not reveal any difference
of the CCN2/CTGF synthesis related to different regions of the
ON (Figures 4A,B, upper panel). The border area (Figure 4A,
upper panel) showed a similar CCN2/CTGF immunoreactivity as
the central part of the healthy ON (Figure 4B, upper panel). To
investigate whether an altered CCN2/CTGF synthesis can be

observed under glaucomatous conditions, we analyzed the
CCN2/CTGF immunoreactivity of four human glaucomatous
ON in comparison to the healthy human ON. We could find
an intense increase of CCN2/CTGF immunoreactivity in the
border area of the glaucomatous ON compared to the healthy
ON. This finding is consistent in all four analyzed glaucomatous
ON (Figure 4A). In contrast we could not observe changes in the
CCN2/CTGF intensity in the central area of the glaucomatous
ON, except one of the glaucomatous ON which shows a slight
increase (Figure 4B, lower panel, right ON).

Transforming Growth Factor-β2 and
Cellular Communication Network Factor2/
Connective Tissue Growth Factor Induce
Astrocyte Reactivity, Migration Rate and
Alter the Cytoskeleton
Since TGF-β2 induces a reactive phenotype in human ONH
astrocytes in vitro and promotes the synthesis of GFAP and ECM
proteins (Fuchshofer et al., 2005; Kirschner et al., 2021), we

FIGURE 3 | CCN2/CTGF expression and protein synthesis in the ON and ONH in a murine glaucoma model. (A) CCN2/CTGF immunoreactivity (red) in the glial
lamina of 1 month (upper panel) and 2 months (lower panel) old βB1-CTGF1 mice compared to WT controls. Immunoreactivity of CCN2/CTGF was not altered in 1-
month old TG and WT animals (upper panel). 2 month old βB1-CTGF1 mice showed an increased CCN2/CTGF immunoreactivity compared to WT control (middle
panel). Nuclei are stained with Dapi (blue). (B)Quantification of immunohistochemical staining of CCN2/CTGF in the glial lamina is not altered in 1-month old TG and
WT animals (WT: n = 5; TG: n = 5). CCN2/CTGF immunoreactivity is increased in 2 month old TG animals compared to WT littermates (WT: n = 5; TG: n = 5; *p = 0.028;
unpaired two-tailed t-test). Mean value of WT animals (control) was set at 1. (C) RT-PCR analyses revealed no alteration in the CCN2/CTGFmRNA expression in the ON
of 1-month (WT: n = 7; TG: n = 4) and 2 month old βB1-CTGF1 mice (WT: n = 14; TG: n = 16) compared toWT controls. In the ONH the CCN2/CTGFmRNA expression
is increased in the 2-month old TG compared to WT animals (WT: n = 6; TG: n = 5; **p = 0.0006). The mRNA expression of CCN2/CTGF is not altered in 1-month old
animals (WT: n = 6; TG: n = 3). Mean value of WT animals (control) was set at 1. RPL32 was used to normalize mRNA expression. Data represented as mean ± SEM.
ONH, optic nerve head.
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wanted to know, whether cultured murine ON astrocytes react in
the same manner. The TGF-β2 induced ECM synthesis is
dependent on CCN2/CTGF (Fuchshofer et al., 2005), so we
wanted to investigate the direct effects of CCN2/CTGF in
murine ON astrocytes in vitro. For this reason, we established
a murine ON astrocyte cell culture (see Supplementary Methods
S1; Supplementary Figure S1). Astrocytes were treated either
with 1 ng/ml TGF-β2, 50 ng/ml and 100 ng/ml CCN2/CTGF and
were compared to untreated control cells. Treatment with 1 ng/
ml TGF-β2 led to marked increase in GFAP immunoreactivity in
murine ON astrocytes in comparison to untreated control cells.
Treatment with 50 ng/ml CCN2/CTGF caused a comparable
reaction to that seen after TGF-β2 treatment (Figure 5A). The
evaluation of the effect of both growth factors on the actin
cytoskeleton showed a significant increase in α-actinin protein
synthesis after CCN2/CTGF treatment, which is necessary for
actin filament crosslinking and therefore for the regulation of cell
adhesion and motility (Figure 5B; 50 ng/ml: 2.91 ± 0.91; 100 ng/
ml: 2.29 ± 0.53). Treatment with 1 ng/ml TGF-β2 did not lead to
significant changes in α-actinin synthesis, compared to untreated
control cells (Figure 5B; 1.71 ± 0.46). To evaluate the effects of
TGF-β2 and CCN2/CTGF on astrocyte migration, scratch assays
were carried out. Scratches were measured before and 12 h after
the treatment and the migration area was calculated. After 12 h
the treatment with 1 ng/ml TGF-β2 resulted in a significantly
increased migration rate, in comparison to untreated cells
(Figure 5C; 142.28 % ± 23.78%). Treatment with 50 ng/ml
CCN2/CTGF (118.07 % ± 11.71%) or 100 ng/ml CCN2/CTGF

(134.81 % ± 4.40%) also increased the migration rate significantly,
compared to controls (Figure 5C).

Extracellular Matrix Component
Upregulation by Transforming Growth
Factor-β2 and Cellular Communication
Network Factor2/Connective Tissue
Growth Factor in Murine Optic Nerve
Astrocytes
Furthermore, the direct effect of CCN2/CTGF on ECM
protein expression was investigated in murine ON
astrocytes in vitro. Immunocytochemical staining, Western
blot analyses and Real time RT-PCR analyses were performed
for different ECM components. Immunoreactivity of
fibronectin and tropoelastin showed a marked increase
after treatment with TGF-β2 and CCN2/CTGF
(Figure 6A). To analyze the ECM induction in a molecular
approach, we investigated additionally one of the several
collagen types, collagen 3a1 (Col3a1). We wanted to
analyze a fibrillar collagen component. In the murine glial
lamina region, the immunohistochemical staining against
collagen type III and collagen type I showed an intense
signal in this region (May and Lutjen-Drecoll, 2002). We
focused on collagen type III as in remodeling processes
collagen type III is primarily build before the stronger
collagen type I (Suda et al., 2016). Murine ON astrocytes
were treated again with 1 ng/ml TGF-β2, or 50 ng/ml CCN2/

FIGURE 4 |CCN2/CTGF in the healthy and glaucomatous ONH of the human eye. Tangential cross section with H&E staining inA andB represents the location of
lower pictures within the ON indicated by the rectangle. (A) CTGF immunoreactivity (purple) in the border area of glaucomatous ON is increased compared to healthy
control. (B) CTGF immunoreactivity is not altered in the central area of the glaucomatous ON compared to the healthy ON. Nuclei are stained with Dapi (blue).
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CTGF and 100 ng/ml CCN2/CTGF for 24 h. Treatment with TGF-
β2 or CCN2/CTGF led to a significantly higher expression ofmRNA
for Col3a1, compared to untreated control cells (1 ng/ml TGF-β2:
2.30 ± 0.72, 50 ng/ml CCN2/CTGF: 2.47 ± 0.70, 100 ng/ml CCN2/
CTGF: 3.07 ± 1.03; Figure 6B). In comparison to control, fibronectin
was elevated significantly after treatments on mRNA in comparison
to untreated control cells (1 ng/ml TGF-β2: 1.64 ± 0.17, 50 ng/ml
CCN2/CTGF: 1.81 ± 0.44, 100 ng/ml CCN2/CTGF: 2.26 ± 0.87;
Figure 6B). Finally, mRNA for tropoelastin was also induced
significantly after the treatments with TGF-β2 or CCN2/CTGF,
compared to untreated control cells (1 ng/ml TGF-β2: 2.72 ± 0.66,
50 ng/ml CCN2/CTGF: 2.74 ± 0.73, 100 ng/ml CCN2/CTGF: 2.99 ±
08; Figure 6B). The results from Western blot analyses detecting
collagen type III, fibronectin and tropoelastin supported the mRNA
data. Collagen type III was significantly upregulated by 1.5-fold after
TGF-β2 treatment and 2-fold after CCN2/CTGF in comparison to
untreated control cells (1 ng/ml TGF-β2: 1.47 ± 0.2, 50 ng/ml CCN2/
CTGF: 2.08 ± 0.83, 100 ng/ml CCN2/CTGF: 1.92 ± 0.29; Figure 6C).
Furthermore, fibronectin was significantly elevated after the
treatments with TGF-β2 and CCN2/CTGF compared to
untreated cells (1 ng/ml TGF-β2: 2.62 ± 0.48, 50 ng/ml CCN2/

CTGF: 2.87 ± 0.56, 100 ng/ml CCN2/CTGF: 2.89 ± 0.74;
Figure 6C). Finally, western blot experiments to detect
tropoelastin, the soluble precursor of elastin showed a high and
significant upregulation after the treatments in comparison to
untreated control cells (1 ng/ml TGF-β2: 2.69 ± 0.53, 50 ng/ml
CCN2/CTGF: 1.70 ± 0.27, 100 ng/ml CCN2/CTGF: 2.87 ± 0.4;
Figure 6C).

Increasing Substratum Stiffness Cause an
Increase in Astrocyte Reactivity, Actin
Cytoskeleton Modification and an Increase
in Cellular Communication Network Factor
2/Connective Tissue Growth Factor
To investigate the effect of increasing substratum stiffness on mouse
ON astrocytes, cells were cultured on Poly dimethylsiloxane (PDMS)
substratum with different E-moduli (10 kPa, 30 kPa, 60 kPa) (see
Supplementary Methods S2; Supplementary Figure S2). First, the
actin stress fibers were labeled with phalloidin to assess if astrocytes
can sense the changes in stiffness of their surrounding matrix and
visualize the effect on the actin cytoskeleton structure. We could

FIGURE 5 | Analysis of astrocyte reactivity, the cytoskeleton and migration rate following treatment with TGF-β2 and CCN2/CTGF. (A) GFAP immunoreactivity
(green) is increased in murine ON astrocytes following TGF-β2 and CCN2/CTGF treatment. Nuclei are stained with Dapi (blue) (B)Western Blot experiments analyses of
α-actinin protein synthesis in murine ON astrocytes after the treatment with 1 ng/ml TGF-β2, 50 ng/ml CCN2/CTGF and 100 ng/ml CCN2/CTGF for 24 h. Densitometric
analyses of Western Blot analyses shows the significant increase in α-actinin protein synthesis. Mean value of untreated cells (control) was set at 1. GAPDH was
used to normalize protein intensity (n = 4; 50 ng CCN2/CTGF: *p = 0.029; 100 ng CCN2/CTGF: *p = 0.015; unpaired two-tailed t-test). (C) Scratch assay analyses show
a significant increasedmigration rate for murine ON astrocytes after the treatment with ng/ml TGF-β2, 50 ng/ml CCN2/CTGF and 100 ng/ml CCN2/CTGF for 12 h. Mean
value of migration rate of control cells was set to 100% (control: n = 15; TGF-β2: n = 12, **p = 0.008; 50 ng/ml CCN2/CTGF: n = 10, *p = 0.001; 100 ng/ml CCN2/CTGF:
n = 4, **p = 0.0001). Data represented as mean ± SD.
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observe an intensification of the labeled F-actin filaments with
increasing stiffness (Figure 7A, upper panel). Additionally, the
increased substratum stiffness caused an increase in longitudinally-
oriented actin stress fibers. Astrocytes grown on a substratum with
the stiffness of 60 kPa contained numerous longitudinally arranged
actin stress fibers (Figure 7A, upper panel), which were longer and
thicker compared to those grown on substratum with 10 kPa or
30 kPa (Figure 7A, upper panel). Next, we performed
immunocytochemial staining against CCN2/CTGF and GFAP.
CCN2/CTGF immunoreactivity was increased in astrocytes grown
on stiffer substratum, compared to cells cultured on 10 kPa
(Figure 7A, middle panel). Similar results were seen for GFAP,
which was more intense in astrocytes grown on 30 or 60 kPa
compared to those cultured on 10 kPa (Figure 7A, lower panel).
To further evaluate the effect of increasing substratum stiffness on
murine ON astrocytes we performed western blot analyses against

CCN2/CTGF, GFAP andVimentin.Western blotting experiments of
proteins from astrocytes grown on a substratum with an E-modulus
of 60 kPa showed an increase in the amounts of CCN2/CTGF
(60 kPa: 3.48 ± 1.02), compared with proteins from astrocytes
cultured on substrata with an E-modulus with 10 kPa
(Figure 7B). In cells cultured on 30 kPa enhanced, but not
significant increase for CTGF was detected (30 kPa: 3.05 ±
0.92).In proteins from cells grown on substratum with a 30 kPa
or 60 kPa stiffness, we observed significantly increased amounts of
GFAP compared to those from cells grown on 10 kPa (30 kPa: 1.65 ±
0.18; 60 kPa: 2.27 ± 0.64; Figure 7C). Vimentin protein was also
significantly increased when cells were grown on the 60 kPa
substratum compared to astrocytes plated on 10 kPa (60 kPa:
2.58 ± 0.12; Figure 7D). In cells cultured on 30 kPa enhanced,
but not significant, increase for Vimentin was detected (30 kPa:
2.45 ± 0.85).

FIGURE 6 | Analyses of ECM components in murine ON astrocytes following treatment with TGF-β2 and CCN2/CTGF. (A) Immunocytochemical staining against
fibronectin (green, upper panel) showed a markedly increase following the treatment with 1 ng/ml TGF-β2 or 50 ng/ml CCN2/CTGF. Immunocytochemical staining
against tropoelastin (green, lower panel) showed a pronounced increase after the treatment with 1 ng/ml TGF-β2 or 50 ng/ml CCN2/CTGF. Nuclei were stained with
Dapi (blue). (B) Real-time RT-PCR analyses shows an intense upregulation of collagen 3α1, tropoelastin and fibronectin mRNA in murine ON astrocytes after
treatment with 1 ng/ml TGF-β2, 50 ng/ml CCN2/CTGF or 100 ng/ml CCN2/CTGF for 24 h compared to untreated control cells (collagen 3α1: n = 3; TGF-β2 ***p =
0.0000004, 50 ngCTGF **p = 0.005, 100ngCTGF **p = 0.008; fibronectin: n = 6, TGF-β2 *p = 0.00004, 50 ng CTGF *p = 0.016, 100 ngCTGF *p = 0.05; elastin: n = 5,
TGF-β2 *p = 0.026, 50 ng CTGF *0.04, 100 ng CTGF *p = 0.03). mRNA expression was normalized to Gnb2l and mean value of control cells was set at 1. (C)Western
Blot analysis show an increase in protein synthesis of collagen 3α1, elastin and fibronectin in murine ON astrocytes after treatment with 1 ng/ml TGF-β2, 50 ng/ml CCN2/
CTGF or 100 ng/ml CCN2/CTGF for 24 h compared to untreated control cells (collagen 3α1: n = 3, TGF-β2 *p = 0.03, 100 ngCTGF **p = 0.009; fibronectin: n = 5, **p =
0.005, 50 ngCTGF **p = 0.006, 100 ng CTGF *p = 0.02; tropoelastin: n = 5, TGF-β2 ***p = 0.0004, 50 ngCTGF **p = 0.002, 100 ngCTGF ***p = 0.00001). GAPDH and
α-tubulin were used to normalize protein synthesis and mean value of control cells was set at 1. Right panel shows representative Western Blots for all three proteins.
Data represented as mean ± SD.
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DISCUSSION

We conclude that the transgenic βb1-CTGF1 mouse can be used
as a model for primary open-angle glaucoma (POAG) to study
pathologic changes in the ONH. This conclusion rests on the
enhanced astrocytic reactivity in the ONH and the increased
ECM protein synthesis in the peripapillary sclera during the

pathologic development including increased IOP and an
ascending axonal loss in the ONH. Further we conclude that
Ccn2/Ctgf expression in the ONH is driven by the biomechanical
alterations occurring during POAG, causing an augmentation of
pathogenic effects in the glaucomatous ONH. The conclusion is
based on I) the increased Ccn2/Ctgf expression in the glial lamina
of βB1-CTGF1 mice during the progression of the axon loss, II)

FIGURE 7 | Increasing substratum stiffness causes alterations in murine ON astrocyte reactivity, actin cytoskeleton and CCN2/CTGF level. (A) Filamentous actin
labeled by phalloidin (red, upper panel) is increased when murine ON astrocytes were cultured on substrates with higher stiffness (30 kPa, 60 kPa) compared to softer
control (10 kPa). Increasing substratum stiffness leads to an enhanced formation of actin stress fibers. Immunoreactivity of CCN2/CTGF (green, middle panel) is
markedly increased when murine ON astrocytes were grown on substrates with higher stiffness (30, 60 kPa) compared to softer control (10 kPa). Murine ON
astrocytes show an enhanced GFAP protein synthesis (green, lower panel) when cultured on 30 or 60 kPa compared to 10 kPa. Nuclei were stained with Dapi (blue). (B)
CCN2/CTGF protein synthesis is significantly increased in murine ON astrocytes grown on 60 kPa compared to 10 kPa (10 kPa: n = 5; 30 kPa: n = 5; 60 kPa: n = 5; *p =
0.04; unpaired two-tailed t-test). (C) Protein synthesis of GFAP (10 kPa: n = 6; 30 kPa: n = 6, **p = 0.005; 60 kPa: n = 4, *p = 0.04; unpaired two-tailed t-test) show an
enhanced reactivity of murine ON astrocytes cultured on 30 kPa or 60 kPa compared to 10 kPa control. (D) Vimentin protein synthesis is significantly increased in murine
ON astrocytes cultured on 60 kPa compared to 10 kPa (10 kPa: n = 4; 30 kPa: n = 4; 60 kPa: n = 3 ***p = 0.00002). Protein synthesis was normalized to α-tubulin and
mean value of control (10 kPa) was set at 1. Data represented as mean ± SEM.
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the reinforced appearance of CCN2/CTGF in the lamina cribrosa
of glaucomatous patients, III) the finding that CCN2/CTGF
treatment provokes an increased synthesis of GFAP and ECM
proteins in astrocytes in vitro and IV) the observation that CCN2/
CTGF levels can be modulated by biomechanical alteration like
stiffness.

The understanding of the pathological mechanisms in
glaucoma was greatly enhanced by the establishment of
different mouse models. The opportunity to study alterations
in the ONH tissues under increased IOP conditions in vivo are
necessary to get a fundamental knowledge about molecular,
cellular and biomechanical mechanisms contributing to the
axonal damage in glaucoma. In this study we characterized the
ONH region of the βB1-CTGF1 mouse, a potential transgenic
mouse model for glaucoma. The transgenic overexpression of
CCN2/CTGF in the mouse eye causes an increase in IOP and a
continuous decline in the number of ON axons and RGCs, which
is accompanied by an increased reactivity of retinal astrocytes and
Müller cells (Junglas et al., 2012; Reinehr et al., 2019). In this
study we could observe an increased GFAP immunoreactivity in
astrocytes of the glial lamina, an enhancement of phalloidin-
labeled filamentous actin in the ONH and higher amounts of
fibronectin in the peripapillary sclera in situ in βB1-CTGF1 mice.

In POAG similar mechanisms are taking place like ECM
changes in the lamina cribrosa and the peripapillary sclera
coming along with increased GFAP synthesis in the ONH
(Hernandez and Pena, 1997; Kerr et al., 2011). There is
considerable evidence that an increase in IOP leads to
changes in the biomechanical properties of the sclera, an
assumption that is supported by the observation that
chronically elevated IOP results in an increased scleral
stiffness in mouse and monkey, quite similar to that what is
found in human glaucomatous eyes (Downs et al., 2005;
Nguyen et al., 2013). Mechanical tension in POAG appears
to be increased in both the lamina cribrosa and the
peripapillary sclera. A comparison of the stress/strain
relationship in the sclera of different species demonstrated
that the greatest strain is in the peripapillary sclera (Coudrillier
et al., 2012). The biomechanical nature of the peripapillary
sclera is especially important in the mouse ONH, where a
lamina cribrosa with connective tissue lamellae is missing.
Instead, astrocytes of this region form a glial lamina that
consists of astrocytes whose processes are in direct contact
with the peripapillary sclera (Sun et al., 2009). ONH astrocytes
are capable to directly transfer scleral wall tension to passing
ON axons (Quigley and Cone, 2013). In the 2 month-old βB1-
CTGF1 mouse we could observe changes in cellular
morphology of the ONH astrocytes and changes in the
expression pattern like in other chronic and acute glaucoma
mouse models after an increase of IOP. The initial
biomechanical insult to the ONH after IOP elevation caused
astrocyte reactivity accompanied by a significant
reorganization of the phalloidin-labeled filamentous actin in
the ONH (Tehrani et al., 2019). A similar effect was observed
in the 2 month-old βb1-CTGF1 mouse, where in the glial
lamina an enhanced formation of filamentous actin was
detected. Former analysis of human ONH astrocytes under

biomechanical strain revealed profound changes in the
synthesis pattern including the TGF-β pathway (Rogers
et al., 2012). Furthermore, the expression of
mechanosensitive channels in astrocytes was already proven
(Choi et al., 2015). In situ results of this study show that there is
a direct connection between biomechanical load and the
expression of CCN2/CTGF in astrocytes of the ONH
region. The astrocytes of the prelaminar region of the glial
lamina site showed a strong signal for the CCN2/CTGF
promoter activity, whereas the astrocytes of the postlaminar
region and the retinal astrocytes exhibit only a faint staining
(Dillinger et al., 2021). Our findings clearly support that
astrocytes can sense mechanical cues in their ambient
substratum and react on biomechanical alterations of the
surrounding environment with changes in GFAP, vimentin
and CCN2/CTGF synthesis. Additionally, the increased
CCN2/CTGF levels in the periphery of the glaucomatous
human ON, but not the central part supports the finding
that the lamina cribrosa strains were larger in the
peripheral lamina cribrosa compared to the central lamina
cribrosa, and lamina cribrosa strains in the more severely
damage glaucoma group were larger than those in the more
mildly damaged group and larger differences were measured
between peripheral and central lamina cribrosa strains in the
more severely damaged glaucoma group (Midgett et al., 2020).
The increased lamina cribrosa strain can be sensed by ON cells,
like astrocytes and/or lamina cribrosa cells. It is of interest to
note that the ON astrocytes can sense small changes in the
range of kPa as the glaucomatous changes occurring in the
lamina cribrosa are suggested to be of a much higher
magnitude (MPa) (Spoerl et al., 2005), leading to the
assumption that at the onset of the disease small alterations
of biomechanical properties could be sensed by the astrocytes
inducing changes in their expression patterns. A recent finding
described that the inhibition of mechanosensitive channels
attenuated the TGF-β2 mediated GFAP expression and actin
cytoskeleton remodeling in ON astrocytes, pointing also into
the direction that the mechanosensitive channels are involved
at the early phase of the disease (Kirschner et al., 2021).

The ECM changes in the ONH region appear to be due to a
disruption of the homeostatic balance of growth factors in the
ONH region (Fuchshofer, 2011). One of the identified growth
factors is TGF-β2, which was shown to be elevated in the ONH
and aqueous humor of patients suffering from POAG (Tripathi
et al., 1994; Pena et al., 1999; Picht et al., 2001; Zode et al., 2011).
In the course of various diseases, increased levels of TGF-β1 and
2 contribute to fibrotic processes in many tissues (Pohlers et al.,
2009) and analog mechanisms are responsible for the ECM
changes that occur in the lamina cribrosa of POAG patients
(Pena et al., 2001). The results of our study strongly support the
concept that reactive astrocytes are involved in the disruption of
the homeostatic balance of growth factors, as CCN2/CTGF was
found be upregulated in the glaucomatous human ONH and in
the ONH of the βb1-CTGF1 mouse. CCN2/CTGF, a
matricellular protein of the CCN family, is the downstream
mediator of the TGF-β2 mediated fibrotic effect. Accordingly,
silencing of CCN2/CTGF in human ONH astrocytes prevented
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the increase of ECM proteins following TGF-β2 treatment,
leading to the assumption that CCN2/CTGF is an essential
factor contributing to the glaucomatous changes in the ONH of
POAG patients (Fuchshofer et al., 2005). Hitherto, the effect of
increased CCN2/CTGF levels on ONH astrocytes has not been
investigated. The increased migration rate of murine ON
astrocytes and the increased ECM and GFAP synthesis after
treatment with CCN2/CTGF points towards the capacity of
CCN2/CTGF to induce a reactive phenotype in astrocytes. It is
of interest that the murine ON astrocytes reacted in a similar
manner as the human ONH astrocytes regarding the
stimulation with CCN2/CTGF or TGF-β 2. We cannot
exclude that the differences in the astrocytic reaction between
ON and ONH astrocytes could be seen after different
treatments.

In glaucomatous eyes, lamina cribrosa astrocytes were
observed to migrate into nerve bundles of the ON
(Hernandez and Pena, 1997; Varela and Hernandez, 1997;
Hernandez, 2000). Reactive astrocytes migrate towards the
insult, which is thought as an attempt to limit secondary
damages by increased synthesis of ECM proteins and the
formation of a glial scar. In POAG, the gradual loss of axons
is known to involve a gliosis reaction and the remodeling of the
lamina cribrosa at the ONH (Hernandez, 2000; Morrison,
2006). Changes in ECM production are very likely linked to
an increased IOP in various animal models since they were
observed in primate and rodent glaucoma models (Morrison
et al., 1990; Johnson et al., 1996; Johnson et al., 2000; May and
Mittag, 2006). Quite intriguingly, a microarray analysis of the
ONH after inducing experimental glaucoma in rats
demonstrated that not only ECM proteins are upregulated,
but also members of the TGF-β superfamily, such as TGF-β1
(Johnson et al., 2007). Since CCN2/CTGF is a downstream
mediator of TGF-βs, it is likely that the observed upregulation of
TGF-β1 causes an increase in CCN2/CTGF synthesis.

In the present study we found an increase of CCN2/CTGF in
the ONH of the transgenic mouse model at 2 months of age. At
that age, the mice suffer from an increased IOP and a significant
loss of axons in the ON in comparison to wild-type littermates
(Junglas et al., 2012). Based on our in situ and in vitro findings, it
appears to be likely that astrocytes are the source of the increasing
amounts of CCN2/CTGF. Since the transgenic mouse model that
was used in this study, is based on a lens-specific expression of
CCN2/CTGF in the anterior eye, we could exclude the possibility
that the observed increase of CCN2/CTGF is due to the
transgenic overexpression of CCN2/CTGF from the lens as the
highest activity of the βb1-crystallin promoter is during the
development of the lens and the analysis of the glial lamina of
1 month-old transgenic animals did not show any increase of
CCN2/CTGF immunoreactivity in the ONH region. Therefore,
we could also exclude the autocrine induction of CCN2/CTGF
(Junglas et al., 2009), as the induction would be at the highest
level, when the promoter has the highest activity. Instead, we
observed that the mRNA expression of Ccn2/Ctgf was not altered
between the 1 month-old transgenic and wildtype littermates,
whereas in the 2 month-old animals an increased Ccn2/Ctgf
mRNA expression was observed in the transgenic animals.

The increase of CCN2/CTGF in the glial lamina of the
transgenic animals was associated with a reactive phenotype in
the resident astrocytes, indicated by the increase of their GFAP
immunoreactivity and a thickening of their processes. Similar
findings were described in the ONH of decorin knockout mice,
where morphological changes of astrocytes in the glial lamina
caused by an increased IOP were accompanied by increased
GFAP and CTGF/CCN2 synthesis in the ONH (Schneider
et al., 2021a; Schneider et al., 2021b). An upregulation of
CCN2/CTGF was observed in reactive astrocytes during other
neurodegenerative diseases like multiple sclerosis (Holley et al.,
2003), amyotrophic lateral sclerosis (Spliet et al., 2003) and
Alzheimer’s disease (Ueberham et al., 2003). Furthermore, an
upregulation of CCN2/CTGF was found to be associated with
reactive gliosis in stab-wounded rat brains or in the brain of
stroke patients (Schwab et al., 2000; Schwab et al., 2001). In the
βB1-CTGF1 mouse, minor amounts of fibronectin were found
deposited within the glial lamina of the ON, a finding that was not
observed in wild-type littermates. In contrast, the βB1-CTGF1
mouse showed a significant increase of fibronectin in the
peripapillary sclera. The biomechanical properties of the
peripapillary sclera are dependent on its specific molecular
components and increasing amounts of fibronectin may
contribute to an increased stiffness. The parallel observation of
increased amounts of filamentous actin within the glial lamina of
the βB1-CTGF1 mice is also expected to alter the biomechanical
properties in the glial lamina region.

It is tempting to speculate that reactive changes in ONH
astrocytes induced by the altered biomechanical characteristics
of the region give rise to a self-amplifying process that includes
increased TGF-β2/CCN2/CTGF signaling, leading to the
synthesis of ECM molecules and cytoskeletal proteins, a
process that in turn augments the stiffness at the ONH. Such
a scenario may finally result in a vicious circle as the causative
mechanism for ONH deformation in POAG

MATERIALS AND METHODS

Animals
Transgenic βB1-CTGF1 mice were generated as described
previously (Junglas et al., 2012) and compared to wildtype
mice. Mice were housed under standardized conditions of 62%
air humidity and 21°C room temperature. Feeding was ad libitum.
Animals were kept at a 12 h light/dark cycle (6 am–6 pm). All
procedures conformed to the tenets of the National Institutes of
Health Guidelines on the Care and Use of Animals in Research,
the EU Directive 2010/63/E and the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research, and were
approved by the local authorities (54-2532.1-44/12; Regierung
Oberpfalz, Bavaria, Germany).

RNA Analysis
Astrocytes were cultured either on 6-well plates and treated with
1 ng/ml TGF-β2, 50 ng/ml CCN2/CTGF or 100 ng/ml CCN2/
CTGF, or cultured on PMDS substrata with different E-moduli
(10kPa, 30 kPa, 60 kPa). The concentration for CCN2/CTGF
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treatment were chosen in accordance to our previous findings
(Junglas et al., 2009).Before enucleation of the eyes, mice were
anesthetized with CO2 and euthanized by atlanto-occipital
dislocation. First the anterior eye segment, the lens and
retina were removed, and the ON was cleaned from muscles
and connective tissue. The sclera was cut away from the ONH
and potentially remaining parts of sclera and retina were
removed. Second the ON tissue was separated from the
ONH. Both tissue ON and ONH were processes
independently for following experiments. Total RNA was
extracted with TriFast™ (Peqlab, Erlangen, Germany)
according to the manufacture’s recommendations. cDNA was
prepared from total RNA using the qScript™cDNA Synthesis
Kit (Quanta Biosciences, Gaithersburg, United States)
according to the manufacturer’s introductions. Real-time RT-
PCR was performed on a BioRad iQ5 Real-Time PCR Detection
System (BioRad, München, Germany) with the temperature
profile as follows: 50 cycles of 20 s melting at 94°C, 10 s of
annealing at 60°C and 20 s of extension at 60°C. All primers were
purchased from Invitrogen and extended over exon-intron
boundaries: 5′-cccctggaatctgtgaatc-3′ (msCol3a1 forward), 5′-
tgagtcgaattggggagaat-3′ (msCol3a1 reverse), 5′-gctgctgctaaggct
gctaa-3′ (msElastin forward), 5′-agcacctgggagcctaactc-3′
(msElastin reverse), 5′-cggagagagtgcccctacta-3′ (msFN
forward), 5′-cgatattggtgaatcgcaga-3′ (msFn reverse), 5′-tctgca
agtacacggtccag-3′ (msGnb2l forward), 5′-gagacgatgatagggttg
ctg-3′ (msGnb2l reverse), 5′-tgacctggaggaaaacattaaga-3′
(msCcn2/Ctgf forward), 5′-agccctgtatgtcttcacactg-3′ (msCcn2/
Ctgf reverse), 5′-tcgagatcgccacctacag-3′ (msGfap forward), 5′-
gtctgtacaggaatggtgatgc-3′ (msGfap reverse), 5′-gctgccatctgtttt
acgg-3′ (msRpl32 forward), 5′-tgactggtgcctgatgaact-3
(msRpl32 reverse) or Taqman® probes were used (Rpl32:
Mm02528467_g1; Gfap: Mm01253033_m1; Ccn2/Ctgf:
Mm01192933_g1 from ThermoFisher Scientific, Darmstadt,
Germany). RNA that was not reverse transcribed served as
negative control. For relative quantification of the
experiments, Gnb2l and Rpl32 were used as a housekeeping
gene. BioRad iQ5 Optical System Software (version 2.0) was
used for analysis and ΔΔct-method was applied for
normalization.

Western Blot Analysis
Proteins were isolated following the RNA isolation according to
the manufacturer’s instructions. The proteins were dissolved in
1% SDS containing protease (Serva Electrophoresis GmbH,
Heidelberg, Germany) and phosphatase inhibitor (Sigma-
Aldrich, Taufkirchen, Germany). Protein concentration was
determined by the bicinchoninic acid assay (Interchim,
Montluçon Cedex, France). Proteins were separated by SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes (Roche, Mannheim, Germany). Western Blot
analysis was performed with specific antibodies as described
previously (Fuchshofer et al., 2005). Specific antibodies were
used as follows: goat anti-α-actinin (1:500), rabbit anti-Col III
(1:250; Santa Cruz Biotechnology, Cat# sc-28888, RRID:
AB_2082354), goat anti-CTGF (1:500; Santa Cruz Biotechnology,
Cat# sc-14939, RRID:AB_638805), rabbit anti-fibronectin (1:500;

Santa Cruz Biotechnology, Cat# sc-9068, RRID:AB_2105699),
chicken anti-GFAP (1:10,000; LSBio (LifeSpan), Cat# LS-B4775-
50, RRID:AB_10803257), rabbit anti-tropoelastin (1:250, Elastin
Products Company, Owensville, MO, United States), goat anti-
vimentin (1:500, Sigma-Aldrich Cat# V4630, RRID:AB_477619,
Taufkirchen, Germany), donkey anti-goat (1:2000, Bethyl
Laboratories Inc., Montgomery, TX, United States, Cat# A50-
201P, RRID:AB_66756), goat anti-rabbit (1:5,000, Cell Signaling
Technology, Danvers, MA, United States, Cat# 7074, RRID:
AB_2099233), rabbit anti-chicken (1:2,000, Bethyl Laboratories
Inc., Montgomery, TX, United States, Cat# A30-207P, RRID:
AB_67387). Chemiluminescence was detected on a LAS 3000
imaging workstation (Fujifilm, Düsseldorf, Germany). GAPDH
(rabbit anti-GAPDH-HRP, 1:5,000, Cell Signaling Technology,
Cat# 3683, RRID:AB_1642205) or α-tubulin (rabbit anti-α-
tubulin, 1:2500, Rockland Immunochemicals Inc., Gilbertsville,
United States, Cat# 600-401-880, RRID:AB_2137000) were used
as loading controls to normalize the signal intensity of the Western
blots. The intensity of the bands detected by Western blot analysis
was determined using appropriate software (AIDA Image analyzer
software, Raytest).

Immunocytochemistry
Astrocytes were plated on 35 mm µ-dishes (ibidi, Martinsried,
Germany) with different E-moduli (10 kPa, 30 kPa, 60 kPa) at a
density of 20000 cells per dish for phalloidin labeling, GFAP and
CCN2/CTGF staining (Cells were cultured 7 days and starved
under serum free conditions 24 h before fixation). For the
characterization of the isolated ON astrocytes and for analysis
of the effect of CCN2/CTGF treatment on the ECM synthesis,
cells were seeded on coverslips and treated with either 1 ng/ml
TGF-β2, 50 ng/ml CCN2/CTGF or left untreated as controls for
24 h under serum free conditions. Cells were washed twice with
PBS, fixed with 4% (w/v) paraformaldehyde (PFA) for 5 min and
washed again three times with PBS. Specific antibodies for
staining were used as follows: rabbit anti-CTGF (1:200,
Genetex, Irvine, United States, Cat# GTX26992, RRID:
AB_369067), rabbit anti-GFAP (1:100, Dako, Hamburg,
Germany, Agilent Cat# Z0334, RRID:AB_1001338), rabbit
anti-tropoelastin (1:20, Elastin Products Company, Owensville,
MO, United States), rabbit anti-fibronectin (1:100, Santa Cruz,
Dallas, TX, United States, Cat# sc-9068, RRID:AB_2105699),
Alexa Fluor 488-conjugated anti rabbit IgG (1:1,000,
Invitrogen, Darmstadt, Germany, Thermo Fisher Scientific
Cat# A-11070, RRID:AB_2534114) and Cy3™ goat anti rabbit
(1:2000, Jackson Immuno Research Europe Ltd., Suffolk,
United Kingdom, Cat# 111-165-144, RRID:AB_2338006).
Phalloidin-rhodamin (1:1,000, 1 h at room temperature,
Sigma-Aldrich, Taufkirchen, Germany) was used for
labeling the actin cytoskeleton. As a control for unspecific
binding of secondary antibodies, negative controls were
performed. Finally, 4,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Burlingame, CA, United States)
diluted 1:10 in PBS was added to counterstain nuclear DNA
and the immunofluorescence was visualized using a Zeiss Axio
Imager fluorescence microscope (Carl Zeiss AG, Göttingen,
Germany).
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Migration Assay
Astrocytes were grown to confluence in 6-well plates. 24 h prior
to treatments, cells were starved under serum-free conditions.
Three equal scratches were made in the cell layer of each well. To
suppress proliferation, cells were treated with 5 μg/ml Mitomycin
C (Sigma-Aldrich). Cells were treated with 1 ng/ml TGF-β2,
50 ng/ml CTGF or 100 ng/ml CTGF, untreated cells were used
as control. Pictures were taken directly before (0 h) and 12 h after
the treatment. For each time point, length and region of the
scratches were measured using Axiovision 4.8 (Carl Zeiss AG).
Region of migration (ΔA) was counted by subtracting the region
at 12 h (At) from the region at 0 h (A0). To correct the results,
they were then divided by the length of the scratch 0 h (A0-At)/s
= ΔA/s. Migration assays were carried out several times. Results
were allocated to an arithmetic mean.

Immunohistochemistry
Methods for securing human tissue were humane, included proper
consent and approval, and complied with the Declaration of
Helsinki. Human ON were obtained from two healthy and four
glaucomatous eyes. Human ON were embedded in paraffin and
6 µm sections were deparaffinized and washed in water. For
immunohistochemistry ON sections were pretreated with
proteinase K followed by blocking with 2% bovine serum
albumin (BSA), 0.2% cold water fish gelatin (Sigma-Aldrich).
Sections were incubated with rabbit anti-CTGF (1:50, novusbio,
Centennial, CO, United States, Cat# NB100-724SS, RRID:
AB_921075) at 4°C overnight. Afterwards sections were washed
three times with 0.1M phosphate buffer, followed by the incubation
with Alexa Flour ® 647 donkey anti-rabbit (1:200, Thermo Fisher
Scientific Cat# A-31573, RRID:AB_2536183) for 2 h at room
temperature. As a control for unspecific binding of secondary
antibodies, negative controls performed. After washing three
times with 0.1M phosphate buffer, the slides were mounted
using the DakoCytomation fluorescent mounting medium with
DAPI 1:10 (Dako). Slides were dried overnight at 4°C before
microscopy. Eyes of βB1-CTGF1 transgenic (TG) and wildtype
(WT) mice were enucleated and fixed in 4% (w/v)
paraformaldehyde (PFA) for 24 h. The eyes were equilibrated in
10%, 20% and 30% sucrose, embedded in Tissue Tek optimal cooling
temperature compound (Sakura Finetek Europe B.V.,
Zoeterwounde, Netherland), and stored at −20°C. Frozen 12 µm
sections were cut on the cryostat. Tangential sections of the glial
lamina were obtained. After blocking with 1% BSA, 0.2% cold water
fish skin gelatin (Sigma-Aldrich), 0.1% Triton-X-100 in 0.1M
phosphate buffer, frozen sections were incubated with rabbit anti-
GFAP (1:1,000, Dako Denmark A/S,Glostrup, Denmark, Agilent
Cat# Z0334, RRID:AB_1001338), rabbit anti-CTGF (1:400, Genetex
Inc.,, Irvine, CA, United States, Cat# GTX26992, RRID:AB_369067),
rabbit anti-fibronectin (1:500, Agilent Cat# A024502, RRID:
AB_578510), chicken anti-GFAP (1:2000, LSBio (LifeSpan), Cat#
LS-B4775-50, RRID:AB_10803257) or with phalloidin-rhodamin (1:
500, 1 h at room temperature, Sigma-Aldrich) to label the actin
cytoskeleton at 4°C overnight. Afterwards, tissue sections were
washed three times with 0.1M phosphate buffer, followed by an
incubation with the secondary antibody, Alexa Flour ® 488 goat anti
rabbit (1:1,000, Life Technologies, Carlsbad, CA, United States,

Thermo Fisher Scientific Cat# A-11070, RRID:AB_2534114),
Alexa Flour ® 488 goat anti chicken (1:1,000, Thermo Fisher
Scientific Cat# A-11039, RRID:AB_2534096) or Cy3™ goat anti
rabbit (1:2,000, Jackson Immuno Research Europe Ltd., Suffolk,
United Kingdom, Cat# 111-165-144, RRID:AB_2338006) for 1 h at
room temperature. As a control for unspecific binding of secondary
antibodies, negative controls were performed. After washing three
times with 0.1M phosphate buffer, the slides were mounted using
theDakoCytomation fluorescentmountingmediumwithDAPI 1:10
(Dako). Slides were dried overnight at 4°C before microscopy.

Image Analysis
The images were analyzed using ImageJ’s built-in measuring
feature (Wayne Rasband, formerly National Institutes of
Health, Bethesda, MD, United States). The surface area of the
ONH section was calculated and the amount of area emitting
fluorescent signal for GFAP, CCN2/CTGF or filamentous actin
within the outlines of the ONH section was determined by a
standardized macro routine consisting of ImageJ’s color
threshold plugin and particle analyzer. The resulting values
were used to calculate the percentage of area within the ONH
section. For fibronectin quantification, the surface area of the
peripapillary sclera was quantified and the same methods of
measurement that were mentioned above were used. These
measurements were performed for each individual
specimen after calibrating ImageJ with the scale bar. The
resulting data was analyzed using SPSS (IBM, Armonk, NY,
United States).

Statistical Analysis
Western Blot and real-time RT-PCRwas repeated at least three times
with RNA and protein extract from mouse ON astrocytes and ON/
ONH tissue. Each real-time RT-PCR analysis was performed in
triplicates. The data is represented as mean ± SEM or otherwise
stated in the figure legends. Statistical analysis of data was performed
by two-tailed t-test compared to theoretical mean of 1 (normalized
control, indicated in the figure legends).
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Glucocorticoids Preferentially
Influence Expression of
Nucleoskeletal Actin Network and Cell
Adhesive Proteins in Human
Trabecular Meshwork Cells
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Nikolai P. Skiba1 and Ponugoti V. Rao1,2*
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Clinical use of glucocorticoids is associated with increased intraocular pressure (IOP), a
major risk factor for glaucoma. Glucocorticoids have been reported to induce changes in
actin cytoskeletal organization, cell adhesion, extracellular matrix, fibrogenic activity, and
mechanical properties of trabecular meshwork (TM) tissue, which plays a crucial role in
aqueous humor dynamics and IOP homeostasis. However, we have a limited
understanding of the molecular underpinnings regulating these myriad processes in
TM cells. To understand how proteins, including cytoskeletal and cell adhesion
proteins that are recognized to shuttle between the cytosolic and nuclear regions,
influence gene expression and other cellular activities, we used proteomic analysis to
characterize the nuclear protein fraction of dexamethasone (Dex) treated human TM cells.
Treatment of human TM cells with Dex for 1, 5, or 7 days led to consistent increases (by ≥
two-fold) in the levels of various actin cytoskeletal regulatory, cell adhesive, and vesicle
trafficking proteins. Increases (≥two-fold) were also observed in levels of Wnt signaling
regulator (glypican-4), actin-binding chromatin modulator (BRG1) and nuclear actin
filament depolymerizing protein (MICAL2; microtubule-associated monooxygenase,
calponin and LIM domain containing), together with a decrease in tissue plasminogen
activator. These changes were independently further confirmed by immunoblotting
analysis. Interestingly, deficiency of BRG1 expression blunted the Dex-induced
increases in the levels of some of these proteins in TM cells. In summary, these
findings indicate that the widely recognized changes in actin cytoskeletal and cell
adhesive attributes of TM cells by glucocorticoids involve actin regulated BRG1
chromatin remodeling, nuclear MICAL2, and glypican-4 regulated Wnt signaling
upstream of the serum response factor/myocardin controlled transcriptional activity.
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INTRODUCTION

The trabecular meshwork, a tissue of mesenchymal origin, plays a
crucial role in the modulation of aqueous humor (AH) outflow
through the trabecular/conventional pathway, which consists of
the trabecular meshwork (TM), juxtacanalicular tissue, and
Schlemm’s canal (Tamm, 2009). The volume of AH in the
anterior chamber of the eye results from the balance between
AH secretion by the ciliary epithelium and outflow/drainage of
AH through the trabecular pathway and determines intraocular
pressure (IOP) (Stamer and Acott, 2012). However, it is well
recognized that relatively the trabecular pathway regulated
barrier and filtration activities are crucial for the maintenance
of physiological IOP and that impairment in these characteristics
of the trabecular pathway increases IOP (Stamer and Acott,
2012). Elevated IOP over the long term is known to induce
and enhance optic nerve atrophy and eventually lead to
degeneration of the retinal ganglion cells and vision loss in
glaucoma patients (Quigley, 2011; Weinreb et al., 2014).
Increased IOP is recognized as a predominant risk factor for
glaucoma and in particular, lowering of IOP has been found to
delay vision loss in glaucoma patients and is a mainstay of
glaucoma treatment (Kass et al., 2002; Weinreb et al., 2014).
Therefore, there is a great deal of interest in understanding the
various molecular pathways regulating AH outflow through the
TM to facilitate the development of efficacious and targeted
therapies for IOP control in glaucoma patients.

Actin cytoskeletal dynamics, cell adhesive interactions (both
cell-extracellular matrix and cell–cell), cellular contractility,
extracellular matrix (ECM) accumulation, and mechanical
attributes of the trabecular meshwork are recognized to
influence AH outflow through the conventional outflow
pathway (Raghunathan et al., 2015; Vranka et al., 2015; Filla
et al., 2017; Rao et al., 2017). Moreover, several extracellular cues,
including growth factors and the ECM, have been shown to
modulate AH outflow by altering actin cytoskeletal organization,
cell adhesive interactions, contractile characteristics, and stiffness
of the trabecular meshwork (Braunger et al., 2015; Vranka et al.,
2015; Rao et al., 2017). In addition, the Rho kinase inhibitor and
nitric oxide donor induced decrease in IOP, and the use of these
agents for treatment of ocular hypertensive primary open-angle
glaucoma patients further supports the significance of actin
cytoskeletal network, cell adhesive interactions, and contractile
characteristics of TM and Schlemm’s canal cells in the
modulation of AH outflow (Inoue and Tanihara, 2013; Kawase
et al., 2016; Rao et al., 2017; Kopczynski and Heah, 2018; Reina-
Torres et al., 2021). While these agents lower IOP effectively, the
use of these drugs is associated with multiple adverse effects and
less than desirable efficacy for IOP management in glaucoma
patients (Terao et al., 2017; Hoy, 2018; Kopczynski and Heah,
2018; Saito et al., 2019). Therefore, there is a need to thoroughly
understand the various molecular mechanisms regulating actin
cytoskeletal organization, cell-ECM adhesion, contractile
characteristics, and mechanotransduction within the TM and
Schlemm’s canal to support identification of novel therapeutic
targets.

The long-term use of glucocorticoids is recognized to cause
elevation of IOP in human patients and in animal models via
increasing the resistance, barrier, and fibrogenic activities, and
by impairing the phagocytic activity of the TM cells
(Matsumoto and Johnson, 1997; Clark and Wordinger,
2009; Dibas and Yorio, 2016; Roberti et al., 2020).
Moreover, treatment of TM and Schlemm’s canal cells with
glucocorticoid has been found to increase cell stiffness,
contractile characteristics, cell adhesive interactions, ECM
production, and mechanosensitive transcriptional activity
(Johnson et al., 1997; Overby et al., 2014; Raghunathan
et al., 2015; Bermudez et al., 2017a; Filla et al., 2017; Peng
et al., 2018; Yemanyi et al., 2020). In addition, dexamethasone
(Dex) treatment of TM cells has been documented to induce
the formation of actin cytoskeletal polygonal arrays exhibiting
a geodesic architecture, also described as cross-linked actin
networks (CLANS) (Bermudez et al., 2017a). Elevated levels of
CLANS were also evidenced in the TM cells of glaucoma
patients (Filla et al., 2011; Bermudez et al., 2017a). Despite
the documented association between elevated levels of CLANS
and increased cell and tissue stiffness, mechanosensitive
transcriptional activity and fibrogenic activity in the TM
(Bermudez et al., 2017a), we have limited understanding of
the molecular basis of CLANS formation, and the myriad
effects of glucocorticoids in the TM in the context of
elevated IOP and increased resistance to AH outflow (Clark
and Wordinger, 2009; Dibas and Yorio, 2016; Bermudez et al.,
2017a; Roberti et al., 2020).

Moreover, it is becoming increasingly evident that several
cell adhesive and certain actin-binding proteins, including
actin, shuttle between the cytosolic and nuclear
compartments to regulate transcriptional and chromatin
remodeling activities (Asp et al., 2002; Benmerah et al.,
2003; Wang and Gilmore, 2003; Lundquist et al., 2014;
Piccolo et al., 2014; Wang, 2014; Dupont, 2016; Chang
et al., 2018; Klages-Mundt et al., 2018; Mahmood et al.,
2021). Although several studies have examined the
effects of glucocorticoids on the proteome and
transcriptome profile of TM cells (Lo et al., 2003; Nehme
et al., 2009; Bollinger et al., 2012; Clark et al., 2013; Bermudez
et al., 2017b; Shan et al., 2017; Faralli et al., 2019), none of
these have focused on characterizing the effects of
glucocorticoids either on the cytoskeletome per se or on
the nuclear fraction proteome of TM cells. To gain insights
into glucocorticoid-induced cellar and molecular changes in
the TM, especially changes involving actin cytoskeletal
reorganization, cell adhesive interactions, and contractile
characteristics, herein, we have utilized proteomics analysis
to investigate the effects of Dex on the nuclear protein profile
of human TM cells. This study identifies and reveals
significant changes not only in the levels of actin
interacting and cell adhesive proteins but also in actin-
dependent chromatin remodeling proteins and regulators
of nuclear actin organization in Dex treated TM cells,
offering new molecular insights into glucocorticoid-
induced effects in TM and ocular hypertension.
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MATERIALS AND METHODS

Human Trabecular Meshwork Cell Culture
Trabecular meshwork primary cells were cultured from human
TM tissue isolated from donor corneal rings (ages 18, 20, 22, 38,
41 48, and 63 years, with no known ocular complications),
leftover from corneal transplantation surgeries performed at
the Duke Ophthalmology Clinical Service, as previously
described (Pattabiraman et al., 2014). TM cell culture studies
were performed per consensus recommendations described for
trabecular meshwork cell isolation, characterization, and culture
(Keller et al., 2018). Cells derived from TM tissue were passaged
prior to use in experiments between passages 3–6, as described
previously (Pattabiraman et al., 2014). TM primary cells were
cultured in Dulbecco’s Modified Eagle complete growth medium
(DMEM) containing 10% FBS (heat-inactivated fetal bovine
serum), PSG (Penicillin (100U/500 ml)-Streptomycin (100 µg/
500 ml)-Glutamine (4 mM) at 37°C in an aseptic incubator
under 5% CO2.

Dexamethasone Treatment and
Preparation of Nuclear Protein Fraction
From Trabecular Meshwork Cells
Human TM cells were cultured in 10 cm plastic Petri dishes (Cat.
No: 30702115, Eppendorf, Enfield, CT) in the presence of DMEM
media as described previously. When cells reached 80–90%
confluence, serum content of media was dropped to 5% prior
to the addition of dexamethasone (Dex; 0.5 µM) dissolved in
ethanol. An equal amount of ethanol (1 µl/ml media) was added
to the respective control plates. Medium exchange was performed
on alternate days, with Dex being added daily over a period of
7 days. At the end of the treatment period, cells were harvested to
isolate cytosolic and nuclear fractions using the Nuclear/Cytosol
Extraction Kit (Catalog #: K266 BioVision Inc, CA,
United States). The nuclear fraction protein was quantified
using a Micro BCA™ protein assay kit (Cat. No: 23235,
Thermo Scientific™ Rockford, IL) and used for proteomic and
immunoblotting analyses.

For experiments involving either a 24 h or a 5-day Dex
treatment, human TM cells were grown to 80–90% confluence
in 10 cm dishes. Serum content was dropped to 2% prior to
treating cells with 0.5 µM Dex with media being changed on a
daily basis. Following Dex treatment, cells were harvested for
nuclear extraction, which was performed using a protocol
adapted from the ThermoFisher (BioSource: C-070276 1107).
In brief, the cells were washed with chilled phosphate-buffered
saline (PBS), carefully scraped into 500 μl of a 1x hypotonic buffer
(20 mM Tris-HCl, pH 7.4, 10 mM NaCl and 3 mM MgCl2)
containing protease and phosphatase inhibitors (one tablet
each/10 ml buffer, Roche Pharmaceuticals. Basel, Switzerland),
transferred into pre-chilled microcentrifuge tubes and pipetted
up and down several times, and incubated on ice for 15 min.
Twenty-five microliters (25 μl) of 10% NP-40 were added to each
sample, followed by vigorous vortexing for 10 s and

centrifugation of homogenates for 10 min at 3,000 rpm at 4°C
using ThermoFisher Sorvall Legend micro 21R centrifuge. The
supernatants were transferred into separate microfuge tubes and
saved as cytoplasmic fractions. The pellets were re-suspended in
50 μl of complete cell extraction buffer (10 mM Tris, pH 7.4,
2 mM Na3VO4, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA,
10% glycerol, 1 mM EGTA, 0.1% SDS, 1 mM NaF, 0.5%
deoxycholate, 20 mM Na4P2O7, 1 mM PMSF) containing
protease and phosphatase inhibitors, placed on ice for 30 min,
and vortexed at 10 min intervals. Resuspended pellet samples
were centrifuged at 14,000 x g for 30 min at 4°C, and the
supernatants (nuclear protein fraction) were transferred to
clean microcentrifuge tubes. Protein was quantified using a
Micro BCA™ protein assay kit and used in proteomic and
immunoblotting analyses.

Mass Spectrometry
Sample preparation and LC-MS/MS analysis: Equal amounts of
protein (25 µg protein) from control and Dex treated samples
were solubilized in 2% sodium dodecyl sulfate, 100 mM Tris-HCl
(pH 8.0), reduced with 10 mM dithiothreitol, alkylated with
25 mM iodoacetamide, and subjected to tryptic hydrolysis
using the HILIC beads SP3 protocol (ReSyn Biosciences,
Gauteng, South Africa) (Hughes et al., 2014). Each digest was
dissolved in 12 μl of a 1/2/97% (by volume) trifluoroacetic acid/
acetonitrile/water solution, and 3 μl were injected onto a 5 μm,
180 μm × 20 mm Symmetry C18 trap column (Waters Corp.
Milford, MA) run using 1% acetonitrile in water for 3 min at 5 μl/
min. The analytical separation was next performed using an HSS
T3 1.8 μm, 75 μm × 200 mm column (Waters) over 90 min at a
flow rate of 0.3 μl/min at 55°C. The 5–30% mobile phase B
gradient was used, where phase A was 0.1% formic acid in
water and phase B 0.1% formic acid in acetonitrile. Peptides
separated by liquid chromatography (LC) were introduced into
the Q Exactive HF Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA) using positive electrospray ionization
at 2000 V and capillary temperature of 275°C. Data collection was
performed in the data-dependent acquisition (DDA) mode with
120,000 resolution (at m/z 200) for MS1 precursor
measurements. The MS1 analysis utilized a scan from
375–1450 m/z with a target AGC value of 1.0e6 ions, the RF
lens set at 30%, and a maximum injection time of 50 ms.
Advanced peak detection and internal calibration (EIC) were
enabled during data acquisition. Peptides were selected for MS/
MS using charge state filtering (2–5), monoisotopic peak
detection and a dynamic exclusion time of 25 s with a mass
tolerance of 10 ppm. MS/MS was performed using higher-energy
C-trap dissociation (HCD) with a collision energy of 30 ± 5%with
detection in the ion trap using a rapid scanning rate, automatic
gain control target value of 5.0e4 ions, maximum injection time of
150 ms, and ion injection for all available parallelizable time
enabled.

Protein identification and quantification: For label-free
relative protein quantification, raw mass spectral data files
were imported into Progenesis QI for Proteomics 4.2 software
(Nonlinear Dynamics) for duplicate runs alignment of each
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preparation and peak area calculations. Peptides were identified
using Mascot version 2.6.2 (Matrix Science) for searching human
UniProt 2019 reviewed database containing 20,237 entries.
Mascot search parameters were 10 ppm mass tolerance for
precursor ions; 0.025 Da for fragment-ion mass tolerance; one
missed cleavage by trypsin; fixed modification was
carbamidomethylation of cysteine; variable modifications were
oxidized methionine and Asn/Gln deamidation. Only proteins
identified with two or more peptides (protein confidence p < 0.05
and false discovery rate <1%) were included in the protein
quantification analysis. To account for variations in
experimental conditions and amounts of protein material in
individual LC-MS/MS runs, the integrated peak area for each
identified peptide was corrected using the factors calculated by
the automatic Progenesis algorithm utilizing the total intensities
for all peaks in each run. Values representing protein amounts
were calculated based on a sum of ion intensities for all identified
constituent non-conflicting peptides (Reidel et al., 2011).

For protein profiling, we compared relative amounts of
proteins confidently identified in control and treated samples.
Proteins with at least a two-fold change in abundance and
ANOVA P scores less than 0.05 were selected as statistically
significant.

Immunoblotting
Human TM cells grown to 90% confluence in 6-well dishes (Cat.
No: 30720113, Eppendorf, Enfield, CT) were treated with 0.5 µM
Dex in 2% FBS DMEM or ethanol (control), as described earlier,
for either 5 or 7 days. Cells were washed with 1x cold PBS and
incubated on ice for 5 minutes with 10% ice-cold trichloracetic
acid (TCA) and 0.5M dithiothreitol (DTT). Following several
washes with cold deionized water (DI), cells were scraped and
transferred into Eppendorf tubes, washed again with cold DI
water, and finally washed with diethylether. Precipitates obtained
after centrifugation at 16,000xg were suspended in 8 M urea
buffer containing 20 mM Tris, 23 mM glycine, and 10 mM
DTT saturated in sucrose, protease, and phosphatase
inhibitors, as mentioned earlier, and briefly sonicated. Protein
concentration was determined using the Micro BCA method, as
mentioned previously.

For immunoblotting, equal amounts of nuclear fraction
protein (10 µg) from 5- and 7-day Dex treated cells and
respective control cells or from whole-cell fractions (40 µg of
protein) were mixed with Laemmli sample buffer and separated
on 8–12% SDS-PAGE gels, followed by transfer to nitrocellulose
membranes, as described previously (Pattabiraman et al., 2014).
Membranes were blocked for 2 h at room temperature in Tris-
buffered saline (TBS) containing 5% (wt/vol) nonfat dry milk and
0.1% Tween-20 and subsequently probed overnight at 4°C with
respective primary antibodies (Supplementary Table S1).
Membranes were washed with TBS buffer containing 1%
Tween-20 and incubated with appropriate secondary
antibodies for 2 h at room temperature. Immunoblots were
developed by enhanced chemiluminescence (Thermo Scientific,
IL, USA), followed by scanning and analysis using ChemiDoc
Touch imaging and Image Lab™ Touch Software (Bio-Rad
Laboratories, Hercules, Ca), respectively.

Immunofluorescence
Human TM cells were grown to ~70% confluence on gelatin
(2%)-coated glass coverslips in complete growth media, washed
with phosphate-buffered saline (PBS), and fixed with 4%
formaldehyde for 10 min. For determining the Dex effects on
the cellular distribution of MICAL-2, SRF and MRTF-A, human
TM cells grown on glass coverslips were treated with Dex
(0.5 µM) for 7 days as described earlier and fixed with 4%
formaldehyde. Cells were subsequently washed with
cytoskeletal buffer (10-mM 2-[N-morpholino] ethane sulfonic
acid [MES], containing 150-mM NaCl, 5-mM EGTA, 5-mM
MgCl2, and 5-mM glucose [pH 6.1]), and permeabilized for
10 min with 0.5% Triton X-100 in PBS, and blocked with
serum-containing buffer (10% FBS in PBS with 0.02% sodium
azide) prior to immunostaining with primary antibodies
(Supplementary Table S1). Immunostaining was performed
overnight in serum-containing buffer with 0.2% saponin,
followed by the appropriate secondary antibodies conjugated
with Alexa fluorophores 488 or 568, as described previously
(Maddala and Rao, 2020). Cell nuclei were counterstained
with Hoechst (Hoechst 33258, Molecular Probes, Eugene, OR).
Finally, coverslips were mounted onto glass slides using Shandon
Immu-Mount (Thermo-Fisher Scientific) and then imaged using
a Nikon Eclipse 90i confocal laser-scanning microscope.

Cell Viability
To determine whether Dex treatment impacts cell viability or
exerts toxic effects under the conditions used in our studies,
human TM cultures grown on glass coverslips were treated with
Dex (0.5 µM) for 7 days, and control cells were treated with
ethanol alone (1 μl/ml media), as described previously.
Following treatment, cells were washed with 1X PBS and
incubated for 5 min at 37°C with 20 μg/ml of fluorescein
diacetate (cell viability stain, Cat. No. F7378, Millipore Sigma,
St. Louis, MO) and 0.5 μg/ml propidium iodide (Cat. No: P4170,
Millipore Sigma) in serum-free DMEM media. Images were
captured under a fluorescent microscope (10X, Zeiss Axioplan
2). A minimum of 10 images were captured at different locations
on the coverslip. The number of fluorescence positive cells per
unit area were plotted for purposes of quantification.

siRNA Treatment
Human TM cells grown in 6-well cell culture plates (60–80%
confluence), as described previously, were incubated for 20 mins
with Opti-MEM (Gibco) containing Lipofectamine® RNA iMAX
transfection reagent (ThermoFisher Scientific) and 30 picomol of
BRG1 siRNA or scrambled siRNA (Cat. No: sc-29827; sc-37007,
Santa Cruz Biotechnology, Dallas, TX). Following siRNA
treatment, cell culture media were supplemented with media
containing 10% FBS, and incubation continued for 72 h. At
the end of the treatment period, cells were harvested by
precipitating in 10% TCA buffer for 5 min, followed by
washing with deionized water and scraping into urea sample
buffer. These samples were sonicated and centrifuged at 800xg for
10 min, with the entire supernatant being saved as a whole
fraction. Protein content was determined using the Micro
BCA protein assay kit (Thermo Fisher Scientific), as
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mentioned previously, with 20–40 µg of protein from each sample
used for immunoblotting analyses.

To evaluate the effects of BRG1 deficiency on elevated
expression of selected proteins by Dex treatment of human
TM cells, two sets of cells grown to 60–80% confluence were
treated with either BRG1 siRNA or a scrambled siRNA control, as
mentioned earlier. After 24 h of treatment, the BRG1 siRNA and
control siRNA transfected cultures were treated with ethanol
(1 µl//ml media) or Dex (0.5 µM) for two consecutive days prior
to harvesting with TCA/Urea sample buffer. Protein fractions
were prepared and quantified, and 20–40 µg of protein samples
was used for immunoblotting analysis.

Statistical Analysis
Densitometry analysis of immunoblots was performed using
ImageJ software (http://imagej.nih.gov/ij/; provided in the
public domain by the National Institutes of Health, Bethesda,
MD, United States). Data were normalized to the specified
loading controls. Statistical analyses of densitometric data were
performed using GraphPad Prism 9 software. Mann–Whitney
T-test (one-tailed) was performed to assess the significance of
differences between two unpaired and nonparametric variables.
To determine the significance between four variables, an ordinary
one-way ANOVA with Bonferroni’s multiple comparisons test
with a single pooled variance was performed.

RESULTS

The broad goal of this project was to identify not only significant
Dex-induced changes in the protein profile but to also capture the
global, time-dependent trends and patterns in protein profile
alterations in TM cells, and thus gain insights into the potential
feed forward and backward regulatory molecular mechanisms
underlying the observed changes. Since the experiments
described herein involved different strains of TM cells
(obtained from donors differing in age and gender), data for
proteins exhibiting at least a two-fold change in expression in
response to Dex treatment were grouped across strains,
independently of statistical significance. We have, however,
clearly identified whether the observed changes in Dex-
induced protein expression in human TM cells were
statistically significant for each protein identified in the
proteomics analyses presented in this manuscript. A small
number of proteins was also identified based on a single
peptide and clearly marked to indicate whether these proteins
exhibited a ≥2-fold change in expression level. Importantly, all
data have been made available to readers such that the profile for
a given protein of interest can be screened in detail (MassIVE
MSV000088981; dataset license: CC0 1.0 Universal (CC0 1.0).

Alterations in the Nuclear Protein Profile of
Human Trabecular Meshwork Cells Treated
With Dexamethasone for Seven Days
In an initial experiment, we evaluated one strain of human TM
cells in duplicate (same strain of TM cells plated in two separate

10 cm plastic dishes). Cells were treated either with 0.5 µMDex or
vehicle (ethanol, 1 μl/ml media) alone for 7 days with daily
addition of Dex or vehicle and change of culture medium
containing 5% FBS on alternate days. Following treatment,
nuclear protein fractions were prepared as described in the
Methods section. The purity of nuclear fractions was evaluated
by the presence of GAPDH contamination and confirming the
presence of nuclear pore protein (NPP), a nuclear protein marker,
by immunoblot analysis. As shown in Figure 1A, nuclear protein
fraction samples derived from TM cells had negligible GAPDH
contamination and were enriched for NPP. In addition, under the
afore-described conditions, as has been shown previously
(Bermudez et al., 2017a), Dex induced actin stress fibers and
CLANS formation in human TM cells compared to control cells
(Supplementary Figure S1).

Analysis of nuclear protein fractions from duplicate cultures of
Dex treated human TM cells derived from the same strain
identified 73 and 66 proteins in replicates 1 and 2,
respectively, whose expression levels were significantly
increased (by a minimum of 2-fold) compared to the
respective controls (Supplementary Table S2). Of the
significantly upregulated proteins, 43 proteins were detected in
both Dex treated cultures (duplicates) from the same human TM
strain. The increase (≥2-fold) in levels for eleven of the
upregulated proteins was not statistically significant relative to
untreated controls (Supplementary Table S2), with seven of
these being identified in nuclear fractions of both Dex treated
duplicate samples (Supplementary Table S2). Keratins detected
only in one of the duplicate samples were not listed. This analysis
of nuclear protein fractions from duplicate cultures of Dex treated
human TM cells derived from the same strain also identified 54
and 43 proteins in replicates 1 and 2, respectively, whose levels
were significantly (p < 0.05) decreased by a minimum of 2-fold
(Supplementary Table S3) compared to controls. Of these, 23
proteins were identified in both Dex treated duplicates. Eight of
the downregulated proteins exhibited a ≥ 2-fold decrease, but the
difference was not found to be statistically significant compared
to controls. There was one protein which was common between
the duplicates. Overall, these initial results confirmed very good
consistency between duplicate analyses of the same strain of
TM cells regarding the effects of Dex on the nuclear protein
profile.

In these initial analyses, we also performed proteomics
analyses of cytosolic proteins from the duplicate Dex treated
and control cultures derived from the same strain of human
TM cells. Some of the proteins which were found to be elevated in
the nuclear fraction under Dex treatment were also increased in
the cytosolic fraction, indicating that Dex treatment increases the
total levels for some of the described proteins (see data repository
files). However, we have not analyzed the cytosolic fractions for all
other samples described in this study.

A GO (Gene Ontology) terms/enrichment analysis was then
performed for proteins whose levels were altered in response to
Dex treatment. For this, we used gene identification accession
numbers for the identified proteins. Proteins identified in both
replicates (common ones) of the same strain of TM cells and
those identified in the individual replicates were included in this
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analysis to gain broader insight into what biological processes and
molecular functions are involved in the Dex-induced effects on
TM cells. Interestingly, the subset exhibiting Dex-induced
increases in expression level was enriched for proteins
involved in actin cytoskeletal organization, including actin
cytoskeletal bundling, stress fiber assembly, regulation of actin
filament organization, endocytosis, cell adhesion, signal
transduction, cellular localization, and vesicle transport. These
findings were consistent for proteins identified in both duplicates
(Supplementary Figure S2A) and those detected in the
individual replicates from the same strain of human TM cells
(Supplementary Figure S2B,C). In contrast to the enrichment
terms analysis for proteins upregulated by Dex, the
downregulated subset was found to be consistently enriched
for proteins involved in collagen fibril organization, SRP
(signal recognition particle)-dependent cotranslational protein
targeting to membrane, viral transcription, and in catabolic and
metabolic processes of RNA, nucleic acid, heterocycle and
nitrogen compounds in both duplicate samples
(Supplementary Figure S3A,B). Supplementary Figure S3C
shows the results of enrichment analysis of downregulated
genes identified in nuclear fractions from duplicate Dex
treated human TM cultures derived from the same strain, and
the findings were largely similar to the results found in the
individual samples.

The previously described analyses were expanded to two
additional human TM cell strains, one of which was analyzed
in duplicate and the other was analyzed as a single replicate (with
Dex and vehicle). A total of three independent strains of human
TM cells were thus utilized to generate five technical replicate
analyses for the 7-day time point of Dex treatment. Based on
these analyses, proteins whose expression levels were modulated
in three or more of the five samples per treatment were then
compared to their respective controls. Table 1 lists the proteins
exhibiting upregulated expression by ≥ 2-fold in response to Dex
treatment. Levels of the following proteins were consistently and
significantly increased in response to Dex treatment: CNN3,
ESP8, FERM2 (FERMT2), GPC4, ITAV (ITGAV), ITB5
(ITGB5), LIMC1 (LIMCH1), LTBP2, MYOC, PLPP3, PPME1,
SEPT11 (SEPTIN11), SI1LI (SIPA1L1), SRBS1 (SORBS1; CAP/

Ponsin), SRBS2 (SORBS2; ArgBP2), STOM, SYNJ1, and TENS1.
In those cases where the protein and the corresponding gene ID
differ, gene IDs (in italics) are provided in parentheses.

As described earlier, analysis of GO terms enrichment for Dex
upregulated proteins found in a minimum of three samples, and
representing a minimum of two strains of human TM cells (see
Figures 2A–C) detected protein enrichment for biological
process, molecular function, and cellular components,
respectively. Interestingly, all three categories revealed
enrichment for proteins involved in actin filament bundling,
organization, contraction, stress fiber assembly, myosin, cell
adhesion, cadherin, supramolecular fiber organization, vesicle-
mediated transport, ECM, extracellular vesicle and others.
Collectively, these findings reveal that Dex treatment
upregulates the expression of proteins involved predominantly
in actin cytoskeletal assembly, bundling, organization,
contraction, cell adhesion, and vesicle transport. In contrast,
proteins downregulated by Dex included those related to the
catabolic and metabolic process of nucleic acids, peptides and
heterocycle, viral gene expression, fibrinolysis, protein targeting
to membrane, and general metabolism (Supplementary Table
S4; Supplementary Figure S4).

To obtain further confirmation of the findings from proteomics
analysis, we performed immunoblotting analyses for selected
proteins. These analyses used a separate set of nuclear fractions
prepared from Dex treated and control human TM cells. As shown
in Figures 3A and B, significant increases were noted in levels of the
indicated proteins in nuclear fractions of Dex treated TM cells
relative to control cells. Figure 4 shows the distribution profile of
some of the Dex-stimulated, differentially expressed proteins in
human TM cells (based on immunofluorescence analysis). Some
of these proteins reveal both a cytosolic and nuclear distribution,
while others are distributed discretely to the nucleus under
unstimulated conditions. Levels of the nuclear actin
depolymerizing protein involved in activation of SRF/MRTF-A
mediated transcriptional activity (Lundquist et al., 2014),
MICAL2, were significantly increased in two of the samples
(based on proteomics analysis), and a finding was confirmed
independently by immunoblotting analysis of nuclear fractions
from Dex treated human TM cells (Figures 3 and 5). β-Actin

FIGURE 1 | Confirmation of purity of nuclear protein fractions isolated from human trabecular meshwork (TM) cells. (A,B) depict immunoblotting results for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and nuclear pore protein (NPP) in cytosolic and nuclear protein fractions, respectively, isolated from human TM
cells treated with dexamethasone (Dex) for a period of 5- or 7-days. The nuclear protein fractions show strong staining for NPP but no immunopositive bands for GAPDH,
confirming the purity of the nuclear extracts. C1 and C2 and D1 and D2 represent control replicates 1 and 2, and Dex treated replicates 1 and 2, respectively. The
nuclear protein fractions from 5- and 7-day Dex treated TM cells were isolated using the commercial kit and in house procedures, respectively, as described in the
Methods section.
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was also readily detected in the nuclear fraction samples of TM cells
by immunoblotting analysis (Figures 3 and 5).

Time-Dependence of
Dexamethasone-Induced Effects on the
Nuclear Protein Profile of Human
Trabecular Meshwork Cells
To characterize the global, time-dependent trends and patterns in
protein profile alterations induced by Dex treatment of human

TM cells, we used two independent human TM strains to
generate a total of six technical replicates. These TM cell
strains were treated with 0.5 µM Dex over a 5-day period,
with daily changes of Dex-containing media. As noted in the
previous (7-day Dex treatment) experiments, consistent
observations were noted regarding the effects of Dex on the
nuclear protein profiles across technical replicates of the same
strain of TM cells. Although a slightly different protocol (in house
protocol described in the Methods section) was used for isolation
of the nuclear protein fraction from 5-day Dex treated samples,

TABLE 1 | Dexamethasone treatment (for 7 days) induced increase in the levels of specific proteins in the nuclear fraction derived from three or more human TM samples.

Accession Description Significant

ACOT9 Acyl-coenzyme A thioesterase 9, mitochondrial
APOB Apolipoprotein B-100 p

CAND1 Cullin-associated NEDD8-dissociated protein 1 p

CAVN2 Caveolae-associated protein 2
CNN2 Calponin-2
CNN3 Calponin-3 p

CNTN1 Contactin-1
CO8A1 Collagen alpha-1(VIII) chain p

CP1B1 Cytochrome P450 1B1 p

DESP Desmoplakin
DHC24 Delta (24)-sterol reductase
DPYL2 Dihydropyrimidinase-related protein 2
EPS8 Epidermal growth factor receptor kinase substrate 8 p

FBN2 Fibrillin-2
FERM2 Fermitin family homolog 2 p

FILA2 Filaggrin-2
FLNB Filamin-B p

G6PI Glucose-6-phosphate isomerase p

GPC4 Glypican-4 p

HTRA1 Serine protease HTRA1 p

ITAV Integrin alpha-V p

ITB5 Integrin beta-5 p

K1C9 Keratin, type I cytoskeletal 9 p

KCD12 BTB/POZ domain-containing protein KCTD12 p

LDHA L-lactate dehydrogenase A chain p

LIMC1 LIM and calponin homology domains-containing protein 1 p

LTBP2 Latent-transforming growth factor beta-binding protein 2
MFGM Lactadherin p

MYO6 Unconventional myosin-VI
MYOC Myocilin p

NEP Neprilysin p

OCTC Peroxisomal carnitine O-octanoyltransferase
PARVA Alpha-parvin
PGS2 Decorin
PLPP3 Phospholipid phosphatase 3 p

PPME1 Protein phosphatase methylesterase 1 p

PYGB Glycogen phosphorylase, brain form p

Sep11 Septin-11 p

SI1L1 Signal-induced proliferation-associated 1-like protein 1 p

SNX9 Sorting nexin-9
SRBS1 Sorbin and SH3 domain-containing protein 1 (CAP/Ponsin) p

SRBS2 Sorbin and SH3 domain-containing protein 2 (ArgBP2) p

STOM Erythrocyte band 7 integral membrane protein p

SYNJ1 Synaptojanin-1 p

TENS1 Tensin-1 p

TIMP3 Metalloproteinase inhibitor 3
UGPA UTP-glucose-1-phosphate uridylyltransferase p

VINEX Vinexin

Footnote: Proteins whose levels are elevated by ≥ 2-fold in response to Dex treatment are listed. “*” indicates a significant (p < 0.05) increase in the level of identified protein in nuclear
extracts from Dex treated human TM cells relative to control human TM cells.
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the purity of this fraction was similar to that of the 7-day Dex
treated samples (Figure 1B).

Supplementary Table S5 lists proteins that exhibited at least
two-fold increases in three or more samples derived from two

strains of TM cells. Mass spectrometry–based detection of
increased levels of nuclear proteins in 5-day Dex treated human
TM cells was independently confirmed by immunoblotting
analysis of nuclear protein fractions. Figure 5 shows the
increased levels of identified proteins in nuclear protein
fractions derived from the 5-day Dex treated samples. We also
confirmed the decreased levels of one of the proteins (tissue
plasminogen activator) in 5-day Dex treated TM cell samples
(Figure 5). GO term enrichment analyses of Dex upregulated
proteins in nuclear fractions of 5-day treated human TM cells
revealed not only cytoskeletal and cell adhesion proteins but also
proteins involved in chromatin remodeling, RNA splicing and
processing, nuclear transport, intracellular protein transport,
protein localization, and cellular components biogenesis
(Supplementary Figure S5). These findings opened up an
interesting insight into the possible molecular mechanisms
involved in Dex-mediated transcriptional changes. Interestingly,
there were significant increases in the levels of BRG1 (Brahma
related gene-1), MECP2 and MTA1 in Dex treated cells
(Supplementary Table S5). BRG1, an actin-binding, chromatin
remodeling protein is well recognized to regulate glucocorticoid-
induced gene expression (Fryer and Archer, 1998; Hoffman et al.,
2018; Mahmood et al., 2021). It is a catalytic subunit of the SWI/
SNF multi-protein chromatin regulatory complex (Khavari et al.,
1993; Wilson and Roberts, 2011; Hodges et al., 2016) and is also
involved in regulating the expression of actin cytoskeletal proteins
through mechanisms including activation of SRF/MRTF-A
dependent transcription (Zhang et al., 2007; Zhou et al., 2009).
This aspect is discussed further in the Results section.

We also assessed commonalities in protein profile alterations
(≥2-fold increase) across the 5- and 7-day Dex treated TM cells
(Table 2). Some examples identified in this analysis include CCN2
(CTGF), CNN3, FBN1, FERM2 (FERMT2), FILA2 (FLG2), GPC4,
HIP1, LIMC1 (LIMCH1), LTBP2, PCD10 (PCDH10), SEPT7
(SEPTIN7), SRBS2 (SORBS2; ArgBP2), STOM, SYNJ1, TENS1,
VINEX (SORBS3; Vinexin), and ZYX. Analysis of GO terms
enrichment for the upregulated proteins which are common in
5- and 7-day Dex treated TM cells revealed proteins involved in
actin cytoskeletal bundling, organization, stress fiber organization,
actomyosin organization, cell adhesion, vesicle transport, exocytosis,
endocytosis, and TGF-beta signaling (Figure 6). These findings
confirm that upregulation of expression for some of the cytoskeletal,
cell adhesion, and vesicle transport proteins detected in 7-day Dex
treated human TM cells is initiated at an earlier time point in the
treatment schedule. The changes in nuclear protein levels by mass
spectrometric analyses as described above were also confirmed by
immunoblotting analysis of nuclear fractions from 5-day Dex
treated human TM cells and some of their distribution analysis
by immunofluorescence (Figures 4 and 5).

In addition, we tested the short-term (24 h) effects of Dex on the
nuclear protein fraction profile of human TM cells. One strain of
human TM cells was analyzed in duplicate for this purpose, which
identified a ≥2-fold increase in expression of the following proteins,
which are also increased in 7-day Dex treated samples: EHD4,
GPC4, ITB5 (ITGB5), LTBP2, PCD10 (PCDH10), SEP11
(SEPTIN11), UGPA, and ZYX. Several of these proteins were
also increased in 5-day Dex treated TM cells. In addition, the

FIGURE 2 | Gene Ontology enrichment analysis of proteins elevated in
the nuclear protein fraction of Dex treated (for 7 days) human TM cells. Panels
(A–C) depict Gene Ontology (GO) enrichment analyses for biological process,
molecular function, and cellular components, respectively (using
ShinyGO v0.75 online), of proteins exhibiting a ≥2-fold increase in three or
more samples of TM cells treated for 7 days with Dex. Analysis was performed
using a P-value cutoff (FDR) of 0.05, and results are shown for the top 30
pathways identified via GO analysis.
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levels of SMARCD2 (Brg1-associated factor), ENAH (regulator of
actin polymerization), HYOU1 (hypoxia up-regulated protein-1),
TAGLN2 (Transgelin-2), LMOD1 (Lieomodin-1), LAMP1
(lysosome-associated membrane glycoprotein 1), KIF5B (Kinesin-
1 heavy chain), and NOLC1 (nucleolar and coiled-body
phosphoprotein 1) were increased by ≥ 2 fold in Dex treated
TM cells. Table 3 lists proteins exhibiting elevated or decreased
levels in 24 h, 5- and 7-dayDex treated samples. The expression level
of the following proteins was found to be elevated at all three
intervals (24 h, 5- and 7-day) of Dex treatment: GPC4, LTBP2,
PCD10 (PCDH10), and ZYX. There were also two proteins, namely,
NFM (NEFM; neurofilament medium polypeptide) and TPA
(PLAT; tissue plasminogen activator), whose levels were
decreased across all three intervals of Dex treatment.

BRG1 Regulated Gene Expression in
Trabecular Meshwork Cells
Based on the results of proteomics and GO enrichment analysis, it
is evident that Dex treatment of human TM cells for 7 days
stimulates an increase in the levels of proteins involved

predominantly in actin cytoskeletal organization, cell
contraction, cell adhesion, and vesicle transport. In contrast,
human TM cells treated with Dex for 5 days exhibited
increased levels of BRG1, MTA1, and MECP2, which are
chromatin regulatory proteins (Xue et al., 1998; Chahrour
et al., 2008; Hodges et al., 2016), in addition to some of the
proteins upregulated in nuclear fractions of 7-day Dex treated
human TM cells. In addition, increases were also detected in the
levels of MICAL2 and MICAL2-like proteins in nuclear fractions
from 5 to 7 day Dex treated human TM cells, and an increase in
BRG1 (in one of the replicates) and BRG1 associated factor
(SMARCD2; in both the replicates) levels in the 24 h Dex
treated samples. These findings suggest activation of specific
chromatin-dependent and transcriptional mechanisms in Dex
treated TM cells, which might then be involved in the observed
changes in expression of key effector/client proteins identified in
our study. Interestingly, both BRG1 andMICAL-2 stimulate SRF/
MRFT-A transcriptional activity, considered a master regulator
of expression of actin cytoskeletal and contractile proteins in
various cell types (Small et al., 2010; Velasquez et al., 2013;
Miralles et al., 2003). Moreover, Dex treatment of TM cells for

FIGURE 3 | Immunoblotting analysis based confirmation of elevated levels for selected proteins in the nuclear protein fraction derived from the 7-day Dex-treated
human TM cells. (A,B) show the representative immunoblots for the indicated proteins and quantitative changes in the levels of these proteins (histograms), respectively,
in the nuclear protein fraction isolated from the TM cells treated with Dex for 7 days. pp < 0.05. n = sample number. Immunoblotted proteins were normalized to the
nuclear pore protein (NPP).
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7 days led to significant increases in the levels of both SRF (serum
response factor) and MRTF-A (myocardin related transcription
factor A) in total cell lysates as compared to controls (Figure 7A).
In addition, the nuclear localization of MICAL2, MRTF-A and
SRF was found to be relatively higher in Dex treated human
TM cells compared to control cells (Supplementary Figure S6).
Interestingly, actin-dependent BRG1 has been shown to play a
crucial role in glucocorticoid-induced gene expression in various
cell types (Fryer and Archer, 1998; Hoffman et al., 2018). We,
therefore, attempted to understand the role of BRG1 in Dex-
induced changes in nuclear protein levels of human TM cells.

As shown in Figure 7, BRG1, MTA1, and MECP2 are
distributed predominantly to the nucleus in human TM cells.
Immunoblotting analysis confirms the presence of these proteins
in the nuclear fraction, and increased expression levels of BRG1,
MTA1, and MECP2 in Dex treated human TM cells. Using a
siRNA approach, we evaluated whether BRG1 deficiency impacts
the ability of Dex to induce an increased expression of nuclear
proteins in human TM cells. Treatment of human TM cells with a
BRG1 specific siRNA resulted in significantly decreasing the
levels of BRG1 in both Dex treated and controls (Figure 8).
BRG1 deficiency decreased the Dex stimulated increase in
myocilin, SRBS1(SORBS1; CAP/Ponsin), SRBS2 (SORBS2;
ArgBP2), and MICAL2 protein levels in human TM cells, as

well the basal level of expression of these proteins in Dex
untreated cells, relative to control cells treated with a
scrambled siRNA control (Figure 8). CNN3, CTGF, and
GPC4 protein levels were decreased in TM cells treated with
BRG1 siRNA alone; however expression levels of these proteins
between Dex treated BRG1 deficient cells and Dex treated
scrambled siRNA controls were found to be marginally
different (Figure 8). In experiments evaluating the effects of
BRG1 siRNA, cells were exposed to Dex treatment for only 48 h.
These preliminary results suggest that BRG1 plays a critical role
in regulating the expression of some of the proteins whose levels
are upregulated in response to Dex treatment of TM cells.

DISCUSSION

The primary objective of this study was to gain new molecular
insights into glucocorticoid-induced cellular changes in the
trabecular meshwork (TM) with a particular emphasis on
actin cytoskeletal reorganization, crosslinking, and contraction,
cell adhesion, extracellular matrix turnover, and actin-dependent
transcriptional and chromatin remodeling activities in the
context of elevated intraocular pressure (IOP) and the
pathobiology of glaucoma.

FIGURE 4 | Immunofluorescence based distribution pattern of proteins whose levels were increased in the nuclear protein fraction of human TM cells treated with
Dex. Several of the indicated proteins were detected in both the cytosol and nucleus of human TM cells under untreated condition. Arrows indicate the cell nucleus. Scale
bars indicate magnification.
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Our approach of using proteomics analysis to investigate
dexamethasone (Dex)-induced changes in the nuclear protein
profile of human TM cells enabled the identification of proteins
that are not only involved in regulating actomyosin dynamics but
also in the activation of chromatin remodeling and
transcriptional activities. Specifically, this study identified
several proteins involved in the regulation of actomyosin
contraction, actin cytoskeletal crosslinking and bundling, cell
adhesion, and vesicle trafficking, and perhaps even more
importantly, revealed that enhancement of chromatin
remodeling and transcriptional activity very likely plays a role
in upregulating the expression of actin cytoskeletal and actin
cytoskeletal regulatory proteins in Dex treated TM cells. These
results infer that Dex treatment of human TM cells triggers
changes in the levels of nucleocytoskeletal, contractile and cell
adhesive proteins, and activities of actin-dependent, BRG1
mediated chromatin remodeling and actin regulated nuclear
MICAL2 activity, and these molecular mechanisms acting
upstream perhaps interdependently together with other
regulatory mechanisms (e.g., Glypican-4 regulated Wnt/PCP
signaling) controlling SRF/MRTF-A transcriptional activity, a

known master regulator of the actin cytoskeletal and
contractile protein gene expression in smooth muscle-like
tissues (Kuwahara et al., 2005; Miano et al., 2007; Small et al.,
2010). Figure 9 depicts the schematic illustration of the proposed
Dex effects on the activation of molecular mechanisms acting
downstream to the glucocorticoid receptors in inducing the actin
cytoskeletal and cell adhesive protein gene expression and
organization in TM cells in the context of the known effects
of Dex on the aqueous humor outflow and intraocular pressure.

Ocular hypertension owing to an increase in resistance to
aqueous humor (AH) outflow through the trabecular pathway, is
a consistent finding in glucocorticoid-induced glaucoma (Clark
andWordinger, 2009; Roberti et al., 2020). Moreover, the etiology
of glucocorticoid-induced IOP resembles the pathobiology of
primary open-angle glaucoma in humans (Bermudez et al.,
2017a). Therefore, there is a great deal of interest in
understanding the pathobiology of steroid-induced IOP and
glaucoma. It is well recognized that glucocorticoid-induced
IOP is associated with changes in actin cytoskeletal
organization, actin crosslinking, cell-ECM adhesion, cell–cell
junctions, ECM accumulation, and cell stiffness in TM cells

FIGURE 5 | Immunoblotting analysis based confirmation of elevated levels of selected proteins in the nuclear protein fraction derived from the 5-day Dex-treated
human TM cells. (A,B) show the representative immunoblots for the indicated proteins and quantitative changes in levels of these proteins (histograms), respectively, in
the nuclear protein fraction isolated from TM cells treated with Dex for 5 days. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n = sample number. Immunoblotted
proteins were normalized to the nuclear pore protein (NPP).
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(Underwood et al., 1999; Raghunathan et al., 2015; Bermudez
et al., 2017a; Filla et al., 2017). Signaling (including integrins, Rho
and Rac GTPases, syndican-4 and Wnt) (Filla et al., 2011;
Fujimoto et al., 2012; Sugali et al., 2021), transcriptional (e.g.,
Yap/Taz) (Peng et al., 2018), and epigenetic (e.g., DNA

methylation) (Matsuda et al., 2015) pathways are reported to
be involved in some of these glucocorticoid-induced cellular and
IOP changes. Our understanding of the identity of molecular
mechanisms underlying the regulation of actin cytoskeletal
reorganization and assembly in TM cells by glucocorticoids

TABLE 2 |Proteins whose levels are elevated by ≥ 2-fold in two ormore nuclear fraction samples derived fromDex treated human TM cells at both the 5- and 7-day exposure
time points.

Accession Description

AKAP2 A-kinase anchor protein 2
AP2A2 AP-2 complex subunit alpha-2
APOB Apolipoprotein B-100
ASAP1 Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 1
BCKD [3-methyl-2-oxobutanoate dehydrogenase [lipoamide]] kinase, mitochondrial
CCN2 CCN family member 2 (CTGF)
CD59 CD59 glycoprotein
CNN3 Calponin-3
CNTN1 Contactin-1
COBA1 Collagen alpha-1 (XI) chain
COTL1 Coactosin-like protein
CP1B1 Cytochrome P450 1B1
CPSF3 Cleavage and polyadenylation specificity factor subunit 3
DESP Desmoplakin
DEST Destrin
DHC24 Delta (24)-sterol reductase
DHE3 Glutamate dehydrogenase 1, mitochondrial
DPYL2 Dihydropyrimidinase-related protein 2
EPS15 Epidermal growth factor receptor substrate 15
FBN1 Fibrillin-1
FBN2 Fibrillin-2
FERM2 Fermitin family homolog 2
FHL2 Four and a half LIM domains protein 2
FILA2 Filaggrin-2
FLNB Filamin-B
GBG12 Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-12
GPC4 Glypican-4
HIP1 Huntingtin-interacting protein 1
HORN Hornerin
ITM2B Integral membrane protein 2B
ITSN1 Intersectin-1
K1C9 Keratin, type I cytoskeletal 9
K2C1 Keratin, type II cytoskeletal 1
LDHA L-lactate dehydrogenase A chain
LIMC1 LIM and calponin homology domains-containing protein 1
LTBP2 Latent-transforming growth factor beta-binding protein 2
MFGM Lactadherin
NEXN Nexilin
PCD10 Protocadherin-10
PLPP3 Phospholipid phosphatase 3
PPME1 Protein phosphatase methylesterase 1
RAB2A Ras-related protein Rab-2A
RN168 E3 ubiquitin-protein ligase RNF168
SEPT2 Septin-2
SEPT7 Septin-7
SRBS2 Sorbin and SH3 domain-containing protein 2 (ArgBP2)
STOM Erythrocyte band 7 integral membrane protein
SYNJ1 Synaptojanin-1
TENS1 Tensin-1
TIMP3 Metalloproteinase inhibitor 3
VINEX Vinexin
ZN638 Zinc finger protein 638
ZYX Zyxin

Footnote: Proteins exhibiting increased levels (by ≥ 2-fold) in response to Dex treatment in two or more samples of human TM cells representing both the 5- and 7-day treatment periods
are listed.
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however, remains elusive (Bermudez et al., 2017a).
Glucocorticoids are thought to mediate their biological effects
predominantly through influencing gene expression (Rhen and
Cidlowski, 2005). While Dex has been shown to modulate gene
expression of proteins involved in the regulation of actin
cytoskeletal organization, including the actins, myosins,
integrins, and actin interacting proteins (Bermudez et al.,
2017a), the effector pathways and mechanisms downstream of
the glucocorticoid receptor that mediates these changes in TM
cells remain to be identified.

Using proteomics analysis to determine the effects of Dex on
the nuclear protein profile of TM cells, an approach not
previously utilized, we identified consistent changes in the

levels of key proteins in multiple strains of human TM cells.
Our studies identified several differentially expressed proteins
involved in actin cytoskeletal changes, contraction, actin
bundling, cell adhesion, and endocytosis and exocytosis, in
Dex treated human TM cells. Interestingly, some of these
proteins, including SORBS2 (ArgBP2) (Bollinger et al., 2012),
CCN2 (CTGF) (Shan et al., 2017), PLPP3, and CNN3 have also
been reported to be elevated in Dex treated TM total cell lysates
(Shan et al., 2017). The concentration of glucocorticoids used in
published literature involving TM cells ranges from 10−4 to
10−7 M, with treatment length spanning from a few days to
several weeks (Tripathi et al., 1989; Bermudez et al., 2017b;
Faralli et al., 2019). In our study, the use of a Dex

FIGURE 6 | GO enrichment analysis of proteins exhibiting upregulated levels in nuclear protein fractions of human TM cells treated with Dex for 5- and 7-day
periods. Several proteins exhibited similar trends (≥2-fold increase) in changes in levels between the 5- and 7-day Dex treated samples, and enrichment analysis for
Biological process identified preferential upregulation of proteins involved in actin stress fiber formation, bundling and organization, cell adhesion, and vesicle transport.
This analysis was performed using a P-value cutoff (FDR) of 0.05, and results are shown for the top 30 pathways.

TABLE 3 | Proteins whose levels are changed by ≥ 2-fold in two or more nuclear fraction samples derived from human TM cells treated with Dex for 24 h, 5days, and 7 days.

Accession Description Enriched or depleted

GPC4 Glypican-4 ↑
LTBP2 Latent-transforming growth factor beta-binding protein 2 ↑
PCD10 Protocadherin-10 ↑
ZYX Zyxin ↑
NFM Neurofilament medium polypeptide ↓
TPA Tissue-type plasminogen activator ↓

Footnote: Proteins whose levels were elevated by two or more folds in two or more samples of 1-, 5-, and 7-day Dex treated TM cells are listed. Arrows pointing up and down reflect an
increase and decrease in expression level, respectively.
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concentration of 0.5 µM Dex for a maximum period of 7 days in
culture did not have any adverse effect on cell survival or result in
any detectable cell morphological changes by phase-contrast
imaging (Supplementary Figure S7). To our surprise,
however, an initial analysis using duplicates of a human TM
cell strain and subsequent assessments of two additional TM cell
strains revealed that Dex treatment for 7 days led to a consistent
increase in the levels (by ≥ 2-fold) of several proteins in the
nuclear fraction. This subset of upregulated targets was enriched
in proteins involved in actin cytoskeletal organization,
contraction, and bundling, actin stress fiber formation, cell
adhesion, and vesicle trafficking. Importantly, SORBS2
(ArgBP2), LIMCH1 (LIM and Calponin Homology Domains
1), CNN3, and septins, which were found to be significantly
elevated in Dex treated human TM cells in our study, have been
shown to bind to and regulate actin crosslinking and contraction
of actin stress fibers (Wang et al., 1997; Anekal et al., 2015; Lin
et al., 2017; Spiliotis and Nakos, 2021). The levels of SORBS1
(CAP/Ponsin), SORBS3 (Vinexin), tensin-1, SI1LI (SIPA1L1),

and zyxin (ZYX), which are involved in cell adhesion and actin
cytoskeletal organization, were also elevated in TM cells in
response to Dex treatment (Chen et al., 2002; Wang and
Gilmore, 2003; Rao and Maddala, 2009; Liu et al., 2016;
Ichikawa et al., 2017).

Interestingly, this study also revealed an increase in Dex
treated TM cells of the levels of integrin αV (ITGAV) and β5
(ITGB5), which are well-characterized receptors of ECM proteins
and regulators of cell adhesion and actin cytoskeletal organization
(Filla et al., 2017). Activation of αvβ3 and increased levels of β3
integrin were also previously reported to regulate actin
crosslinking and CLANS formation in Dex treated TM cells
and regulate AH outflow (Filla et al., 2011; Filla et al., 2017).
Several of these previously described proteins involved in actin
cytoskeletal organization and crosslinking were significantly
elevated in Dex treated TM cells in our studies during both
the 5- and 7-day treatment period.

A noteworthy point is that the finding of Dex-mediated
increases in expression of proteins involved in actin

FIGURE 7 | Increased levels of transcriptional (SRF, MRTF-A) and chromatin regulators (BRG1, MTA1, and MeCP2) in Dex treated human TM cells. (A,B) Total cell
lysates derived from Dex treated (7 days) TM cells showed a significant increase in the levels of SRF and MRTF-A relative to controls. (C) Nuclear distribution of BRG1,
MTA1, and MeCP2 in human TM cells. (D,E) Increased levels of BRG1, MTA1, and MeCP2 proteins in the nuclear protein fraction of Dex treated (5 days) TM cells. *p <
0.05; **p < 0.01. Scale bars indicate image magnification.
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cytoskeletal organization and cell adhesion was consistently
detected in nuclear extracts across multiple strains of TM cells.
We have performed analyses to validate the purity of the nuclear

fraction isolated fromTM cells and confirmed that there is little to
no contamination from the cytosolic compartment. Moreover, we
observed that some of the actin cytoskeleton interacting proteins

FIGURE 8 | BRG1 deficiency decreases the levels of various proteins in TM cells under both basal and Dex stimulated conditions. (A,B) BRG1 siRNA and a
corresponding scrambled siRNA control were used to determine the role of the chromatin remodeling protein BRG1 in the expression of the indicated proteins in TM
cells. Cells were initially treated with siRNA for 24 h prior to the addition of Dex or vehicle and continuation of incubation for another 48 h. Cell lysates were prepared for
immunoblotting based quantification of the proteins of interest. As shown in the figure, treatment with BRG1 siRNA significantly reduced the levels of BRG1 and
other indicated proteins in TM cells under both normal and Dex treated conditions. *p < 0.05; ****p < 0.0001. Sc si: Scrambled siRNA; Brg1 si: BRG1 siRNA. Lanes 1 and
2 indicate replicate samples.

FIGURE 9 | Schematic illustration of the mechanisms involved in regulating the expression of actin cytoskeletal network, contractile, cell adhesive, and vesicle
trafficking proteins in Dex treated TM cells. BRG1 (regulator of chromatin remodeling), MICAL2 (regulator of nuclear actin depolymerization), and Glypican-4 (regulator of
Wnt/PCP signaling) dependent pathways appear to collectively influence gene expression via stimulating SRF/MRTF-A transcriptional activity (a knownmaster regulator
of actin cytoskeletal and contractile protein expression) under these conditions, thereby playing a potential role in modulation of aqueous humor outflow and
intraocular pressure. GR: Glucocorticoid receptor.
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upregulated by Dex localized to both the cytosolic and nuclear
fractions in TM cells. This is not entirely surprising given that
several actin-interacting proteins, actin and cell adhesion proteins
were detected in the nuclear fraction since many of these proteins
are recognized to shuttle between the nuclear and cytosolic
compartments and thus participate in gene regulation (Wang
and Gilmore, 2003; Meves et al., 2009). It is not clear how this
nucleocytoplasmic shuttling occurs for several of the proteins
identified in this study, with some of these proteins lacking a well-
defined nuclear localizing sequence. However, not all known
nuclear cytoskeletal and cell adhesive proteins contain a well-
defined nuclear localizing signal (Lu et al., 2021). It is also possible
that some proteins detected in the nuclear fraction could bind to
the external aspect of the nuclear envelope since the actin
cytoskeleton is known to tether to the nuclear envelope as
well. Therefore, in future studies, it is necessary to advance
our insights into the mechanisms by which some of the Dex
induced proteins shuttle into the nucleus in TM cells.

While the change in expression levels for some proteins
exhibited a time-dependence with respect to the length of Dex
treatment in TM cells (e.g., myocilin), a few proteins were
upregulated as early as the 24 h treatment interval, with levels
continuing to remain elevated even at the 7-day time point of Dex
treatment. An example is glypican-4 (GPC4), whose levels were
increased with Dex treatment at all three time points tested in this
study. Glypican-4 is a well-characterized cell surface heparan
sulfate proteoglycan involved in the trafficking of morphogens,
including Wnt and hedgehog, and plays a vital role in their
development (Song and Filmus, 2002). Glypican-4 has been
shown to activate both the Wnt classical and PCP pathways
(Ohkawara et al., 2003; McGough et al., 2020; Balaraju et al.,
2021). Based on our observations regarding actin cytoskeletal
protein levels in Dex treated TM cells, it is plausible that GPC4
activates the Wnt/PCP pathway in response to Dex treatment.
Moreover, treatment of TM cells with Dex has been reported to
activate the Wnt/PCP pathway and regulate actin cytoskeletal
reorganization in TM cells (Yuan et al., 2013), and to inhibitWnt/
beta-catenin classical signaling activity as evidenced by elevated
levels of Wnt antagonist, SFRP1 (Wang et al., 2008; Raghunathan
et al., 2015). In addition to the elevation in GPC4 levels, we also
detected that the levels of zyxin, a focal adhesion protein involved
in the regulation of cell adhesion and actin cytoskeletal bundling,
were consistently upregulated in response to Dex treatment of
human TM cells. LTBP2 levels were also increased consistently
with Dex treatment whose mutation has been associated with
congenital glaucoma in humans and cats (Ali et al., 2009; Kuehn
et al., 2016). In contrast to these proteins, the levels of TPA (tissue
plasminogen activator) and neurofilament medium polypeptide
were decreased consistently. Although not much is known about
neurofilament medium polypeptide in TM cells, the
downregulation of TPA by glucocorticoids has been
documented extensively, and the increased expression of
recombinant TPA has been demonstrated to lower IOP,
indicating the importance of TPA in the homeostasis of IOP
(Seftor et al., 1994; Candia et al., 2014).

The most interesting and intriguing finding of this study is the
observation of the preferential increases in levels of proteins

involved in the regulation of actin cytoskeletal dynamics, cell
adhesion and contractility, and fibrogenic activity in Dex treated
TM cells. Moreover, these changes appear to be largely due to
their upregulation under Dex treatment since we found increased
levels of some of the same proteins in the cytosolic fraction of
TM cells that we analyzed for one of the TM cells strains under
Dex treatment. Interestingly, many of the cytoskeletal proteins
identified in this study have also been found to be differentially
expressed (our unpublished studies; manuscript in preparation)
in the cytoskeletome fraction obtained from Dex treated human
TM cells. These findings suggest that there is a preferential
upregulation of actin cytoskeletal and actin-interacting
proteins in Dex treated human TM cells. This finding raises
the question of why there is a preferential upregulation of
expression of the proteins involved in actin cytoskeletal
organization, contraction and cell adhesion under Dex
treatment and what is the molecular basis underlying this
response. In attempting to address these questions, we focused
on the increase in levels of MICAL2, MICAL-like 2, BRG1,
MTA1, and MeCP2 proteins in the nuclear fraction of Dex
treated TM cells. MICAL2, a FAD-dependent monooxygenase
which promotes the depolymerization of nuclear F-actin by
mediating oxidation of specific methionine residues on actin,
has been shown to regulate the transcriptional activity of SRF/
MRTF-A (Lundquist et al., 2014). Interestingly, Dex has also been
shown to increase MICAL2 expression in the brain (Juszczak and
Stankiewicz, 2018).

SRF/MRTF-A is considered as a master regulator of the
expression of actin cytoskeletal and contractile proteins
(Olson and Nordheim, 2010; Velasquez et al., 2013; Miano
et al., 2007). Moreover, BRG1, an actin and ATP dependent
catalytic and essential subunit of the SWI/SNF multi-protein
chromatin remodeling complex has been shown to be required
for glucocorticoid-induced gene expression in various cell
types (Fryer and Archer, 1998; Hoffman et al., 2018). The
SWI/SNF complex plays a crucial role in regulating the
chromatin state of genes and activation of gene expression
(Khavari et al., 1993; Hodges et al., 2016). Interestingly, in
smooth muscle-like tissues, BRG1 has been shown to interact
with MRTF-A and thereby regulate SRF/MRTF-A
transcriptional activity (Zhang et al., 2007; Zhou et al.,
2009). Based on this collective understanding, we speculate
that actin dependent, BRG1 regulated chromatin remodeling
and activation of SRF/MRTF-A transcriptional activity,
together with other regulatory mechanisms, including the
GPC4 regulated Wnt/PCP pathway, play a key role in
modulating gene expression of actin cytoskeletal,
contractile and cell adhesive proteins in Dex treated human
TM cells (Figure 9). Our findings of increased levels of SRF
and MRTF-A and their increased nuclear localization in Dex
treated TM cells, together with the ability of BRG1 deficiency
to suppress levels of MICAL2 and SORBS1 and 2 and CNN3
(calponin-3) further support the importance of BRG1 and
SRF/MRTF-A regulated gene expression in TM cells. Our
previous studies have also uncovered the importance of
SRF/MRTF-A transcriptional activity in Rho GTPase
regulated TM cell contractile activity, actin cytoskeletal
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organization and fibrogenic activity (Pattabiraman and Rao,
2010; Pattabiraman et al., 2014). Since the SWI/SNF complex
is known to not only activate but also repress the expression of
certain genes (Hodges et al., 2016), the decreased levels of
TPA found in across all-time Dex treated TM cell samples
could be related to the gene repressive activity of this complex.
In future studies, it is thus, necessary to investigate the role of
BRG1, MICAL2, SFR/MRTF-A, and GPC4-regulated gene
expression in TM cell actin cytoskeletal organization,
contractile and fibrogenic activity and to define the
mechanisms how these interactions might influence
aqueous humor outflow and IOP. Finally, changes in the
levels of MTA1 and MeCP2 under Dex treatment also
suggest the involvement of additional chromatin regulating
mechanisms in Dex induced effects in TM cells.
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Supplementary Figure S1 | Dexamethasone induced actin cytoskeletal
reorganization and cross-linked actin networks in human TM cells. Human TM
cells treated for 7 days with 0.5 µM Dex, as described in the Methods section,
revealed increased actin stress fibers (arrowheads) and cross-linked actin networks
(CLANS; arrows) compared to control cells treated with ethanol (1 µl/ml media).
Actin filament was stained with Phalloidin–Tetramethylrhodamine B isothiocyanate
(Phalloidin-TRITC). Scale bar: Image magnification.

Supplementary Figure S2 | Gene Ontology (GO) enrichment analysis of proteins
exhibiting elevated levels in the nuclear fraction of human TM cells treated with Dex
for 7 days. Panels (A–C) depict GO enrichment analyses for Biological process
(using ShinyGO v0.75 online) of proteins elevated by ≥2-fold in both replicates and
individual replicates (sample 1 and sample 2), respectively, where samples are
derived from the same strain of TM cells treated for 7 days with Dex. Analysis was
performed using a P-value cutoff (FDR) of 0.05, and results are shown for the top 30
pathways.

Supplementary Figure S3 | Gene Ontology enrichment analysis of proteins
exhibiting a decrease in level in the nuclear fraction of human TM cells treated
with Dex for 7 days. Panels (A–C) depict GO enrichment analyses for biological
process of proteins decreased by ≥2-fold in individual replicates (samples 1 and 2)
and in both replicates, respectively, where samples are derived from the same strain
of TM cells treated for 7 days with Dex. Analysis was performed using a P-value
cutoff (FDR) of 0.05, and results are shown for the top 30 pathways.

Supplementary Figure S4 | Gene Ontology enrichment analysis of proteins
exhibiting a decrease in levels in the nuclear protein fractions derived from
human TM cells treated with Dex for 7 days. GO enrichment analyses for
biological process of proteins decreased by ≥2-fold in three or more samples of
TM cells treated for 7 days with Dex. Analysis was performed using a P-value cutoff
(FDR) of 0.05, and results are shown for the top 30 pathways.

Supplementary Figure S5 | Gene Ontology enrichment analysis of proteins
increased in the nuclear protein fraction derived from human TM cells treated
with Dex for 5 days. GO enrichment analyses for biological process of proteins
increased by ≥2-fold in three or more samples of TM cells treated for 5 days with
Dex. Analysis was performed using a P-value cutoff (FDR) of 0.05, and results are
shown for the top 30 pathways.

Supplementary Figure S6 | Dexamethasone induced an increase in nuclear
staining of MICAL2, MRTF-A, and SRF in human TM cells. Human TM cells
treated with Dex (0.5 µM) for 7 days showed relatively intense staining
(immunofluorescence) for MICAL2, MRTF-A, and SRF in the nucleus (arrows)
compared to control cells. Scale bars indicate image magnification.

Supplementary Figure S7 | Cell morphology and cell viability of human TM cells
treated with dexamethasone for 7 days. Human TM cells treated with 0.5 µMDex for
7 days were evaluated for changes in cell viability, cytotoxicity, and morphological
changes, as described in the Methods section. There was no difference in cell
viability (based on in vivo labeling with fluorescein diacetate-FDA (green
fluorescence) and propidium iodide (red fluorescence) and cell morphology
(based on phase-contrast images) compared to control cells treated with ethanol
(one µl/ml media). Scale bar: Image magnification.
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The Effects of Mechanical Stretch on
Integrins and Filopodial-Associated
Proteins in Normal and Glaucomatous
Trabecular Meshwork Cells
Yong-Feng Yang1, Ying Ying Sun1, Donna M. Peters2 and Kate E. Keller1,3*

1Casey Eye Institute, Oregon Health & Science University, Portland, OR, United States, 2Department of Pathology and Laboratory
Medicine, University of Wisconsin School of Medicine and Public Health, Madison, WI, United States, 3Department of Chemical
Physiology and Biochemistry, Oregon Health & Science University, Portland, OR, United States

The trabecular meshwork (TM) is the tissue responsible for regulating aqueous humor fluid
egress from the anterior eye. If drainage is impaired, intraocular pressure (IOP) becomes
elevated, which is a primary risk factor for primary open angle glaucoma. TM cells sense
elevated IOP via changes in their biomechanical environment. Filopodia cellular protrusions
and integrin transmembrane proteins may play roles in detecting IOP elevation, yet this has
not been studied in detail in the TM. Here, we investigate integrins and filopodial proteins,
such as myosin-X (Myo10), in response to mechanical stretch, an in vitro technique that
produces mechanical alterations mimicking elevated IOP. Pull-down assays showed
Myo10 binding to α5 but not the β1 subunit, αvβ3, and αvβ5 integrins. Several of
these integrins colocalized in nascent adhesions in the filopodial tip and shaft. Using
conformation-specific antibodies, we found that β1 integrin, but not α5 or αvβ3 integrins,
were activated following 1-h mechanical stretch. Cadherin -11 (CDH11), a cell adhesion
molecule, did not bind to Myo10, but was associated with filopodia. Interestingly, CDH11
was downregulated on the TM cell surface following 1-h mechanical stretch. In glaucoma
cells, CDH11 protein levels were increased. Finally, mechanical stretch caused a small, yet
significant increase in Myo10 protein levels in glaucoma cells, but did not affect cellular
communication of fluorescent vesicles via filopodia-like tunneling nanotubes. Together,
these data suggest that TM cell adhesion proteins, β1 integrin and CDH11, have relatively
rapid responses to mechanical stretch, which suggests a central role in sensing changes in
IOP elevation in situ.

Keywords: glaucoma, trabecular meshwork, filopodia, integrins, tunneling nanotubes, myosin-X, cadherin-11,
mechanosensing

INTRODUCTION

Glaucoma is a leading cause of blindness, with a global prevalence of 3.54% in the population aged
40–80 years (Tham et al., 2014). A major risk factor of glaucoma is elevated intraocular pressure
(IOP), which is caused by dysfunction in the trabecular meshwork (TM) aqueous humor drainage
pathway (Stamer and Acott, 2012). The extracellular matrix (ECM) of TM tissue is a source of
outflow resistance and glaucomatous ECM differs in amount, structure and organization compared
to normal TM tissue (Fuchshofer and Tamm, 2009; Tektas and Lutjen-Drecoll, 2009; Vranka et al.,
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2015; Acott et al., 2021; Keller and Peters, 2022). Glaucomatous
TM tissue has altered biomechanics compared to age-matched
tissue derived from non-glaucomatous TM tissue (Last et al.,
2011; Raghunathan et al., 2018) Notably, glaucoma TM cells in
culture display molecular memory and synthesize and assemble
dysfunctional matrices similar to those found in situ
(Raghunathan et al., 2018; Acott et al., 2021; Wirtz et al.,
2021). During a normal homeostatic response to elevated IOP,
stretch and/or distortion of transmembrane mechanosensors
activate downstream signaling pathways, which ultimately
adjust aqueous outflow (Acott et al., 2021). Integrins have
been implicated in the detection of elevated IOP (Gagen et al.,
2014; Filla et al., 2017; Faralli et al., 2019). Their extracellular
domains bind ECM molecules such as fibronectin and collagens,
thus sensing alterations in extracellular biomechanical cues
caused by elevated IOP. Integrins then switch from a bent,
inactive conformation to an active state (Filla et al., 2017).
Mechanical forces activate α5β1, or αvβ3 integrins, in
fibroblasts and endothelial cells, respectively (Tzima et al.,
2001; Katsumi et al., 2005). Yet, this has not been studied in
TM cells. A tightly coordinated regime of cellular
mechanosensing, mechanotransduction, and ECM remodeling
is required to precisely coordinate homeostatic responses to
elevated IOP.

Filopodia are projections that extend from the cell surface and
are important for mechanosensing, phagocytosis, and
fundamental cellular processes such as cell adhesion,
migration, spreading, division and growth factor signaling
(Mattila and Lappalainen, 2008). Using live cell imaging, we
previously showed that highly dynamic filopodia emanate from
TM cells and these can extend over long distances (> 100 µm) in
cells and tissue (Keller et al., 2017; Sun et al., 2019a; Keller and
Kopczynski, 2020). Filopodia growth involves multiple steps and
various proteins are found at the base, the shaft, or at the tip of the
filopodia (Mattila and Lappalainen, 2008). The identity and
location of filopodial proteins is cell-type dependent
(Ljubojevic et al., 2021). Filopodial base proteins include Arp2/
3, filopodial shaft proteins include β1 integrins, epidermal growth
factor receptor pathway 8 (Eps8), and fascin, while proteins found
at filopodial tips include myosin-X (Myo10), mDia2 (also known
as Diaph3), and β1-integrin (Mattila and Lappalainen, 2008;
Watanabe et al., 2010). Interestingly, in U2OS cells, Myo10
binds to α5β1 integrin, where it functions to transport these
integrin subunits toward to the filopodial tip (Miihkinen et al.,
2021). Several cadherins are also involved in filopodia formation
and extension in endothelial and neuronal cells, as well as in
mouse embryos (Almagro et al., 2010; Fierro-Gonzalez et al.,
2013; Lai et al., 2015). Cadherin-11 (CDH11), also known as OB-
cadherin, plays a role in cell-cell adhesion and cell-ECM adhesion
(Langhe et al., 2016), and it has strong expression in TM cells
where it is up-regulated by TGFβ2 (Wecker et al., 2013; Webber
et al., 2018). However, CDH11 has not been investigated
regarding filopodia in TM cells.

Tunneling nanotubes (TNTs) are filopodia-like structures that
are important for cellular communication (Ljubojevic et al.,
2021). Since their discovery in 2004, TNTs have been
described in many cells types where they transport large

cellular organelles (lysosomes, mitochondria, endosomes) and
smaller cargoes (viruses, microRNAs, signaling molecules)
between neighboring cells through a tube connecting their
cytoplasms (Rustom et al., 2004). We have described TNTs in
normal TM cells as well as glaucoma TM cells (Keller et al., 2017;
Sun et al., 2019a). Communication via TNTs is advantageous in
the aqueous environment of the anterior eye since cargoes can be
directly transported between cells and signals are not diluted in
aqueous fluid. Moreover, TNTs can extend up to 100 µm in tissue,
which allows cells to communicate over long distances (Keller
et al., 2017; Ljubojevic et al., 2021). This potentially allows cells
located on separate TM beams to coordinated responses to
elevated IOP in situ. Myo10 is a quintessential filopodial
protein that is important for TNT formation (Berg and
Cheney, 2002; Bohil et al., 2006; Watanabe et al., 2010;
Gousset et al., 2013). Myo10 protein distribution is altered in
glaucomatous TM tissue and Myo10 gene silencing reduces
outflow through the TM (Sun et al., 2019a; Sun et al., 2019b).
This implicates a role for Myo10 in IOP homeostasis.

Filopodia and integrins are mechanosensors likely involved in
sensing changes to the TM biomechanical environment caused by
elevated IOP. Therefore, we investigated the effects of mechanical
stretch on filopodia-associated proteins, Myo10 protein
interactions, and cellular communication via TNTs in normal
and glaucomatous TM cells.

METHODS

Primary Trabecular Meshwork Cell Culture
Normal (NTM) and glaucoma (GTM) cells were cultured from
TM tissue dissected from human cadaver eyes (Lions VisionGift,
Portland, OR) using established techniques (Keller et al., 2018).
Donor information was de-identified prior to use and use of
cadaver eyes was considered exempt by OHSU Institutional
Review Board. Demographics of human donor eyes are in
Supplementary Table S1. All TM cells were used prior to
passage six and were characterized by monitoring cell
phenotype by phase microscopy, and by induction of myocilin
protein by dexamethasone treatment (Supplementary Figure S1)
(Keller et al., 2018). Characterization for some cell strains are
already published (Sun et al., 2019a; Sun et al., 2019b).

Co-Immunoprecipitation Assays
Myosin-10 polyclonal antibody was incubated overnight with
protein A/G Magnetic Beads (Pierce). Following washing with
phosphate buffered saline with 0.05% Tween (PBST) and
blocking with bovine serum albumin, the Myo10-antibody
beads were incubated with TM RIPA lysates with 10 mM
MgCl2 overnight at 4°C. The tubes were then placed in a
magnetic holder so Myo10 antibody-coated magnetic beads
remained in the tube while they were washed thoroughly with
PBST. After the final wash, 1x SDS-PAGE sample buffer was
added to the tube, samples were boiled, and immunoprecipitated
proteins were separated by SDS-PAGE. Following transfer,
nitrocellulose membranes were probed with either integrin β1,
α5, αvβ3, αvβ5, or CDH11 primary antibodies (Supplementary
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Table S2). Secondary antibodies were IRDye 700-conjugated
anti-rabbit or IRDye 800-conjugated anti-mouse antibodies
(Rockland). Membranes were scanned using an Odyssey gel
imaging system (Licor, Lincoln, NE, United States).

Mechanical Stretch
Mechanical stretch experiments were performed as described
previously (Bradley et al., 2001). Briefly, TM cells were seeded
on 6-well collagen type I-coated silicone membranes (FlexCell
International, Burlington, NC) and grown to confluence. Cells
were made serum-free and the membrane was stretched over a
pushpin head for either 1 h (immunohistochemistry
experiments) or 24 h (Western immunoblots). The upward
inversion of the membrane with the cells attached produces a
static radial and circumferential stretch of approximately 10%
(Bradley et al., 2001). For comparison, an IOP of 30 mmHg was
estimated to produce a mechanical stretch of outflow pathway
cells of up to 50% in situ (Grierson and Lee, 1977).

Immunohistochemistry and Confocal
Microscopy
To investigate filopodial proteins, immunohistochemistry
was performed. One hour prior to fixation, SiR-actin
(Cytoskeleton, Inc.) and 10 µM verapamil, which increases
fluorescent signal of SiR-actin, was added to the cultures
(Keller and Kopczynski, 2020). Silicone membranes were
removed from the plates and fixed with 4%
paraformaldehyde. Following permeabilization in 0.03%
Tween-20 and blocking with CAS-block (Invitrogen),
primary antibodies (Supplementary Table S2) were
incubated. After washing, Alex Fluor 488- or 594-
conjugated species-specific secondary antibodies were
incubated and coverslips were mounted on top of silicone
membranes in DAPI-containing ProLong gold (Invitrogen).
Fluorescence images were captured using an Olympus
FV1000 confocal microscope using identical acquisition
settings for each treatment (e.g., stretch vs. non-stretch).
For CDH11 immunostaining, TM cells were graded as
having high CDH11, medium, or low/no CDH11 based on
fluorescence intensity. Grading was performed independently
by two authors in a masked manner. To quantitatively assess
integrin activation, Image J was used to measure total
fluorescence in a field and the number of DAPI-stained
nuclei was counted. Total activated integrin fluorescence
was normalized for the number of nuclei, then data were
averaged and a standard error calculated.

Western Immunoblotting
RIPA lysates were harvested on ice from confluent NTM and
GTM cells, or from TM cells that were mechanically stretched
for 24 h. A 24 h time point was used so that changes in protein
levels could accumulate. After harvesting, protease cocktail
inhibitor was added to the RIPA lysates, proteins were
separated by SDS-PAGE and Western immunoblots were
performed with the indicated primary antibodies
(Supplementary Table S2). Total ERK1 or tubulin

antibodies were used as a loading control. Secondary
antibodies were IRDye 700-conjugated anti-rabbit or
IRDye 800-conjugated anti-mouse antibodies. Membranes
were scanned using an Odyssey gel imaging system. Bands
were quantitated from each lane of the immunoblots using
ImageJ software and relative fluorescent units (RFUs) data
were normalized for loading. For comparing mechanical
stretch, RFUs of mechanically stretched TM cells were
made a percentage of non-stretched RFUs for each cell
strain. Data were averaged and plotted on the graph.

Tunneling Nanotubes Vesicle Transfer
Assay
A vesicle transfer assay quantitated fluorescent vesicle
transfer via TNTs between cells (Abounit et al., 2015;
Keller et al., 2017; Sun et al., 2019a) Briefly, cells were
labeled with 1 µM of either Vybrant DiO (488 nm) or DiD
(647 nm) dyes (ThermoFisher), mixed 1:1, and plated at 1 ×
105 cells/ml on FlexCell membranes. Cells were allowed to
adhere for 2 h and then the membranes with attached cells
were mechanically stretched for 24 h. Cells were fixed and
immunostained with rat monoclonal anti-CD44, clone IM-7
(Stem Cell Technologies, Vancouver, BC) and Alexa-fluor
594-conjugated donkey anti-rat secondary antibody
(ThermoFisher) to visualize the cell membrane. Confocal
z-stacked images were acquired and the total number of
DiO (green) and DiD (red)-labeled cells in each image
were counted. The number of TM cells containing at least
five vesicles of the opposite color (transferred vesicles) was
then made a percentage of total cell number, as described
previously (Keller et al., 2017; Sun et al., 2019a).

Statistics
Biological (>n = 3) and technical (>n = 3) replicates were
performed for all the experiments. The n’s are reported in the
figure legends. Data are reported as mean ± standard error.
One-way ANOVA with a post-hoc Tukey test, or a paired
Students t-test, were performed. Significance was set at
p < 0.05.

RESULTS

Integrins and Myosin-X Interactions
Previous studies indicated that β1 integrins and α5 integrins
are transported along filopodia by Myo10 (Zhang et al., 2004;
He et al., 2017; Miihkinen et al., 2021). Here, we investigated
the co-localization of integrins with Myo10 in filopodia of
TM cells and performed co-immunoprecipitation assays to
examine Myo10-integrin protein interactions (Figure 1). β1
integrin strongly colocalized with Myo10 at the tips of
filopodia, while along the shaft the β1 fluorescent signal
was lower and there were only a few areas of
colocalization (Figure 1A). Activated α5 integrin showed
colocalization with Myo10 along the shaft and at the
filopodia tip (Figure 1B). The localization of αvβ3 and
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αvβ5 integrins were also examined. There was a strong
fluorescence signal for αvβ3 integrin along the filopodial
shaft and at the tip (Figure 1C), but the signal for αvβ5

integrin showed much lower fluorescence (Figure 1D)
suggesting that there were lower levels of αvβ5 integrin in
filopodia.

FIGURE 1 | Integrins, Myo10 and filopodia. Co-immunoprecipitation assays investigated the binding of Myo10 to (A) β1-integrin (B) α5-integrin, (C) αvβ3 integrin,
and (D) αvβ5 integrin. Myo10 was used to pull-down interacting proteins and Western immunoblots were probed with integrin antibodies. Pull-downs of two biological
replicates are shown, which are representative immunoblots from at least four cell strains used for each integrin. Ly = lysate; fl = flow through; IP = co-
immunoprecipitation; wa = wash. For immunofluorescence, TM cells were labeled with SiR-actin, then fixed, immunostained with integrin and Myo10 antibodies
and confocal images were acquired. b = base; s = shaft; t = tip. Scale bar = 20 µm.
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To determine if Myo10 and these integrins interacted, we
performed pull-down assays using a Myo10 antibody. As shown
in Figure 1, α5 (116 kDa), β3 and β5 integrin subunits
(~135 kDa) were pulled down using the Myo10 antibody, but
we failed to show an interaction between Myo10 and the β1

integrin subunit (140 kDa). All pull-down lanes showed a band at
~50 kDa, which corresponds to the IgG heavy chain. Together,
these data expand the repertoire of integrins that bind to Myo10,
but lack of binding to the β1 integrin subunit suggests that
Myo10-β1 integrin interactions are cell-type dependent.

FIGURE 2 | Integrin activation and filopodial proteins in response to 1-hour mechanical stretch. (A) Immunostaining of activated β1 integrin (HUTS-21 antibody),
activated α5 antibody (SNAKA51), and activated αvβ3 (LIBS2) antibody with and without 1 h mechanical stretch. DAPI stained the nuclei (blue). Scale bar = 20 µm. (B)
Total fluorescence of activated β1, α5, and αvβ3 integrins wasmeasured in TM cells with and without 1 h mechanical stretch. Relative fluorescence was normalized to the
number of nuclei in each field, then data was averaged and standard error of the mean calculated.N = 30 images measured. *p = 0.0002 paired students t-test. (C)
mDia2 was found at the base, along the shaft, and at the tips of TM filopodia, and this distribution was not altered after 1 h mechanical stretch. (D) Eps8 tended to
accumulate in the filopodia tips. After 1 h stretch, there were several areas of intense Eps8 accumulation in the filopodial shaft as well as the tip.
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FIGURE 3 | Cadherin-11 in filopodia and in response to mechanical stretch. (A) CDH11 was found along the length of filopodia or TNTs connecting adjacent TM
cells. CDH11 colocalized with Myo10 at the base of the filopodia, but not along its length. Scale bar = 20 µm. (B)CDH11 did not bind to Myo10 in pull-down assays. Ly =
lysate; fl = flow-through; IP = immunoprecipitated proteins. (C) TM cells were mechanically stretched for 1-h then fixed and stained with CDH11 (green). Actin (red) and
DAPI (blue) identified all the TM cells in a field. Cells with high (*), medium, and low/no (arrowheads) CDH11 levels were identified. (D)High, medium, and lowCDH11
cells were counted and made a percentage of the total number of cells. *p < 0.015 by ANOVA. Data show mean ± s.e.m.
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Trabecular Meshwork Filopodial Proteins in
Response to Mechanical Stretch
Mechanical stretch is an in vitromethod to mimic elevated IOP
(Bradley et al., 2001). Integrins may play a central role in
detecting changes in mechanical forces caused by elevated IOP
(Acott and Kelley, 2008; Gagen et al., 2014; Filla et al., 2017;
Acott et al., 2021), but this has not been directly tested. Here,
we investigated the effects of a static mechanical stretch on
integrin activation. A 1-h mechanical stretch was chosen
because live cell imaging shows that mechanosensing
filopodia protrude from the TM cell surface in this time
frame (Keller et al., 2017; Keller and Kopczynski, 2020). To
detect activated integrins, we used HUTS-21, SNAKA51, and
LIBS2 conformation-specific monoclonal antibodies, which
detect activated forms of β1, α5 and αvβ3 integrins,
respectively (Du et al., 1993; Luque et al., 1996; Clark et al.,
2005; Byron et al., 2009). There was significantly increased
fluorescent signal for activated β1 integrin in TM cells
following 1 h mechanical stretch (Figure 2A,B). This
increase in activated β1 integrin represented the entire field
and was not specifically localized to filopodia. However, there
was no difference in the fluorescent signal of activated α5, or
activated αvβ3, in stretched vs. non-stretched TM cells. A
conformation-specific antibody to activated αvβ5 is not
available so we could not assess this subtype.

In addition to integrins, we investigated the distribution of
filopodial proteins Eps8 and mDia2 in non-stretched vs.
stretched TM cells. In non-stretched TM cells, mDia2 was
localized to the base, shaft, and tip of filopodia (Figure 2C),
while Eps8 was localized to discrete patches in the shaft and at
the tips of filopodia (Figure 2D). mDia2 showed increased
areas in the filopodia following mechanical stretch, suggestive
of enhanced nascent adhesions.

Cadherin-11 and Filopodia
CDH11 is a cell adhesion protein, which is highly expressed
in TM cells (Webber et al., 2018). The filopodial protein
Myo10 binds to other cadherin family members (Almagro
et al., 2010; Lai et al., 2015). Therefore, we investigated
CDH11 localization in TM cells. CDH11 localized as
punctate dots at the TM cell surface and strongly
decorated the base and the entire length of the filopodia
(Figure 3A). CDH11 at the filopodial base colocalized with
Myo10, but not in the shaft. However, pull-down assays failed
to detect an interaction between Myo10 and CDH11
(Figure 3B). We also observed that CDH11 fluorescence
was variable, where some TM cells showed high CDH11
levels, others had a medium level of CDH11, while others
have little to no CDH11 immunostaining (Figure 3C). We
counted the number of high, medium, and low CDH11 cells,
with and without 1-h mechanical stretch. Interestingly, the
number of low CDH11-expressing cells was significantly
higher in stretched than non-stretched cells (Figure 3D)
suggesting that mechanical stretch decreased the number
of CDH11-positive TM cells.

Effect of Mechanical Stretch in Normal and
Glaucomatous Trabecular Meshwork Cells
CDH11 is up-regulated in diseases associated with excess ECM
deposition such as invasive breast cancer, scleroderma, and liver
fibrosis (Chen et al., 2021). Glaucoma TM tissue has excess ECM
so we investigated CDH11 protein levels in normal and
glaucomatous TM cells. Western immunoblots and
densitometry showed that CDH11 protein levels were
significantly increased in GTM cells compared to NTM cells
(Figure 4A,B). However, there was no significant difference in
mDia2 or Eps8 protein levels between NTM and GTM cells
(Figure 4B). We then investigated the effects of 24 h mechanical
stretch. There was no difference in CDH11, mDia2, or Eps8
protein levels when comparing stretched vs. non-stretched cells
(Figure 4C). Thus, CDH11 is upregulated in glaucoma TM cells,
but mechanical stretch does not appear to additionally affect
expression levels.

We also investigated whether mechanical stretch affected
Myo10 protein levels. Consistent with our previous
observations (Sun et al., 2019a), Myo10 levels were not
significantly different between non-stretched NTM and GTM
cells. However, in response to mechanical stretch, Myo10 protein
levels in GTM cells showed a small (~5%), but significant increase
after 24 h compared to NTM cells by Western immunoblot and
densitometry (Figure 4D). Over-expression of Myo10 has been
shown to induce TNTs (Gousset et al., 2013). Therefore, we
hypothesized that increasedMyo10 protein levels in mechanically
stretched GTM cells may affect cellular communication via TNTs
so we performed a fluorescent vesicle transfer assay. In non-
stretched cells, GTM cells showed significantly more vesicle
transfer compared to NTM cells (Figure 4E), as we found
previously (Sun et al., 2019a). Yet, 24 h mechanical stretch did
not significantly affect vesicle transfer in NTM cells or GTM cells.

DISCUSSION

In this study, we show that mechanical stretch, a proxy for
elevated IOP, affects the composition and distribution of
proteins in TM cell filopodia and vesicle transfer in TNTs.
Specifically, we show that TM filopodia contain Myo10,
integrins α5β1 and αvβ3, and to some extent αvβ5 integrin,
and CDH11, Eps8, and mDia2. Mechanical stretch specifically
activated β1 integrin within 1 h, as shown with conformation-
specific monoclonal antibodies, suggesting that certain integrins
become activated as a rapid response to the stretch and distortion
caused by elevated IOP. In addition, mechanical stretch increased
the number of CDH11-negative TM cells suggesting that other
cell surface adhesion molecules are also affected. In contrast,
mechanical stretch had no effect on vesicle transfer via TNTs in
either NTM or GTM. Together, these data suggest that filopodial-
associated and cell-surface proteins are dynamically altered in
response to their biomechanical environment, but these
mechanical cues do not significantly impact cellular
communication via TNTs. In addition, it provides additional
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FIGURE 4 | Filopodial proteins in normal and glaucomatous TM cells in response to 24 hmechanical stretch. (A)CDH11 protein levels in normal and glaucoma TM
cell lysates. ERK1was used as a loading control. (B)Densitometry of CDH11, mDia2, and Eps8 protein levels showed significantly increased levels in glaucoma TM cells.
Relative fluorescent units (RFUs) were normalized for ERK loading. Normal: n = 17 replicates from 15 NTM cell strains; Glaucoma: n = 16 technical replicates from 10
GTM cell strains. *p = 0.038 by ANOVA; NS = not significant. (C)Densitometry of CDH11 protein byWestern immunoblotting of normal and glaucomatous TM cells
after 24 hmechanical stretch. Data show stretch/non-stretched as a percentage. NS = not significant. Normal: n = 11 replicates from 10 NTM cell strains; Glaucoma: n =
10 technical replicates from 7 GTM cell strains. (D) Representative Western immunoblot of Myo10 protein in NTM and GTM cells with and without 24 h mechanical
stretch. Tubulin (tub) was used as a loading control. Densitometry showed that GTM cells had a small (~5%), but significantly increased level of Myo10 protein after 24 h
mechanical stretch. *p = 0.023 by ANOVA. Normal: n = 15 replicates from 7 NTM cell strains; Glaucoma: n = 10 technical replicates from 5 GTM cell strains. (E) TM cells
were labeled separately with DiO or DiD dyes, mixed and then mechanically stretched for 24 h. The number of cells containing fluorescent vesicles of the opposite color
were counted for normal or glaucomatous cells, with and without stretch. Glaucoma TM cells had significantly increased transfer of vesicles compared to normal TM
cells, but mechanical stretch did not cause a significant change. Data show mean ± s.e.m. *p = 0.001; **p = 0.015 by ANOVA.
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evidence that the function of TNTs and filopodia are different, as
previously suggested (Ljubojevic et al., 2021).

Since only heterodimer integrins, not individual subunits, are
expressed on the cell surface, and the α5 subunit only pairs with
the β1 subunit, localization of the α5 subunit must indicate the
presence of the α5β1 integrin heterodimer in filopodia (Hynes,
2002). Localization of α5β1 integrin at the filopodial tip suggests
that it is actively engaged with the underlying substrate in a
nascent adhesion. α5β1 integrin binding to fibronectin could
initiate fibronectin fibrillogenesis or focal adhesion formation in
the immediate area, further stabilizing the filopodia (Singh et al.,
2010). The discrete areas of α5β1 integrin along the shaft may
indicate nascent adhesions (Henning Stumpf et al., 2020). This
agrees with the 2-step theory of filopodial elongation, where
integrins transiently engage the substrate to stabilize it while
additional components are transported toward the tip by Myo10
(He et al., 2017).

Using conformation-specific antibodies (Byron et al., 2009),
we showed that mechanical stretch activated β1 integrin, but not
α5 or αvβ3 integrins. This suggests that α5β1 integrin may not be
involved in detecting mechanical stretch. β1 integrin
heterodimerizes with several other α subunits expressed in the
TM (Filla et al., 2017). One possibility is α4β1 integrin, which
cross-talks with α1β1 and α2β1 integrins (Schwinn et al., 2010;
Faralli et al., 2011), and is recognized by the Huts-21 antibody
(Njus et al., 2009). Other possibilities are the collagen binding
α1β1 or α2β1 integrins (Luque et al., 1996). Further studies are
required to reveal the exact identity of integrin heterodimers
involved in sensing mechanical stretch-induced alterations to the
biomechanical environment.

In this study, we show that Myo10 may play a role in
transporting α5β1 integrins to the filopodial tip, as suggested
in several cell types (Zhang et al., 2004; He et al., 2017; Miihkinen
et al., 2021). The distribution and colocalization of Myo10 with
α5 and β1 integrins in filopodia of TM cells supports this idea.
However, our pull-down data provide further nuances to Myo10-
α5β1 integrin interactions. Myo10 showed positive interaction
with the α5 integrin subunit, but not with β1 integrin. This
suggests that Myo10 must be interacting with the α5β1 integrin
heterodimer via the α5 integrin subunit. An earlier study supports
this possibility and found α5 integrin can interact with Myo10 in
U2-OS osteosarcoma cells (Miihkinen et al., 2021). Our pull-
down assays used the SNAKA51 conformation-specific antibody,
thereby showing a positive interaction of Myo10 and activated α5
integrin. Had we used a pan α5-integrin antibody, it is possible
that no interaction would have been detected. Nevertheless, our
data suggest that different cell types may use either the α5 or the
β1 integrin subunit when binding Myo10 (Zhang et al., 2004;
Miihkinen et al., 2021).

The pull-down assays also showed positive interactions of
Myo10 with αvβ3 and αvβ5 integrins. These data expand the
repertoire of integrins that bind to Myo10. αvβ3 integrin is
involved in phagocytosis, TGFβ signaling, and is activated by
dexamethasone in TM cells (Filla et al., 2011; Faralli et al., 2019;
Filla et al., 2021). In addition, αvβ3 integrin activation caused a
significant IOP increase in mice (Faralli et al., 2019). Our
immunostaining data suggest that Myo10 may traffic αvβ3

integrin to the filopodia tip, like its role for β1 integrin. Also,
αvβ3 integrin may be involved in transiently binding to ECM
substrates in nascent adhesions in the filopodial shaft and tip
(Henning Stumpf et al., 2020). Our prior live imaging studies
showed that filopodial tips are cleaved, which allows the filopodia
to retract back toward the cell (Keller and Kopczynski, 2020). The
cleaved filopodial tips were immunolabeled with several ECM
proteins, including αvβ5 integrin. This is consistent with the lack
of αvβ5 integrin immunostaining in filopodia shown in this study.
It also suggests that Myo10-αvβ5 integrin interactions are
important for other TM cell functions.

CDH11 was found associated with filopodia/TNTs
connecting TM cells. However, CDH11 immunostaining
was not specifically localized to nascent adhesions of the
filopodia shaft or tips, but instead, CDH11 was detected
along the entire length of the filopodia. Recently, CDH11
was found to localize to focal adhesions, where it binds
fibronectin via an interaction with syndecan-4 (Langhe
et al., 2016). CDH11 is linked to fibrotic diseases such as
liver fibrosis, scleroderma, and pulmonary fibrosis (Chen et al.,
2021), and CDH11 is up-regulated by TGFβ2 (Wecker et al.,
2013). Therefore, the increased CDH11 protein levels in
glaucomatous TM cells is perhaps not surprising. However,
we cannot rule out that CDH11 levels may be influenced by
prior medications that glaucomatous eyes were subject to.
CDH11 forms adhesion complexes, which are dynamically
turned over. Here, we show that 1-h of mechanical stretch
reduced cell surface CDH11. This could indicate that
mechanical stretch induces internalization by TM cells,
possibly via clathrin-mediated endocytosis, which is utilized
by prostate cancer cells (Satcher et al., 2015). Alternatively,
mechanical stretch may induce cleavage of the CDH11
extracellular domain, where the epitope is located.
Mechanical stretch and elevated IOP initiates activation of
various proteases, including ADAMs and ADAMTSs (Vittitow
and Borras, 2004; Vittal et al., 2005). In neural crest cells,
ADAMs cleave CDH11 (McCusker et al., 2009), so it is possible
that these proteases may cleave CDH11 to reduce the
extracellular epitope on the cell surface of mechanically
stretched TM cells. Whichever mechanism is utilized, our
mechanical stretch data suggest that reduced CDH11 could
disrupt cell-cell adhesions and cell-ECM adhesions in TM
tissue at elevated IOP.

Myo10 protein levels had small, but significant increases in
mechanically stretched GTM cells. During normal filopodia
dynamics, Myo10 travels towards the tip of the filopodia
during actin assembly and growth, and displays rearward
movement as the filopodia is retracted to the cell (Berg and
Cheney, 2002). Because actin dynamics are impaired in
glaucoma TM cells (Sun et al., 2019a; Keller and
Kopczynski, 2020), Myo10 may be expressed longer on
glaucomatous filopodia. This may explain increased Myo10
protein levels in mechanically stretch glaucoma cells.
However, the lysates were harvested from whole cells, rather
than from filopodia specifically. Myo10 also localizes to
podosome or invadopodia-like structures (PILS) and PILS
are increased by mechanical stretch (Aga et al., 2008;
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McMichael et al., 2010; Sun et al., 2019b). Thus, the observed
increase in Myo10 protein may additionally reflect increased
Myo10 at PILS.

In summary, we have shown that Myo10 binds to a wider
range of integrins than previously reported. In addition,
mechanical stretch specifically and rapidly activates β1
integrin, while reducing CDH11 on TM cell surface. These
data provide novel information regarding the cellular
structures and transmembrane adhesive proteins that TM cells
use to sense changes to the biomechanical environment such as
those changes caused by elevated IOP.
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Integrin Crosstalk and Its Effect on the
Biological Functions of the Trabecular
Meshwork/Schlemm’s Canal
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1Department of Pathology and Laboratory Medicine, University of Wisconsin School of Medicine and Public Health, Madison, WI,
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Integrins are a family of heterodimeric receptors composed of an α- and β-subunit that
mediate cell-adhesion to a number of extracellular matrix (ECM) proteins in the Trabecular
Meshwork/Schlemm’s canal (TM/SC) of the eye. Upon binding an ECM ligand, integrins
transmit signals that activate a number of signaling pathways responsible for regulating
actin-mediated processes (i.e phagocytosis, cell contractility, and fibronectin
fibrillogenesis) that play an important role in regulating intraocular pressure (IOP) and
may be involved in glaucoma. An important function of integrin-mediated signaling events
is that the activity of one integrin can affect the activity of other integrins in the same cell.
This creates a crosstalk that allows TM/SC cells to respond to changes in the ECM
presumably induced by the mechanical forces on the TM/SC, aging and disease. In this
review, we discuss how integrin crosstalk influences the function of the human TM/SC
pathway. In particular, we will discuss how different crosstalk pathways mediated by either
the αvβ3 or α4β1 integrins can play opposing roles in the TM when active and therefore act
as on/off switches to modulate the cytoskeleton-mediated processes that regulate the
outflow of aqueous humor through the TM/SC.

Keywords: trabecular meshwork, glaucoma, integrin, extracelluar matix, crosstalk

INTRODUCTION

The extracellular matrix (ECM) creates a microenvironment that influences gene expression and
cellular behavior in tissues (Iozzo and Gubbiotti, 2018; Seetharaman and Etienne-Manneville,
2018). In the human eye, the composition and biomechanical properties (rigidity, elasticity and
topology) of the ECM within the Trabecular Meshwork/Schlemm’s Canal (TM/SC) contribute to
the regulation of intraocular pressure (IOP) and the pathogenesis of glaucoma (Keller and
Peters, 2022). Changes in the ECM affect IOP by altering the biological processes (i.e
contractility, gene expression, or phagocytosis) in the TM/SC that regulate aqueous humor
flow through the anterior chamber (Rohen and Lutjen-Drecoll, 1989; Rohen et al., 1993; Vranka
et al., 2015).

The TM/SC is a highly elastic tissue that stretches and recoils in response to mechanical forces.
These mechanical forces are triggered by contraction of the ciliary muscle and pulsatile forces due to
changes in IOP and blood pressure (Johnstone et al., 2021). Such changes in the TM/SC pathway are
likely to cause force-induced changes in ECM fibrils like fibronectin (Baneyx et al., 2002; Smith et al.,
2007) that can be detected by specific cell surface receptors, thus enabling the cells in the TM/SC to
change their biological functions in response to mechanical and pulsatile forces.
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FIGURE 1 |Role of activated αvβ3 integrin in TM cells. (A) The active conformation of αvβ3 integrin can be triggered by a process called outside-in signaling in which
an ECM ligand binds to the extracellular domain of the heterodimer and triggers the upright conformation. Alternatively, a process called inside-out signaling can induce
the active conformation. This happens when a secondary signaling pathway triggers the binding of cytoplasmic proteins (orange oval) to the cytoplasmic tails of the
integrin causing the cytoplasmic tails to separate and the heterodimer to assume an upright conformation. (B) During the early stages of focal adhesion (FA)
formation, actin filaments are generated when activated αvβ3 integrin signaling recruits GEF-H1, RhoA and the Rho effector mDía to nascent FAs. Stress fibers in FAs are
then formed when signaling from α5β1 integrins recruit RhoA and Rho kinase (ROCK) to the FA and myosin is activated and binds to actin filaments. (C) Cooperative

(Continued )
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Integrins are a major class of cell surface receptors that are able
to respond to changes in the TM/SC ECM. They are a family of
transmembrane heterodimeric proteins composed of an α and β
subunit. Eight β subunits and eighteen α subunits can be
assembled into 24 distinct integrins with unique properties
(Humphries et al., 2006). The various combinations of the
integrin subunits create a heterodimer that shows specificity
for different ECM ligands. Currently, 12 different integrins
have been identified on the cells in the TM/SC outflow
pathway (Zhou et al., 1996; Zhou et al., 1999; Filla et al.,
2017). Most of them appear to be expressed by all the cells in
the TM/SC although there does appear to be some differences,
most notably, in the levels of α2β1, α4β1 and αvβ3 integrin (Zhou
et al., 1999). The expression profile and activity of these integrins
in the TM/SC, however, are likely to vary. A number of factors
such as the rigidity of the ECM (Seetharaman and Etienne-
Manneville, 2018), ion channels and cadherins (Dieterle et al.,
2021) and proteins associated with the cytoplasmic tails (Sun Z.
et al., 2016) play a critical role in mediating integrin activity. In
addition, since integrins are recycled on and off the cell surface
and the mechanisms regulating this are cell type specific
(Moreno-Layseca et al., 2019), it is possible that not all
integrins will be expressed at the same time. Thus, the
expression and mechanotransduction function of integrins will
change in a spatiotemporal fashion as the physical and
mechanical properties of the TM/SC varies.

Historically, integrins were thought to be cell adhesion
receptors found in structures called focal adhesions (FAs).
However, integrins are also found in other cellular structures
(Zuidema et al., 2020) found in the TM/SC. For instance, α5β1
integrin is found in fibrillar adhesions. The α3β1 integrin and the
α6β4 integrin can be found in cadherin-containing adherens
junctions (AJs) and hemidesmosomes, respectively. Some
integrins like α3β1 and αvβ3 are also found in invadiopodum/
podosomes which can be found in TM cells (Aga et al., 2008;
Murphy and Courtneidge, 2011; Zuidema et al., 2020) and
recently the α3β1 integrin was found in tight junctions in the
TM/SC (Li et al., 2020). Other integrins, such as αvβ5 integrin,
can be found in clathrin-containing adhesion complexes whereas
α3β1, α6β1, and α4β1 integrins can be found in tetraspanin-
enriched microdomains (Zuidema et al., 2020). Thus, integrins
have multiple roles in cells mediating attachment to the substrate,
cell-cell adhesion, endocytosis, and the assembly of signaling and
membrane complexes.

A unique feature of integrins is that their activity involves very
specific conformational changes in their α- and β-subunits
(Askari et al., 2009; Campbell and Humphries, 2011; Li et al.,
2017; Vicente-Manzanares and Sanchez-Madrid, 2018; Kechagia

et al., 2019). In their unoccupied state, the extracellular domains
of the α and β integrin subunits are in a bent conformation with
their cytoplasmic tails bound together by a salt bridge
(Figure 1A). Upon activation, the integrin subunits undergo a
conformational change and assume an upright conformation
with their cytoplasmic tails separated. The integrin can be
activated by engaging its ligand. This is called outside-in
signaling. Alternatively, the integrin can be activated
intracellularly by a secondary signaling pathway which allows
the integrin to engage its ligand. This is called inside-out
signaling.

Upon engagement with an ECM protein, each integrin
transmits signals via proteins associated with their cytoplasmic
tails and the cytoskeleton. This cytoskeleton engagement allows
for signals generated by mechanical forces on the ECM to be
transmitted directly to the nucleus and drive transcription. Thus,
integrins are conduits that convert signals from the ECM
environment (rigidity, elasticity and topology) into
intracellular biochemical signals that affect cytoskeleton
organization, gene expression, and proliferation (Kechagia
et al., 2019).

The specificity and activation of each integrin can occur within
subseconds and is therefore likely to be highly regulated by the
spatiotemporal expression and activation of other integrins and
receptors on the cell surface (Ross et al., 2013; Seetharaman and
Etienne-Manneville, 2018). This creates not only a “crosstalk”
between integrins but a crosstalk between integrins and their
various membrane partners such as cadherins (Canel et al., 2013),
syndecans (Bass and Humphries, 2002; Morgan et al., 2007), and
growth factor receptors (Ross, 2004). This crosstalk, together with
the specific conformational states of the integrin, enables the
integrin function to be tunable thus eliciting different biochemical
responses without necessarily disrupting cell adhesion.

At least two integrins found in the TM/SC are known to have a
“tunable” conformation and thus their activity is likely to be
altered depending upon the composition and 3D architecture of
the ECM in the TM/SC. These integrins are the αvβ3 and α4β1
integrins.

αvβ3 Integrin
αvβ3 integrin is potentially a key player in regulating outflow
through the TM/SC and is found throughout the TM/SC (Gagen
et al., 2013; Filla et al., 2017). Unlike other integrins in this
pathway, αvβ3 integrin has a number of ligands important in
regulating IOP including connective tissue growth factor (CTGF),
fibronectin, and thrombospondin-1 (TSP-1). Its expression and
active state can be upregulated by the glucocorticoid
dexamethasone (Filla et al., 2011; Faralli et al., 2013) via a

FIGURE 1 | crosstalk between activated αvβ3 and β1 integrins forms CLANs. αvβ3 integrins utilize Src kinase to help recruit the GEF Trio and Rac1 to FAs while β1
integrins utilize Src kinase and PI3-kinase. The question mark in the α subunit indicates that α1, α2, α4, or α5 integrin subunits may be involved. (D) Transdominant
crosstalk between αvβ3 and αvβ5 integrins inhibits αvβ5 integrin-mediated phagocytosis which involves the GEF Tiam1 and Rac1. αvβ3 integrin inhibits this process
presumably because it prevents αvβ5 integrin from using Rac1 to form the branched actin structure used to form a phagocytic cup. (E) Upon binding of soluble
fibronectin to α5β1 integrins (Step1), cooperative signaling between αvβ3 and α5β1 integrins in FAs creates the RhoA-mediated contractility needed for fibronectin
fibrillogenesis (Zhang et al., 1997; Zhong et al., 1998). While αvβ3 integrins remain in FAs, presumably to help anchor stress fibers, α5β1 integrins are translocated out of
FAs by contractile forces into fibrillar adhesions (Step2). This α5β1 translocation promotes the stretching of the fibronectin dimer which exposes fibronectin-fibronectin
binding sites involved in fibronectin fibrillogenesis.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8867023

Faralli et al. Integrin Crosstalk in TM/SC

166

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


secondary effect involving the transcription factor NFATc1.
CTGF may also upregulate αvβ3 integrin activity since it
increases expression of the αv integrin subunit in human TM
(HTM) cells (Junglass et al., 2009). αvβ3 integrin can also be
activated by mechanical forces similar to those observed in the
TM/SC (Johnstone et al., 2021). In particular, the αvβ3 integrin
can be activated by shear stress (Tzima et al., 2001) making it
likely to be activated on SC cells when shear stress is increased
(Ashpole et al., 2014).

Transforming growth factor β2 (TGFβ2), which is a risk factor
for primary open angle glaucoma (POAG) (Fuchshofer and
Tamm, 2012), increases expression of both αv and β3 integrin
subunits (Tsukamoto et al., 2018). Interestingly, αvβ3 integrin
activation drives expression of TGFβ2 (Filla et al., 2021), thus
setting up a potential feedback loop. Additionally, TGFβ2-
induced changes in the ECM (Fleenor et al., 2006; Medina-
Ortiz et al., 2013) likely trigger the expression of various ECM
ligands (Flugel-Koch et al., 2004) that can activate αvβ3 integrin.
For instance, TSP-1, which is upregulated by TGFβ2, can activate
αvβ3 integrin signaling (Gao et al., 1996; Barazi et al., 2002; Filla
et al., 2009).

αvβ3 integrins likely play a role in mechanosensing in the TM/
SC pathway. Studies in fibroblasts found that integrins containing
the αv integrin subunit in FAs play an important role in
modulating cellular responses to forces on the ECM
microenvironment (Schiller et al., 2013). αvβ3 integrin
localization into FAs is driven by forces on the actomyosin
network (Wang and Ha, 2013), and it is considered to be one
of the more stable components of FAs (Morgan et al., 2013). This
is in contrast to α5β1 integrin which ultimately leaves FAs and
translocates to fibrillar adhesions (Katz et al., 2000). αvβ3 integrin
is, therefore, a key factor in the mechanosensing role of FAs and
its localization in FAs is a prerequisite for myofibroblast
differentiation (Hinz, 2006; Hinz and Gabbiani, 2010; Hinz
et al., 2012) which is thought to drive ECM changes associated
with POAG (Fuchshofer and Tamm, 2012).

Another important feature of αvβ3 integrin is that it has a
weaker bond strength and faster binding and unbinding rate
compared to α5β1 integrin within FAs (Roca-Cusachs et al.,
2009). This makes αvβ3 integrin better able to sense and
modulate changes in the contractile properties of cells as the
TM/SC stretches and recoils, possibly acting as an on/off switch
to control the contractile properties of the TM/SC cytoskeleton.
This presumably would involve force-induced changes in the
interactions between αvβ3 integrin and its ECM ligands
(Seetharaman and Etienne-Manneville, 2018) that may occur
as the TM/SC stretches and recoils. Other factors that may
affect mechanosensing through integrins in the TM/SC include
lipid rafts (Radel et al., 2007; Sun X. et al., 2016), cross talk with
ion channels and cadherins (Dieterle et al., 2021) and the
mechanical link (clutch bond) formed between integrins and
actin binding proteins (Sun Z. et al., 2016).

αvβ3 integrin is responsible for regulating a number of
different actin-containing structures. It is responsible for the
Src/Rac1 driven polymerization of branched Arp2/3-
containing actin networks in lamellipodium (Danen et al.,
2002) and crosslinked actin networks (CLANs) in HTM cells

(Filla et al., 2009). It is also involved in RhoA mediated formation
of podosomes in osteoclasts (Chellaiah, 2006) and the RhoA-
mDia polymerization of actin filaments during early stages of cell
adhesion (Figure 2A). Eventually, these actin filaments formed
by αvβ3 integrin-RhoA-mDia signaling develop into stress fibers

FIGURE 2 | Cooperative signaling with α4β1 integrin controls assembly
of adherens junctions (AJs). (A) Cadherin-containing AJs are likely to be found
in the cellular processes connecting juxtacanalicular trabecular meshwork
(JCT) and SC cells as well as in cellular processes connecting JCT cells
to each other and with JCT cells connected to the cells lining the trabecular
beams of the meshwork (Johnstone et al., 2021). (B) Fibronectin in the ECM
promotes cooperative signaling between α4β1 and α5β1 integrins that
activates RhoA-mediated stress fiber formation. Crosstalk between this
integrin signaling complex and cadherins in AJs stabilizes cell-cell interactions.
(C) The presence of collagen in the ECM binding to either α1β1 or α2β1
integrins disrupts α4β1 integrin signaling with α5β1 integrin. This creates an
α1/α2β1 and α4β1 integrin complex that inhibits RhoA activity, thus causing a
disruption in the formation of stress fibers and AJs.
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in mature FAs when RhoA/ROCK activity generated by α5β1
integrin drives the phosphorylation of myosin (Huveneers and
Danen, 2009).

In the following section we will discuss what is known about
how αvβ3 integrin crosstalk influences the formation of various
actin-containing structures required for phagocytosis, fibronectin
fibrillogenesis and CLAN formation in the TM/SC pathway. In
each case, the role of αvβ3 integrin appears to be determined by
the guanine nucleotide exchange factors (GEFs) recruited into the
integrin signaling complex.

Role of αvβ3 Integrin in Phagocytosis
In vitro studies show that αvβ3 integrin triggers Rac1-mediated
signaling events in HTM cells associated with glaucoma. For
instance, activation of αvβ3 integrin decreased phagocytosis
(Gagen et al., 2013; Peotter et al., 2016). Phagocytosis is
needed to clear cellular debris from the outflow pathway, and
dysregulation of phagocytosis is associated with elevated IOP in
glucocorticoid-induced glaucoma (Matsumoto and Johnson,
1997a; Matsumoto and Johnson, 1997b). Normally, an αvβ5
integrin driven Rac1 process regulates phagocytosis in HTM
cells (Gagen et al., 2013) as observed in retinal pigmented
epithelial cells (Mao and Finnemann, 2012). The inhibition of
phagocytosis by αvβ3 integrin activation is considered a
“transdominant inhibition” (Diaz-Gonzalez et al., 1996;
Gonzalez et al., 2010) of αvβ5 integrin activity (Figure 1D).
Studies suggest the inhibition was due to a switch in the use of the
GEFs (Trio or Tiam1) regulating the activation of Rac1 (Peotter
et al., 2016; Faralli et al., 2019a) since αvβ5 integrin expression
was unimpaired by upregulation of an activated αvβ3 integrin
(Gagen et al., 2013).

Role of αvβ3 Integrin in Fibronectin Fibrillogenesis
αvβ3 integrin activation in cultured HTM cells increased the
deposition of the alternatively spliced form of fibronectin called
EDA + fibronectin (Filla et al., 2019) that is associated with the
ECM changes observed in POAG and thought to contribute to
elevated IOP (Roberts et al., 2020). This enhanced EDA +
fibronectin fibrillogenesis may be due to cooperativity between
αvβ3 integrin-Rac1 mediated actin polymerization and the α5β1
integrin/Rho signaling pathway forming stable FAs that promote
the RhoA-mediated contractile forces needed for fibrillogenesis
(Figure 1E). Thus, during fibrillogenesis, αvβ3 integrin maintains
the FAs, while the contractile forces of the actomyosin fibers drive
α5β1 integrin translocation into fibrillar adhesions; pulling and
stretching the fibronectin as they form fibrils.

Role of αvβ3 Integrin in CLAN Formation
αvβ3 integrin is also involved in CLAN formation (Figure 1C).
CLANs are interconnected networks of actin filaments that
radiate outward from central hubs resembling a geodesic
dome (Lazarides, 1976). CLANs were found in dexamethasone
treated-cultured TM cells and in TM cells in isolated meshworks
from glaucomatous donor eyes not treated with dexamethasone
(Clark et al., 1995) suggesting these actin structures are involved
in POAG pathogenesis (Clark et al., 2005; Hoare et al., 2009). The
αvβ3 integrin is suitable to controlling CLAN formation since it

readily reorganizes the actin cytoskeleton in response to lower
levels of stiffness in the ECM like that induced by stretch
(Balcioglu et al., 2015). The function of CLANs in the TM
remains unclear, but they were originally thought to be actin
stress fiber precursors in nonmuscle cells (Lazarides, 1976). If
true, this suggests that increased CLAN formation could trigger
increased stress fiber formation which may contribute to elevated
IOP in glaucoma (Rao et al., 2001; Rao et al., 2005).

CLAN assembly, like fibronectin fibrillogenesis, also involves
cooperativity between αvβ3 integrin and a β1 integrin and is
dependent on the level of αvβ3 integrin expression and activity
(Filla et al., 2009). However, unlike fibronectin fibrillogenesis, this
crosstalk between αvβ3 and β1 integrins utilizes a Rac1-mediated
signaling pathway to control actin polymerization (Figure 1D).
This difference is likely due to the downstream effectors being
used to activate actin polymerization. Studies in HTM cells
showed that during CLAN formation, αvβ3 integrin signaling
activates the Rac1 GEF Trio (Filla et al., 2009). This αvβ3 integrin/
Trio/Rac1 signaling pathway converges with a β1 integrin/PI3-K
signaling pathway to form CLANs. Both β1 and αvβ3 integrins
are needed since low levels of CLANs are observed in HTM cells
when only one of these integrins is engaged (Filla et al., 2006).
Although α5β1 and αvβ3 integrins were more proficient at
inducing CLANs, other β1 integrins such as α4β1 integrin and
the collagen-binding integrins α1β1 and α2β1 induce CLANs in
cooperation with αvβ3 integrins (Filla et al., 2006). Thus, the
frequency of CLAN formation is dependent on ECM substrate
composition and the engagement of specific integrins with
the ECM.

Given the effects of αvβ3 integrin on phagocytosis, ECM
deposition and actin polymerization, it is not surprising that
αvβ3 integrin activation significantly increased IOP in C57BL/6J
mice while the knockdown of αvβ3 integrin levels in the mouse
TM significantly decreased IOP (Faralli et al., 2019b). αvβ3
integrin activation also significantly decreased outflow facility
in porcine cultured anterior segments (Faralli et al., 2019b).

α4β1 Integrin
α4β1 is another integrin found in the TM/SC pathway (Zhou
et al., 1999; Peterson et al., 2004) that has a well-documented
tunable function (Chigaev et al., 2001; Chigaev et al., 2004;
Chigaev et al., 2007). Although it is best known for its role in
inflammation as a co-receptor for TLR4 (Kelsh-Lasher et al.,
2017) and as an adhesion receptor in migrating leukocytes (Liu
et al., 2000), α4β1 integrin also controls the shear force-
dependent contractile properties of endothelial cells
(Goldfinger et al., 2008) and the contractile properties of
migrating smooth muscle and neural crests cells (Sheppard
et al., 1994; Stepp et al., 1994). Among the integrins, it has a
unique role in migration and FAs that is largely attributed to the
α4 integrin cytoplasmic domain (Kassner et al., 1995). α4β1
integrin forms less stable interactions with the cytoskeleton
within FAs similar to αvβ3 integrin which suggests that it may
alter cytoskeletal dynamics in response to mechanical factors
such as shear force (Goldfinger et al., 2008). This weaker
interaction is regulated by paxillin binding to the α4 subunit
cytoplasmic tail. When paxillin is bound to α4β1 integrin, binding
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to the α4β1 ligand is weakened (Liu et al., 2002). Paxillin
interactions with the α4 subunit are regulated by the
phosphorylation of Ser988 in the α4 cytoplasmic tail (Han
et al., 2001). When Ser988 is phosphorylated, interactions
between paxillin and the α4 cytoplasmic tail are inhibited.

Like αvβ3 integrin, α4β1 integrin can be activated by inside-
out signaling pathways (Figure 1A). These pathways include
G-protein-coupled receptors for CXCR2 and CXCR4 (Laudanna
et al., 2002), phorbol esters, and calcium ionophores (Chigaev
et al., 2007). In contrast, other signaling pathways such as nitric
oxide/cGMP pathways in lymphoma cells can downregulate α4β1
integrin activation (Chigaev et al., 2011).

One α4β1 integrin ligand is the HeparinII (HepII) domain of
fibronectin (Faralli et al., 2019c) Studies using the HepII domain
found that α4β1 integrin can control the contractile properties of
the TM/SC. Treating HTM cultures with the HepII domain
caused the disassembly of stress fibers and decreased cell
contractility in a collagen gel assay (Schwinn et al., 2010). This
required the α4β1 integrin because when α4β1 integrin
expression was silenced, the HepII domain had no effect on
cell contractility. Perfusion of the HepII domain also decreased
IOP in human (Santas et al., 2003) and monkey cultured anterior
segments (Schwinn et al., 2010). Histology of the monkey anterior
segments showed that treatment with the HepII domain
disrupted the contractile properties of the TM/SC similar to
what was observed in monkey eyes treated with the H-7
inhibitor (Sabanay et al., 2000). Additionally, there was a loss
of SC cells in human anterior segments (Santas et al., 2003)
possibly resulting from a disruption in cell-cell adhesions since
HepII treatment disrupted AJs in HTM cultures (Gonzalez et al.,
2006; Gonzalez et al., 2009). These data suggest that α4β1 integrin
activation by the HepII domain affected the contractile properties
of the TM/SC.

The composition of the ECM can affect the ability of the
HepII domain and α4β1 integrin to disrupt the contractile
properties of HTM cells (Figure 2). When TM cells were plated
on type IV collagen, not only was stress fiber assembly
disrupted by the HepII domain, but AJs were also disrupted
(Peterson et al., 2004; Schwinn et al., 2010). Presumably this
loss in stress fibers and AJs occurred because RhoA, which is
needed to stabilize AJs and stress fibers, was inhibited. In
contrast, when cells were plated on fibronectin, HepII domain
enhanced stress fiber formation and AJs were unaffected. Since
different integrins would be involved in binding to fibronectin
versus type IV collagen, this suggests that crosstalk between
the various integrins and α4β1 integrin differentially affect

RhoA. Crosstalk between collagen-bound integrins (α1β1 or
α2β1) and HepII-bound α4β1 integrin may disrupt RhoA
activity whereas crosstalk between the α5β1 integrin
fibronectin receptor and HepII-bound α4β1 integrin
enhance RhoA activity (Peterson et al., 2004; Schwinn et al.,
2010). This observation has special significance for the TM/SC
because changes in ECM composition, especially an increase in
fibronectin expression, are associated with increased IOP and
the development of POAG. Thus, this finding demonstrates
how critical integrin-ECM interactions are for modulating the
functions of the TM/SC.

DISCUSSION

Since the expression of and signaling from αvβ3 and α4β1
integrins (Peterson et al., 2004; Faralli et al., 2013) is
normally low in HTM cells in vitro compared to other
integrins, activation of these two integrins could be a gain of
function in normal HTM cells. Interestingly, activating αvβ3
integrin as discussed above would induce many of the changes
associated with reduced aqueous humor outflow while
activating α4β1 integrin in TM increases outflow facility.
This suggests that the level of expression and activity of these
two integrins could essentially create on/off switches in the TM/
SC pathway that could regulate the homeostatic properties of
the tissue.
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The cornea is exposed daily to a number of mechanical stresses including shear stress
from tear film and blinking. Over time, these stressors can lead to changes in the
extracellular matrix that alter corneal stiffness, cell-substrate structures, and the
integrity of cell-cell junctions. We hypothesized that changes in tissue stiffness of the
cornea with age may alter calcium signaling between cells after injury, and the downstream
effects of this signaling on cellular motility and wound healing. Nanoindentation studies
revealed that there were significant differences in the stiffness of the corneal epithelium and
stroma between corneas of 9- and 27-week mice. These changes corresponded to
differences in the timeline of wound healing and in cell signaling. Corneas from 9-week
mice were fully healed within 24 h. However, the wounds on corneas from 27-week mice
remained incompletely healed. Furthermore, in the 27-week cohort there was no
detectable calcium signaling at the wound in either apical or basal corneal epithelial
cells. This is in contrast to the young cohort, where there was elevated basal cell activity
relative to background levels. Cell culture experiments were performed to assess the roles
of P2Y2, P2X7, and pannexin-1 in cellular motility during wound healing. Inhibition of P2Y2,
P2X7, or pannexin-1 all significantly reduce wound closure. However, the inhibitors all have
different effects on the trajectories of individual migrating cells. Together, these findings
suggest that there are several significant differences in the stiffness and signaling that
underlie the decreased wound healing efficacy of the cornea in older mice.

Keywords: cornea, stiffness, live cell imaging, cell-cell communication, calcium mobilization

INTRODUCTION

The physical changes undergone by tissues and cells with age or disease can reflect changes in the
mechanical forces present in the tissue, leading to functional aberrations in processes including
wound healing. Such changes are detected in endothelial vasculature (Derricks et al., 2015), bone
remodeling (Wang et al., 2018), and cell-cell communication between vascular endothelial cells
(Kohn et al., 2015). The cornea is an excellent tissue model to study such forces, as it is exposed to the
environment and subject to mechanical forces such as shear stress from blinking. This force may
change with the quality of tear film, resulting in alterations in cell-cell junctions. Additional
mechanical forces can be generated by changes in extracellular matrix from wound healing.
Although the method in which the corneal epithelium modulates force generation is unknown,
the corneal epithelium adheres to its basement membrane through hemidesmosomes, a complex of
proteins that modulate force generation in skin (Wang et al., 2020).
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The integrity of the multi-layered epithelial sheet depends on a
complex of cell-cell junctions including tight junctions,
desmosomes, actin-based cell junctions and gap junctions that
are present in unwounded and wounded tissue. Several studies
have shown that mechanical characteristics of the substrate can
ultimately influence the phenotype of the overlying cells (Engler
et al., 2006). When epithelial cells are cultured on substrates of
different stiffnesses, distinctly different sized focal adhesions were
detected (Onochie et al., 2019). These may correlate with earlier
studies in rat corneas demonstrating an overall increase in
vinculin (22-fold, 18 h post-injury), where this focal adhesion
protein was localized to basal cells at the leading edge of the
wound (Zieske et al., 1989). In addition, an increase in surface
stiffness reduces the number of vinculin focal adhesions along the
leading edge of the migrating epithelial cells. These alterations in
expression, in addition to changes in phosphorylation of vinculin,
suggest that its presence plays an important role in the cellular
migration process by interfacing between the cytoskeleton and
the extracellular matrix (Onochie et al., 2019).

There are numerous studies examining how single cells or
clusters of cells change shape and exert force (Gardel et al., 2010;
Tambe et al., 2011; Brugues et al., 2014; Mak et al., 2016). These
forces are thought to occur through the presence of lamellipodial
protrusions at the leading edge of the wound, which are
associated with the assembly and disassembly of focal
adhesions (Peyton et al., 2007; Petrie et al., 2012). However,
there is minimal data explaining how multi-layered epithelial
sheets exert force and migrate after an injury, and how these
forces change with age. One of the first studies examining traction
forces exerted by sheets demonstrated that it generates unique
forces on the underlying basement membrane that depend on the
stiffness of the substrate, with significantly greater retraction on a
substrate of 8 kPa compared to stiffer substrates (Onochie et al.,
2019). Investigations on single cells support these studies and
demonstrate that the composition and the rigidity of the
basement membrane play a critical role in the signaling that
underlies cell adhesion, migration, and differentiation (Discher
et al., 2005; Mammoto and Ingber, 2010; Sazonova et al., 2011).

The composition of the corneal epithelial basement membrane
is known to change with injury, age and/or during certain
pathologies such as diabetes. (Torricelli et al., 2013). For
example, fibronectin is not detected in the unwounded
basement membrane but after injury it is present transiently
along the basement membrane and throughout the stroma
(Blanco-Mezquita et al., 2011; Lee et al., 2014). The increase in
fibronectin is attenuated when the cornea is exposed to hypoxia
(Onochie et al., 2019). Matrix proteins can also be secreted by the
stroma in response to inflammation and alter the rigidity of the
substrate underlying the epithelium (Nowell et al., 2016). Thus,
the change in the availability or presence of a matrix protein may
alter wound healing ability.

Furthermore, the localization and regulation of two ion
channel proteins, P2X7 and pannexin-1, have been of great
interest in respect to their response to injury. Both proteins
exhibit injury induced changes in localization, and the intense
staining that is adjacent to the injury corresponds to the region of
intense calciummobilization or signaling between cells (Lee et al.,

2019; Rhodes et al., 2021). Inhibition of either P2X7 or pannexin-
1 greatly attenuates calcium signaling events, cellular motility,
and migration of the epithelial sheet (Lee et al., 2019). In addition,
inhibition of P2X7 has been found to inhibit turnover of actin
within the cell (Minns et al., 2016). As these channels have been
shown to play a role in both signal transduction and in
cytoskeletal rearrangement, we are intrigued by their role in
mediating cytoskeletal-ECM interactions.

We hypothesize that changes in tissue stiffness of the cornea
with agemay alter the calcium signaling between cells after injury,
and the downstream effects of this signaling on cellular motility
and wound healing. Nanoindentation of the cornea was used to
examine changes in stiffness with age. Live cell imaging on young
and aged mouse corneas was used tomonitor calcium signaling in
central and limbal regions of the epithelium after injury, and to
quantify wound healing over time in both live corneas and in cell
culture. Signaling events throughout the cornea were identified
using MATLAB Kymograph and Detected Events algorithms.

METHODS

Animals
C57Bl6 mice were purchased from Jackson Labs between the ages
of 9 and 27 weeks. Youngmice are defined as being between 9 and
13 weeks of age. Old mice are defined as being 27 weeks old. Mice
were euthanized and a minimum of three eyes from different
mice per condition were analyzed. The research protocol
conformed to the standards of the Association for Research in
Vision and Ophthalmology for the Use of Animals in Ophthalmic
Care and Vision Research and the Boston University IACUC
protocol.

Cell Culture
Human corneal limbal epithelial (HCLE) cells, a gift from Dr.
Gipson (Schepens Eye Research Institute/Mass. Eye and Ear,
Boston, MA, United States) were verified at Johns Hopkins
DNA Services (Baltimore, MD) and used as described (Lee
et al., 2019). Cells were maintained in Keratinocyte Serum-
Free Medium (KSFM) with the following growth supplements
(25-μg/ml bovine pituitary extract, 0.02 nM EGF, and 0.3 mM
CaCl2). For live cell imaging assays, the cells were plated on glass
bottom dishes (MatTek Corporation, Ashland, MA,
United States) and 16–24 h before experimentation, the
medium was changed to unsupplemented KSFM as described
(Lee et al., 2019).

Cellular Migration
For cellular mobilization experiments on cultured cells, HCLE
cells were plated on a p35 MatTek well (MatTek Corporation,
Ashland, MA, United States) and grown to confluence. For
inhibitor experiments, confluent cells were pre-incubated with
either ArC 118925XX (Tocris, Minneapolis, MN, United States),
A438079 (Tocris), or 10PanX (Tocris) for 1 h to inhibit P2Y2,
P2X7, or pannexin-1 respectively. Cells were pre-incubated with
SiR-Actin (Cytoskeleton, Inc., Denver CO, United States) (1:
1,000) counterstain for 20 min at 37°C. Excess stain was
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rinsed. Imaging was performed using a Zeiss Axiovert LSM 880
confocal microscope (Zeiss, Thornwood, NY, United States)
utilizing the ×20 objective and the environmental chamber
maintained an environment of 37°C and 5% CO2. Images were
collected every 5 min for 4 h. FIJI/ImageJ (NIH, Bethesda, MD;
http://imagej.nih.gov/ij/) region of interest analysis was used to
quantify wound perimeter over time and calculate the percent
wound closure at each time point. FIJI/ImageJ centroid analysis
was used to plot the movement of individual cells both parallel to
and perpendicular to the wound to calculate their trajectories.

3D Printing of Corneal Holder
3D printed holders (Figure 1) were created using an Ender 3 Pro
3D printer (Shenzhen, China) using 1.75 blue polylactic acid
(PLA) plastic. Holders were made assuming that the diameter for
a mouse cornea ranges from 2.3–3.5 mm depending on the age
and mouse strain (Henriksson et al., 2009). The final size of the
holder where the globe was stabilized had an inner diameter of
3.6 mm at the widest point and was created with the software
Autodesk Fusion 360 (San Rafael, CA, United States). The holder

was adhered to a cover slip, the globe was placed in the holder as
appropriate for imaging or nanoindentation and bathed in
medium to prevent drying.

Nanoindentation
Corneal epithelium and stromal stiffness were measured using a
PIUMA Nanoindenter System from Optics 11 (Amsterdam,
Netherlands) with probes from Optics 11 (Cambridge, MA,
United States). Measurements were performed by placing the
intact globe into the 3D printed holder, cornea side up, and
bathing the eye in serum-free keratinocyte medium to avoid
dryness. The probe was lowered onto the center of the cornea and
measurements were taken both at the center of the cornea and at 5
micron increments in the x and y directions. The stromal stiffness
and basement membrane were measured by abrading the
epithelium. Previous published studies using electron
microscopy have shown that this protocol produces a clean
abrasion (Payne et al., 2000).

Optimization experiments for corneal measurements revealed
that the most reliable results came from using a stiffer probe for
the epithelium and a softer one for the basement membrane;
epithelium: stiffness of 4.41 N/m with a tip radius of 20.5 mm and
basement membrane: stiffness of 0.24 N/m with a tip radius of
28.5 mm, as suggested in contact with the manufacturer.
Measurements for the epithelium and basement membrane
were taken using the Oliver and Pharr Model. As the probe
may adhere slightly to the surface, use of this model is critical. The
Effective Young’s Modulus was calculated by the PIUMA
software when the Poisson ratio was unknown.

Live Cell Imaging
Calcium mobilization experiments were performed as described
previously (Klepeis et al., 2001; Weinger et al., 2005; Lee et al.,
2019). The imaging of intact murine eyes was modified from that
of corneas as described (Lee et al., 2019; Rhodes et al., 2021).
Globes were enucleated and were preincubated in Fluo-4, AM (1:
100) and CellMask™ Deep Red (Thermo Fisher, Waltham, MA,
United States) (1:10,000) with a final concentration of 1% (v/v)
DMSO and 0.1% (w/v) pluronic acid for 2 h at 20°C. Excess dye
was washed. Puncture wounds were performed with a 25 gauge
needle. To maintain consistency the same person made the
injuries. Wounds were on average 10.67 μm ± 1.17 μm deep
and 30.53 μm ± 13.01 μm diameter. The wound depth and
diameter did not vary significantly between samples (two-
tailed Student’s t-test; p = 0.999 for both depth and diameter).
A 3D printed holder was adhered to the glass bottom p35 Mat-
Tek dish using sterile glue. The globe was placed within the
contours of the 3D printed holder with either the central cornea
facing down or corneal-limbal interface facing down depending
on the parameters of the experiment. A weighted 3D printed
cover was placed over the eye and holder to stabilize the globe.
Images were collected every 3 s for 45 min on a Zeiss Axiovert
LSM 880 confocal microscope (Zeiss, Thornwood, NY,
United States) utilizing the ×20 objective for signaling
experiments and every 5 min for 4 h for longer-term migration
experiments. Z-stacks were taken through the corneal epithelium.
MATLAB (MATLAB, MathWorks, Inc.) scripts were used to

FIGURE 1 | Schematic of eye stabilization using a 3D printed holder. (A)
A 3D printed holder (blue) is adhered to a MatTek p35 cover slip, the intact
globe is placed within the holder with the cornea facing down, and the cover is
placed over the center of the eye and adhered to the holder. (B) A lateral
view of eye orientation (grey circular object) and the relative sizes of the holder
(blue) and weighted cover (red). (C) The top-down view of the holder setup.
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identify and quantify signaling events, and FIJI/ImageJ (NIH,
Bethesda, MD, United States) was used to measure wound
circumference.

Modeling of Calcium Mobilization
Calcium mobilization is analyzed as F/Fo, which yields an averaged
value of the signaling events in a frame over time (Trinkaus-Randall
et al., 2000; Klepeis et al., 2001; Weinger et al., 2005). Fo is the
baseline signaling intensity before any stimulus has been added to
the system and F is the intensity of an image at a given time point. If
the F/Fo value exceeds a pre-set threshold determined through prior
experimentation, (Lee et al., 2014), a calcium mobilization event is
generated. This form of analysis has the disadvantage of looking at
an entire 512 × 512 pixel image, and does not permit analysis of the
changes in intensity of individual cells within an image over time and
space. Identifying the signaling profiles of each cell over time is
essential for assessing cell-cell communication via calcium signaling.
To analyze the spatiotemporal communication between cells after
injury, custom MATLAB (MATLAB, MathWorks, Inc.) were
developed to identify individual cells within a video. The script
quantified intensity of each individual cell over time. Patterns of
calcium mobilization were analyzed for individual cells, between
clusters of cells, or for the entire population of cells within the video
(Derricks et al., 2015). This MATLAB script was modified by Lee
et al. (2019) to evaluate clusters of calcium signaling events between
cells in specific regions, and to predict the probability of
communication between neighboring cells. Kymographs of raw
data were generated to represent signaling of individual cells over
time, andMATLAB detected events showed the exact time at which
signaling events for individual cells in the population occur. In this
study, we optimized the script to analyze spatial and temporal
signaling events occurring between cells in different Z-planes.
This allows us to quantify signaling between basal cells and apical
cells, and between basal cells and underlying nerves.

Immunofluorescence and Confocal
Microscopy
Globes were fixed in freshly prepared 4% paraformaldehyde in
PBS for 20 min at room temperature. Immunofluorescent
staining was performed (Minns et al., 2016; Rhodes et al.,
2021). The cornea was removed and cut into radial sections.
Briefly, tissue was permeabilized with 0.1% v/v Triton X-100 in
PBS for 2–5 min and blocked with 4% BSA in PBS for 1 hour.
Corneas were incubated in a primary antibody solution overnight
at 4°C. Anti-pannexin-1 polyclonal rabbit antibody directed
against pannexin-1 (Cat. #ACC-234) was purchased from
Alomone Labs (Jerusalem, Israel). An Alexa Fluor-conjugated
secondary antibodies (Invitrogen, Carlsbad, CA, United States)
was used at a dilution of 1:300 in blocking solution for 1 h at room
temperature. The primary antibody was excluded from the
secondary control tissue. The tissue was mounted using
VectaSHIELD (Vector Labs, Burlingame, CA, United States).
Images were taken on a Zeiss LSM 880 confocal microscope.
Fluorescent gain levels were set using secondary control samples
and were not changed, and the pinhole size was kept at 1 Airy
Unit across all images.

Statistical Analysis
Values were obtained by taking the mean and standard error of
the mean from at least three independent experiments.
Depending on experimental parameters, statistical significance
was determined with either unpaired or paired two-tailed
Student’s t-tests using Microsoft Excel (Microsoft, New York,
NY, United States) to compare experimental groups to the
appropriate control.

RESULTS

Stiffness of the Corneal Epithelium
Increases With Age in C57Bl/6J Mice
Changes in stiffness with age were examined in C57Bl6 mice in
several regions of the cornea. This was achieved through the use
of a PIUMA Nanoindenter System from Optics 11 (Amsterdam,
Netherlands). Measurements were performed after placing the
eye into the 3D printed holder, cornea side up, and bathing the
eye in serum free keratinocyte medium to avoid dryness. The
stiffness of the corneal epithelium in 27-week mice is significantly
higher than that of 9-week mice, with mean stiffnesses of 62.508
and 30.736 kPa, respectively (two-tailed Student’s t-test; p <
0.001) (Figure 2A). There was not a significant difference
between the stiffness of the central and limbal corneal
epithelial regions within respective age cohorts (two-tailed
Student’s t-test; p = 0.753 for 9-week mice and p = 0.603 for
27-week mice). The stroma from corneas of 27-week mice was
significantly stiffer than those from 9-week mice, with a mean of
244.06 vs. 67.9 kPa respectively (two-tailed Student’s t-test; p <
0.001) (Figure 2B). However, there was not a significant
difference in basement membrane stiffness between 9- and 27-
week mice, with a mean of 6.202 and 5.958 kPa, respectively (two-
tailed Student’s t-test; p = 0.506) (Figure 2C). These results
suggest that the effects of aging on the stiffness of the cornea
vary between layers, with the greatest change in the stroma.

Nine- and 27-week Old Mice Have
Significant Differences in Both Short-Term
and Long-Term Wound Healing
Short-term wound healing was assessed in corneas from both 9-
and 27-week mice. Globes were enucleated, stained with
CellMask DeepRed (greyscale) as described, and puncture-
wounded using a 25-gauge needle (see methods). Injured
globes were mounted into the 3D printed holder and were
imaged using the Zeiss LSM 880 confocal microscope using a
×20 objective for 1 h, 45 min at a rate of one frame every 5 min.
Imaging began 15 min after injury. Globes were maintained in
Keratinocyte Growth Media in an environmental chamber to
maintain tissue hydration and viability throughout the duration
of the experiment. Analysis of the images using FIJI/ImageJ
revealed that the circumference of the corneal wound in the 9-
week mice (Figure 3A) remained approximately the same
throughout the duration of the experiment. However, the
circumference of the corneal wound from 27-week mice was
reduced (Figure 3B).
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This unexpected difference in the cellular movement seen in
short-term wound healing led us to hypothesize that there would be
substantial differences in long-term wound healing between age
cohorts. To test this hypothesis, globes were enucleated, injured, and
allowed to heal in Keratinocyte growth media at 37° and 5% CO2 for
24 h. Representative images of unhealed wounds for 9- and 27-week
mice are shown in Figures 4A,B, respectively. In all images, the
wound is denoted with a white asterisk. Twelve optical slices were
taken for each eye, with an interval of one micron between slices.
Using Zen software, slices were compiled and a 2.5D topographical
map of the wound after 15min was generated for corneas from 9-
week (Figure 4A) and 27-week (Figure 4B) mice. Corneas from 9-
weekmice were healed after 24 h (Figure 4C). After 24 h, the corneal
wound bed of 27-week mice remained partially exposed
(Figure 4D). The topographical map revealed that cells remained
at the bottom of the wound bed. Compared to corneas from 9-week
mice, evidence for re-stratification was not detected. The results of

Figure 4 indicate that the early influx of cells in the 27-week mice
(Figure 3B) may not represent a coordinated migration event, as the
wound bed remained partially exposed several hours later. Instead,
these events together suggest that cells from older mice may move
into the wound bed in an unregulated manner. It will therefore not
fill the wound bed completely or re-stratify as this is not a wound
healing response. A possible etiology of this movement is the above-
described changes in epithelial stiffness seen in Figure 2which could
potentially affect cellular motility over a substrate. Another possible
cause would be alterations in calcium signaling.

Calcium Signaling Events Occur in Basal
Cells But Not Apical Cells in Young Mice
The significant differences in cellular motility observed in Figure 3
and Figure 4 led us to hypothesize that there were underlying
differences in the calcium signaling profiles of corneas from 9- and

FIGURE 2 | Comparison of corneal stiffness between 9- and 27-week mice. Nanoindentation was performed to compare the stiffness of the corneal epithelium,
stroma, and basement membrane between enucleated globes from 9- and 27-week mice. Significance was determined by a two-tailed Student’s t-test comparing
epithelium [(A) ****p < 0.0001], stroma [(B) ****p < 0.0001] and basement membrane [(C) not significant, (p = 0.506)] between 9- and 27- week mice. The data represent
four eyes per condition, with each eye from one mouse.

FIGURE 3 |Cells enter the wound bed within 2 h of injury in 27-week but not 9-week old mouse corneas. Enucleated globes were stained with CellMask DeepRed
(greyscale) and imaged on the Zeiss LSM 880 confocal microscope to observe wound healing progress for 1 hour and 45 min. T = 0 is 15 min after injury. There is a 15-
min interval between each image. The border of the wound was traced at each time point using ImageJ and superimposed on the image. Previous wound borders were
also superimposed to track changes in the wound border over time. The right-most image depicts the superimposed changes in the wound edge tracked through
time. The wound border in the cornea from 9-week mice (A) remained approximately the same throughout the duration of the experiment. In the corneas from 27-week
mice (B) the perimeter of the wound became smaller due to an influx of cells into the wound bed. The data represent three eyes per condition, with each eye from one
mouse. Scale bar represents 50 microns.
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27-week mice. To detect calcium signaling events in basal and apical
cell layers, we collected equivalent Z-stacks over time. Enucleated
globes were stained with CellMask DeepRed (red) and Fluo-4, AM
calcium indicator (green), injured, and immediately imaged.
MATLAB scripts were used to identify individual cells within the
images, generate kymographs to monitor changes in cell intensity
over time, and quantify MATLAB detected signaling events.
Representative images of the analysis process are given in
Figure 5A. These scripts were applied to videos of signaling
events taken from apical or basal cell layers adjacent to a wound
in both 9- and 27-week cohorts to quantify the number of signaling
events in each condition (Figure 5B). The number of signaling
events observed in each layer at the wound edge was compared to
background signaling data collected on the same Z. Figure 5C shows
the percent increase in calciummobilizations observed at the wound
relative to background levels observed away from thewound for each
age cohort and epithelial layer. Basal cell signaling in corneas from 9-
week mice was significantly higher than background levels (Paired
two-tailed Student’s t-test; p < 0.05). There were not significant
differences from the background signaling in apical cells from either
age cohort, or from basal cells in the 27-week mice.

Central Corneal Injuries Induce Calcium
Mobilizations in the Corneal Limbus
The results of Figure 5 reveal elevated calcium signaling in the basal
layers of young mouse corneas adjacent to a wound. This calcium
signaling is initiated by ATP released from injured cells and from the
tear film (Klepeis et al., 2001). The ATP acts in a paracrine fashion to
bind receptors and generate calcium signaling events. Given the
mechanism of action, we hypothesized that an injury at the central
cornea could also cause cell signaling at the corneal-limbal interface.
Due to the lack of signaling seen at the wound in the central cornea in
27-week mice, we only examined corneas from young mice for our
limbal signaling experiments. Globes were positioned in the 3D holder

with the limbus facing the cover glass instead of the central cornea as in
previous experiments. Imaging began 15min after injury. Z-stacks
revealed that cellular activity in the limbus occurred predominantly in
basal cells that were adjacent to nerves (Figure 6A). Representative
images taken over 1 hour revealed a number of signaling events in cells
overlying the nerve (Figure 6B).Quantification of cellular intensity over
time of cells adjacent to (denoted in the first frame of Figure 6B) and
distant from the nerve revealed that distinct calcium signaling events
occurred in adjacent cells every 20min (Figure 6C). Recruitment of a
previously non-signaling cell, denoted “Nerve-Adjacent 5”, by the active
cell “Nerve-Adjacent 3”was observed 25min after imaging began. This
finding suggests that these cells represent a “cluster” of cells, as observed
in cell culture models in Lee et al. (2019) but not previously shown in
ex vivo tissues. A cluster of cells is defined as a group of neighboring
cells that undergo temporally linked calcium signaling events. These
signaling events likely mediate cell-cell communication between the
cells and are important for coordinated cellular migration. Cells at the
corneal-limbal interface that were distant from a nerve did not undergo
signaling events nor did they form clusters.

Pannexin-1 Localization Differs Between
Young and Old Mice
Our findings indicate that corneas from young and old mice have
significant differences in their interactions with the substrate,
timeline of wound response, and calcium signaling profiles. This
led us to speculate that they will have differences in the
localization of the ion channel pannexin-1.
Immunohistochemistry was performed on corneas from both
young and older mice to assess pannexin-1 localization two and
5 hours after injury (Figures 7A–D). Topographical maps
colored using a LUT scale were generated to visualize the
intensity of staining throughout the region of interest. After
2 h, staining was similar throughout the epithelial sheet in
both the young and old mice. At 5 h, there was an increase in

FIGURE 4 |Wound healing occurs more rapidly in 9-week than 27-weekmice. Enucleated globes were stained with CellMask DeepRed (red) and imaged using the
Zeiss LSM 880 confocal microscope both before and after healing for 24 h in growth media. Images were taken of corneal wounds 15 min or 24 h after injury in both 9-
week (A,C) and 27-week (B,D)mice. In all images, the wound is marked with a white asterisk. Twelve optical sections of one micron each were taken for every condition
and Zen software was used to make a 2.5D topographical map of the wounds in the corneas. After 24 h, wounds in 9-week mice had fully closed. Wounds in 27-
week mice remained open. Wound depth (Two-tailed Student’s t-test, p = 0.999) and diameter (Two-tailed Student’s t-test, p = 0.999) were consistent between
samples. The data represent three eyes per condition, with each eye from one mouse. Scale bar represents 20 microns.
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pannexin-1 near the edge in young mice, as shown by the
intensity image (Figure 7B). A similar increase was not
detected in wounded epithelium from older mice. These
differences in pannexin-1 localization in older mice together
with the decreased calcium signaling events observed in
Figure 5 led us to examine the role of pannexin-1 on cellular
motility and wound closure in cell culture scratch wound models.

Inhibition of the Purinergic Receptors P2X7
and P2Y2, and the Ion Channel Pannexin-1
Have Adverse Effects on Wound Healing
and Coordinated Cellular Migration in
Cultured Human Corneal Limbal Epithelial
Cells
Previous studies of corneas ex vivo have demonstrated that the
inhibition of pannexin-1 decreased the number of cell-cell signaling

events, leading us to hypothesize that the communication in the
cornea might be driven by a pannexin-1/P2X7 signaling event (Lee
et al., 2019). Confluent Human Corneal Limbal Epithelial cell
cultures were pre-incubated in the presence or absence of
inhibitors, scratch-wounded, and imaged at a rate of one frame
per 5 min for 2 h using the Zeiss LSM 880 confocal microscope.
Inhibition of P2Y2, P2X7, or pannexin-1 using the antagonists
ArC118925XX, A438079, and 10PanX, respectively led to
significantly diminished wound closure (Figure 8A). Mean
wound healing after 2 h was 67.18% in the control group,
12.74% for pannexin-1 inhibition, 15.37% for P2Y2 inhibition,
and 26.75% for P2X7 inhibition. A two-tailed Student’s t-test
was performed to assess differences in percent wound closure
between the control and each inhibitor cohort. All inhibitory
conditions showed a statistically significant (two-tailed Student’s
t-test, p < 0.05) reduction in wound closure at the end of the
experiment relative to the uninhibited control.

FIGURE 5 | Calcium signaling events occur in basal cells adjacent to the wound in corneas from 9-week mice. Calcium signaling events were monitored in apical
and basal layers of the corneal epithelium after injury. (A) Schematic of cell-based approach for calcium analysis shows a representative image of cells, and detection of
these cells by MATLAB using coordinates from the video. The changes in intensity of each cell over time are shown using a kymograph. MATLAB detected events were
identified from the kymograph as changes in intensity greater than a threshold of 40% of maximum intensity. (B) Representative MATLAB detected events from
basal and apical z-planes of corneal epithelium. (C)Mean percent change of the signaling events for apical and basal layers of the age cohorts. The data represent four
eyes per condition, with each eye from one mouse. Data are means ± SEM. There were significantly more detected signaling events in the basal cells in 9-week corneas.
(Two-tailed paired Student’s t-test comparing signaling events at the wound to background signaling at the same Z-plane; *p < 0.05). No significant differences over
background were detected between apical cells from either age cohort or between basal cells from older mice.
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The trajectory of individual cells at the wound edge was
plotted using ImageJ and normalized so that movement
towards the wound is represented as movement along the

y-axis in the positive direction and movement parallel to the
wound is represented as movement along the x-axis (Figures
8B–E). The inhibition of P2X7, P2Y2, or pannexin-1 with specific

FIGURE 6 | Calcium mobilizations are detected in epithelial cells adjacent to nerves in the corneal limbal region. Enucleated globes from 9 to 13 week mice were
stained with CellMask DeepRed (red) membrane stain and Fluo-4, AM (green) calcium indicator, wounded, and imaged in the limbal region of the cornea for 1 h using the
Zeiss LSM 880 confocal microscope. Imaging started 15 min after injury (T = 0). (A) Confocal imaging through the thickness of the corneal limbal region revealed high
basal cell activity adjacent to nerves (white asterisk). (B) Basal cells were imaged over time at a rate of one frame per 3 s to identify calcium signaling events. The top
row depicts tissue stained with CellMask DeepRed and Fluo-4 for cell visualization, and the bottom row depicts the same tissue with Fluo-4 only. (C)Quantification of the
intensity of the cells labelled in (B) over time demonstrates that cells adjacent to the nerve display distinct signaling events at 0, 25, and 42 min after imaging began. At the
25 and 42 min signaling events a previously inactive neighboring cell (Nerve-Adjacent 5) was activated. All cells denoted “Nerve-Adjacent” are within 100 microns of the
nerve. The data represent five eyes per condition, with each eye from one mouse. Scale bar is 50 microns.
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antagonists has different effects on the trajectory of the cells. Cells
remain highly motile when P2Y2 is inhibited. However, the
movement is undirected and uncoordinated. Instead of
moving perpendicular to the wound in a directed migratory
event as in controls, the cells tend to move parallel to the
wound. This is unproductive for a wound healing response,
which requires directed and coordinated movement
perpendicular to the wound bed, as observed in the
uninhibited control. When P2X7 is inhibited, cell motility is
attenuated and maintained directionality. In contrast when
pannexin-1 is inhibited, cells remained at the origin compared
to controls. Together these results indicate that P2X7 are
pannexin-1 are important for coordinating the wound healing
response.

DISCUSSION

As corneal wound healing is predominantly a migratory event,
the interactions between the cells and the substrate plays a
significant role in the efficacy of wound repair.
Nanoindentation experiments of fresh tissue revealed
substantial increases in the stiffness of the corneal
epithelium and stroma, but not the basement membrane, in
27-week old mice when compared to 9-week old mice. Similar
findings have been observed in post-mortem human corneal
tissue, which was found to double in stiffness between the ages
of 20 and 100 years (Cartwright et al., 2011). In the human
cornea, the change in stiffness was found to be due
predominantly to changes in collagen fibrils in the stroma
(Daxer et al., 1998). Furthermore, changes in human sclera
with age have been reported and decreased levels of sulfated
glycosaminoglycans were associated with decreased levels of

scleral hydration (Brown et al., 1994). Similar modifications
may occur in the cornea, and the reduction in sulfation could
alter stiffness.

Although changes in stromal stiffness with age are well-
characterized, the etiology of the change in stiffness of the
corneal epithelium observed in our nanoindentation
experiments remains unknown. In the 27-week mouse eye,
cells move into the wound bed within 2 h of the injury.
However, 24 h after injury the wound bed remains partially
exposed and there is no evidence of re-stratification. This is in
contrast to the 9-week mouse cornea, which does not
experience significant migration into the wound bed within
2 h after injury, but is fully healed after 24 h. The in vitro
wound closure experiments suggest that purinoreceptors and
pannexin-1 mediate different features of cell motility, and it is
not known if the altered movement of the cells from the 27-
week mice exhibit altered purinoregulation. If rat and murine
epithelium have similar expression profiles, this would be
unlikely, as one study revealed only minimal changes in
P2Y2 expression on the ocular surface of rats over from
birth to 1 year of age (Tanioka et al., 2014). Other studies
in vitro demonstrated that inhibition of P2Y2 abrogated
downstream signaling in a number of tissues, but
comparisons are difficult as the directionality detected in
our in vitro assays was not examined (Boucher et al., 2010;
Faure et al., 2012; Kehasse et al., 2013; Li et al., 2013). At this
time it is not understood why the movement of the corneal
epithelium from older mice differs from the younger tissue and
it may be a combination of changes in purinoreceptors and
matrix proteins.

Furthermore, there was no significant signaling above
background levels in either apical or basal cells adjacent to a
wound in corneas from 27-week mice. In contrast, corneas from

FIGURE 7 | Localization of pannexin-1 is elevated in corneas from younger mice at the wound edge. Enucleated globes were scratch wounded and allowed to heal
for two or 5 h. Globes were fixed in 4% paraformaldehyde, corneas were dissected, and immunohistochemistry was performed to visualize localization of pannexin-1
near the wound edge (green). Imaging was performed using the Zeiss LSM 880 confocal microscope. Topographical maps denoting the intensity of staining throughout
the region were generated from the imaging data. (A) In younger mice, pannexin-1 localization is diffuse at 2 h, with similar expression adjacent to and further away
from the wound. This is seen in the topographical map as a relatively flat, green diagram. (B) In younger mice at 5 h, the increase in pannexin-1 near the wound edge is
detected as red peaks in the topographical map. (C,D) Older mice have a similar localization of pannexin-1 throughout the epithelium at both two and 5 h. The data
represent three eyes per condition, with each eye from one mouse. Scale bar is 50 microns.
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9-week mice experienced significantly increased signaling relative
to background levels in basal but not apical cells adjacent to a
wound. While this signaling has been shown to be essential for

initiating and coordinating the wound healing process in
epithelial cells in vitro, this is the first time this has been
shown in the cornea (Klepeis et al., 2001; Minns et al., 2016;

FIGURE 8 | Inhibition of pannexin-1, P2X7, or P2Y2 have different effects on cellular trajectory at the wound edge but all decrease percent wound closure.
Confluent Human Corneal Limbal Epithelial cell cultures were pre-incubated in the presence or absence of inhibitors, stained with the SiR Actin, scratch-wounded, and
imaged at a rate of one frame per 5 min for 2 h using the Zeiss LSM 880 confocal microscope. (A) Inhibition of pannexin-1, P2X7, or P2Y2 led to significantly diminished
wound closure at the 2 h time point. Two-tailed Student’s t-tests were performed to compare the percent wound closure of each inhibitor to an uninhibited control
(*p < 0.05 for all inhibitors). The path of individual cells at the wound edge was plotted using ImageJ and normalized so that motility towards the wound is represented as
movement along the y-axis in the positive direction, and movement in the parallel direction is plotted along the x-axis. Controls (B) were scratch-wounded but not pre-
incubated with an inhibitor. (C) Pre-incubation with ArC 118925XX, a competitive inhibitor to P2Y2, results in uncoordinated and undirected migration. (D) Pre-
incubation with A438079, a competitive inhibitor to P2X7, causes cells to remain closer to their location of origin than they do in controls. (E) Pre-incubation with 10PanX,
an inhibitor to pannexin-1, causes cells to remain closer to their position of origin than in both the control and in the P2X7-inhibited conditions. Data represents aminimum
of three independent experiments for each condition.
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Lee et al., 2019). Without subsequent calcium signaling events, it
is unlikely the cellular movement seen in the 27-week cornea 2 h
after injury represents a coordinated cellular migration event.
While it is not known why there is decreased signaling in tissue
from older mice there are a number of hypotheses that will be
tested in future studies. One hypothesis is that there is a change in
extracellular ATP released fromwounds or during migration, and
studies have shown that decreased ATP can alter chemotaxis or
directionality of neutrophils (Chen et al., 2006). We will also
examine changes in ectonucleotidases, decreased expression of
pannexin-1 and other potential candidate proteins, or a decrease
in the interaction between P2X7 and pannexin-1. The latter was
shown in wounded corneas of an obese mouse (Rhodes et al.,
2021).

Although there are few studies investigating motility in intact
tissue, this conclusion is supported by extensive studies
evaluating cell motility on synthetic substrata. On stiffer
substrates, there is less retraction at the edge of the wound
prior to movement, and the trailing edge lifts more readily,
potentially generating more of a sliding motion (Kuwabara
et al., 1976; Pathak and Kumar, 2011; Onochie et al., 2019).
We therefore speculate that the cells seen in the wound bed of the
27-week mouse cornea both at 2 and 24 h did not actively
migrate, and instead slid into the wound space. (Kuwabara
et al., 1976).

There are several potential mechanisms that could explain the
altered corneal epithelial stiffness in 27-week old mouse eyes
including changes in adhesive proteins, cell-cell junctions, or ion
proteins. These changes may underlie the altered calcium
signaling and cellular mobility. One hypothesis is that the
enhanced epithelial stiffness alters the ability of cells to move
as a sheet when they transition from a stationary to a migratory
phenotype. Preliminary experiments indicate that ZO-1 and
occludin are more diffuse in older mouse corneas. These
proteins are essential for maintaining the barrier function of
the cornea by linking adjacent apical cells together. ZO-1 is also
expressed with paxillin in the basal and wing layers of the rabbit
corneal epithelium, where it forms adherens junctions (Sugrue
and Zieske, 1997). Cadherin is another component of adherens
junctions, and ablation of N-cadherin in mice revealed no
adherens junctions and reduced numbers of tight junctions in
the corneal epithelium, with severe perturbations in the actin
cytoskeleton (Vassilev et al., 2012). In tumors originating from
epithelium, a switch from production of predominantly
E-cadherin to predominantly N-cadherin has been linked to
epithelial-to-mesenchymal transition, and is associated with
increased migratory behavior, invasiveness, and likelihood of
metastasis (Mrozik et al., 2018). Pathological alterations in
tight junction and adherens junction proteins, as well as a
significantly increased epithelial stiffness, are also observed in
endometriosis (Matsuzaki et al., 2017). Decreased integrity of
apical tight junctions and basal adherens junctions with age may
lead to the unregulated sliding of cells into the exposed
wound bed.

In addition, mechanical forces between the actin cytoskeleton
and substrate are critical for successful migration. Pannexin-1 is a
mechanosensitive ion channel that binds to F-actin in the carboxy

terminus (Bao et al., 2004; Bhalla-Gehi et al., 2010). Inhibition of
pannexin-1 in corneas from 12-week mice with 10PanX caused
decreases in calcium signaling after injury and alterations at the
leading edge with a reduction in lamellipodia (Rhodes et al.,
2021). Pannexin-1 localization near the wound edge is elevated in
younger mice when compared to older mice 5 h after injury.
Additional studies demonstrated that ablation of pannexin-1 in
hippocampal neurons of mice caused an increase in F-actin
polymerization and expression of actin-associated proteins
(Flores-Muñoz et al., 2021). Pannexin-1 is also known to
complex with the purinergic receptor P2X7, and inhibition
diminishes both calcium signaling events (Lee et al., 2019) and
actin bundling (Minns et al., 2016) in cultured human corneal
limbal epithelial cells.

One exciting observation was that injuries to the central
cornea resulted in signaling of basal cells in the limbal region.
It is known that when the corneal epithelium is wounded, ATP
released from injured cells and the tear film initiates calcium
signaling events (Klepeis et al., 2001). ATP acts in a paracrine
fashion and binds to purinergic receptors on cells near the wound
(Klepeis et al., 2001; Mankus et al., 2011). Although the
concentration of ATP is highest at the wound, and calcium
signaling events are most frequent in cells adjacent to the
wound, the paracrine mechanism of action could activate
more distal cells. Live cell imaging of this region revealed that
cells adjacent to nerves displayed calcium mobilizations, while
mobilization was not present in cells distant from nerves. This
finding suggests that the nerves in the limbal region play a role in
generating calcium signaling events in epithelium beyond what
would be predicted by paracrine ATP signaling from the
wound alone.

A number of studies have demonstrated that the integrity of
corneal nerves is essential for effective wound healing. In rat
corneas, the density of sensory nerve terminals decreases with
age, and at 24 months is approximately 50% as dense as it was at
6 months (Dvorscak and Marfurt, 2008). These findings were
consistent between the central and peripheral cornea. More
recent studies showed that decreases in intraepithelial nerve
density and corneal sensitivity occurred by 24 months of age in
mice (Stepp et al., 2018a). Furthermore, enhanced corneal nerve
repair can facilitate wound repair (Stepp et al., 2018b). Changes
in innervation also occur in corneas of patients with Diabetes
Mellitus Type II, who experience neuropathy that worsens with
disease progression (Petropoulos et al., 2013). Similar changes
are detected in corneas of obese mice, where pannexin-1 was
decreased in stromal nerves (Kneer et al., 2018).

In summary, there are age-related changes in the cornea that
ultimately result in decreased signaling between basal cells in
older mice. While we still don’t understand how the epithelial
stiffness alters wound repair, there are a number of experiments
that can address this question. The ideal experiments will employ
imaging of epithelial-nerve communication at various sites along
the cornea and limbal region. Future directions will involve using
a hierarchical clustering machine learning algorithm to quantify
signaling profiles between corneas from young and old mice, and
ultimately in pathological models that exhibit impaired wound
healing.
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Lens Fibrosis: Understanding the
Dynamics of Cell Adhesion Signaling in
Lens Epithelial-Mesenchymal
Transition
Aftab Taiyab and Judith West-Mays*

Department of Pathology and Molecular Medicine, Health Sciences Centre, McMaster University, Hamilton, ON, Canada

Injury to the ocular lens perturbs cell-cell and cell-capsule/basement membrane
interactions leading to a myriad of interconnected signaling events. These events
include cell-adhesion and growth factor-mediated signaling pathways that can
ultimately result in the induction and progression of epithelial-mesenchymal transition
(EMT) of lens epithelial cells and fibrosis. Since the lens is avascular, consisting of a single
layer of epithelial cells on its anterior surface and encased in a matrix rich capsule, it is one
of the most simple and desired systems to investigate injury-induced signaling pathways
that contribute to EMT and fibrosis. In this review, we will discuss the role of key cell-
adhesion and mechanotransduction related signaling pathways that regulate EMT and
fibrosis in the lens.

Keywords: ocular lens, transforming growth factor β, epithelial to mesenchymal transition, fibrosis, cell adhesion

INTRODUCTION

The vertebrate ocular lens is a highly specialized transparent tissue of ectodermal origin that
separates the anterior of the eye from the posterior. The lens is encased in its own basement
membrane and is mainly composed of epithelial cells, which occupy the anterior part of the lens, and
the fiber cell mass that makes up the remaining lens volume. Any perturbation in the structural
organization or function of these cells results in opacification of the otherwise transparent ocular
lens, causing a cataract. Cataract continues to be the second largest cause of visual impairment
leading to blindness across the world, affecting nearly 94 million people with an overall financial
burden of US $6.9 billion (Pascolini and Mariotti, 2012; WHO, 2012). Currently, surgical removal of
the cataractous lens and its replacement by an intraocular lens (IOL) is the most common procedure
performed to cure this pathological condition. Although advances in IOL design have reduced the
incidence of post-surgical complications including posterior capsule opacification (PCO), delayed
onset of PCO remains a significant problem (West-Mays and Sheardown, 2010; Konopinska et al.,
2021; Wormstone et al., 2021). PCO involves a fibroproliferative response in which remnant lens
epithelial cells (LECs) found in the capsular bag following surgery proliferate and migrate to the
posterior capsule, where they undergo epithelial-mesenchymal transition (EMT) and deposit matrix
(West-Mays and Sheardown, 2010; Konopinska et al., 2021; Wormstone et al., 2021). The deposition
of aberrant matrix as well as cellular contraction can lead to capsular wrinkling and opacities
disrupting vision. Injury to the ocular lens as occurs in primary cataract surgery results in a
disruption in the cell adhesion of lens epithelial cells to each other and to their native basement
membrane, the lens capsule (Konopinska et al., 2021; Wormstone et al., 2021). This disruption leads
to the activation of a myriad of signaling pathways involved in normal wound healing and in lens
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fibrosis. This review is focused on highlighting the role of key cell-
cell and cell-matrix adhesion molecule signaling pathways that
contribute to the induction and progression of lens EMT and
fibrosis.

CELL ADHESION CHANGES AND
ACTIVATION OF TGFβ IN LENS FIBROSIS

TGFβ is a cytokine that has been shown to be a key modulator of
the fibrotic cataracts PCO and anterior subcapsular cataract
(ASC). Indeed, the aqueous humor from patients having
undergone cataract surgery exhibits increased levels of active
TGFβ (Wallentin et al., 1998), and TGFβ-induced signaling has
been observed in injured lens epithelial cells (LECs) (Saika et al.,
2002). Numerous experimental animal models and primary cell
cultures have shown that exogenous (active) TGFβ can promote
lens EMT and the formation of myofibroblasts as occurs in PCO
and ASC (Novotny and Pau, 1984; Lovicu et al., 2004; West-Mays
and Sheardown, 2010). Canonically, TGFβ signaling functions
through the activation of Small Mothers Against Decapentaplegic
(Smad) proteins. Binding of TGFβ to its receptor results in
phosphorylation of Smad2/Smad3, which in a complex with
Smad4, translocates to the nucleus where they modulate the
expression of TGFβ-responsive genes (Shi and Massague,
2003). In the lens, TGF-β induced fibrosis has been shown to
occur via Smad-dependent pathways (Saika et al., 2002; Banh
et al., 2006; Shirai et al., 2006; Meng et al., 2018). However,
multiple experimental models of TGF-β-induced EMT in the lens
have also revealed the contribution of non-canonical TGF-β
signaling pathways including the β-catenin and Rho/ROCK
mediated pathways (Maddala et al., 2003; Lovicu et al., 2015;
Korol et al., 2016; Taiyab et al., 2016).

Although active TGFβ has been shown to be a major inducer
of lens EMT and fibrosis, lens injury studies suggest that earlier,
upstream events are required for activation of TGFβ and its
sustained expression (Jiang et al., 2018). The secreted TGFβ
ligand is believed to be typically stored as a latent complex
with its prodomain interacting with latent TGFβ binding
protein 1 (LTBP1) and latent binding peptide (LAP) in the
ECM of the lens (Shihan et al., 2017; Shihan et al., 2020).
During normal wound healing, as occurs in the lens post-
surgery, LECs on the remaining capsule deposit a provisional
matrix that includes fibronectin (FN), tenascin C, and collagen I,
ECM molecules that are also involved in later fibrotic events
(Rousselle et al., 2019). Of these molecules, FN has received much
attention because of its role in wound healing and association
with lens epithelial cell fibrosis. Earlier studies had shown that
lens cells in human post-surgery capsular bags were found to be
embedded in FN (Linnola et al., 2000) and cellular FN (cFN) was
found to be associated with the lens capsule and in explanted
IOLs 7–8 years after surgery (Saika et al., 1998). More recent work
using chick lens cultures has shown that exposing these cells to
plasma FN, as would occur with wounding during surgery,
resulted in the activation of latent TGFβ (VanSlyke et al.,
2018). Shihan and others (Shihan et al., 2020) have shed
further light on the requirement for FN in lens fibrosis and

how it plays an upstream role of TGFβ by creating a conditional
knockout of cFN in the developing lens of mice and subjecting
them to lens injury. While wild-type mice showed a fibrotic
response 3 days following surgery, the FNcKO mice exhibited a
significantly attenuated fibrotic response. Interestingly, reduced
TGFβ upregulation was also observed in the FNcKO mice and
when exogenous, active TGFβ was provided the attenuated
fibrotic response was rescued. These findings, demonstrate the
importance of FN and its ability to modulate TGFβ signaling in
driving lens fibrosis. Since increased/activated TGFβ is known to
upregulate target genes such as FN and FN-binding integrins
(discussed below) as well as TGFβ itself, a chronic feedback loop
is thought to exist that can further exacerbate lens fibrosis
(VanSlyke et al., 2018).

The main receptors that LECs use for adhering to the lens
capsule are the integrins (Duncan, 2004; Wederell and De Iongh,
2006; Walker and Menko, 2009), which are comprised of
heterodimers with an a and β subunit, including 18 a and
eight β subunits identified in mammals that can partner to
form 24 different integrin receptors that bind specific ligand
or set of ligands (Duncan, 2004; Wederell and De Iongh, 2006;
Walker and Menko, 2009). Since integrins are known to act as bi-
directional signaling receptors performing both “inside-out”,
(transmitting signals from within the cells to the integrin
activity on the cell surface) and “outside-in” (transmitting
extracellular signals into the cell) (Duncan, 2004; Wederell and
De Iongh, 2006; Walker and Menko, 2009) signaling, it is not
surprising their disruption during injury results in activation of
signaling cascades involved in wound healing and fibrosis in
the lens.

Duncan and others have shown an upregulation of α5β1 and
several αV integrins post-surgery in mice for up to 5 days (Shihan
et al., 2020). In this case, a lens injury model was performed,
which mimics cataract surgery, and fibrotic markers were
assessed. The authors showed that FN conditional KO
(FNcKO) mice did not exhibit an upregulation of fibrotic
markers like their wild-type littermates and further
demonstrated that levels of phosphorylated focal adhesion
kinase (pFAK), an important signaling molecule of integrin
activity, were also significantly lower in the FNcKO mouse
lenses post-surgery. These findings further revealed the
importance of FN and its interaction with integrins in lens
fibrosis.

Active TGFβ has also been shown to regulate integrin
expression during lens fibrotic events. In human lens epithelial
explant cultures, α5integrin was found to be upregulated by TGFβ
(Dawes et al., 2007; Dawes et al., 2008). This is not surprising
given its ligand, FN, is upregulated in these models and the
interaction of this integrin with FN is thought to contribute to
EMT and associated αSMA expression. In addition to alpha5,
alpha11, alphaV and beta5 were also found to be markedly
increased in response to TGFβ (Dawes et al., 2007). Plaque
cells from patients with ASC also exhibit a co-localized
expression of α5β1 with FN and αSMA (Yoshino et al., 2001).
In other models of lens fibrosis, the αV integrins are also
upregulated following TGFβ-induced EMT (Walker
and Menko, 2009). Finally, integrin linked kinase (ILK), a
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serine-threonine kinase that binds to the cytoplasmic tails of β1,
β2, and β3 subunits, is weakly expressed in the lens but has been
found to be upregulated in TGFβ transgenic lenses and correlated
with LEC EMT (De Iongh et al., 2005; Weaver et al., 2007). ILK
also colocalizes with α5β1 and this was enhanced in the presence
of FN suggesting that ILK may be involved in EMT via this
interaction (Weaver et al., 2007).

Injury by mechanical trauma is thought to modulate
expression of the αV integrin, which has relevance to the
fibrosis that occurs after cataract surgery (PCO). Studies
that have directly targeted αV integrin through conditional
knockout in the murine lens have demonstrated its role in
EMT and lens fibrosis (Mamuya et al., 2014). For example,
following lens injury on αVcKO mice, reduced lens epithelial
cell proliferation and reduced or absent fibrotic markers were
detected in the mutant as compared to wild-type littermates.
Further data from this study suggested that αV integrins may
mediate the fibrotic response by enhancing TGF-β-mediated
signaling following surgery, likely through their known roles in
the activation of latent TGF-β. αVβ6 is thought to activate
TGFβ through its association with an RGD peptide in the

latency-associated peptide (Sheppard, 2004) and in human
capsular bags αVβ6 integrin expression was shown to be
increased compared to cultured, intact whole lenses that
have not been injured (Figure 1) (Sponer et al., 2005).
However, recent work has revealed that the β8 heterodimer
of αV plays a major role in regulating injury induced fibrosis in
the lens (Shihan et al., 2021). Following cataract surgery, β8
integrin–conditional knockout (β8ITG-cKO) mice exhibited
an attenuated fibrotic response in the lens as compared to WT
mice. Interestingly, both β5 and β6 integrin null LECs
underwent fibrotic changes similar to those of WT at 5 days
post cataract surgery, demonstrating that the β5 and β6
heterodimers do not play the upstream role that β8 plays in
lens injury fibrosis. Further transcriptomic studies using the
β8ITG-cKO lens cells showed that while WT mice exhibited
upregulation of target genes of TGFβ–induced signaling
following 1 day of surgery, such as integrins and their
ligands, the mutants did not. Additionally, canonical TGFβ
signaling (as determined by pSMAD 2/3 expression) was
attenuated in the β8ITG-cKO lens. Finally, the fibrotic
response in the β8ITG-cKO eyes was shown to be rescued

FIGURE 1 |Mechanical changes in actin cytoskeleton or extracellular matrix (ECM) lead to activation of TGFβ signaling. Latent TGFβ is stored in the ECM together
with the latent TGF- β1 binding protein (LTBP-1) and the latent associated peptide (LAP) that in turn is complexed with integrins. Changes in the actin/myosin mediated
cell contraction or ECM architecture due to aging or injury results in putative conformational change in the LTBP-1/LAP complex leading to release of TGFβ. Interaction of
active TGFβ with its receptor activates downstream Smad signaling. Active Smad2/3 in complex with Smad4 then translocates to the nucleus resulting in
upregulation of downstream genes including integrins.
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when active TGF-β1 was given at the time of surgery. Overall,
this study revealed that not only is αVβ8 integrin a major
regulator of lens fibrosis post-surgery, but also does so through
activation of TGFβ.

Recent studies have also demonstrated that changes in the lens
capsule, the matrix of the lens, can also contribute to EMT. For
example, studies have shown that advanced glycation end
products (AGEs) present in the lens capsule can potentiate
TGFβ2-mediated EMT in human LECs and this occurs
through the upregulation of both the canonical and
noncanonical pathways (Raghavan and Nagaraj, 2016; Nam
and Nagaraj, 2018). Interestingly, levels of AGE were found to
be higher in human lens capsules from cataractous lenses and
AGE levels were also found to be age-dependent (Raghavan et al.,
2016). Furthermore, in the human capsular bag model of PCO,
AGE content was correlated with increased levels of TGFβ-
induced αSMA (Raghavan et al., 2016). Studies have also
examined the role of the receptor for AGEs, RAGE, in TGFβ-
induced EMT. For example, overexpression of RAGE in the
human FHL124 cell line enhanced the TGFβ2-mediated EMT
response in cells when cultured on AGE-modified basement
membrane (Raghavan and Nagaraj, 2016). A more recent
study employing RAGE knockout (KO) mice showed that
LECs isolated from RAGE KO lenses did not undergo EMT in
response to TGFβ2 as the wild-type cells did and this was likely
due to the reduced Smad signaling observed (Nam et al., 2021).
Further lensectomy experiments performed on RAGE KO mice
showed that unlike wild-type littermates that exhibited elevated
levels of αSMA, FN and b1 integrin in remaining capsular bag
post-surgery, the RAGE KO capsules did not (Nam et al., 2021).
Overall, these findings suggest that the interaction of lens matrix
AGEs with RAGE plays an important role in the TGFβ2-
mediated EMT of lens and fibrosis.

RHO/ROCK SIGNALING IN LENS FIBROSIS

Apart from the Smad signaling pathway, additional non-Smad
intracellular signaling pathways, such as the RhoA/Rho-kinase
pathway, have been implicated in lens fibrosis. Rho are small
GTPases that switch between inactive Rho-GDP and active Rho-
GTP, and are critical for the regulation of actin polymerization
and organization; dysregulated actin dynamics have been linked
to pathological conditions such as fibrosis (Ivanov et al., 2010). A
study showed a rapid increase in RhoA activity (GTP bound
form) in response to TGFβ in human LECs (FHL 124),
concomitantly demonstrating the presence of stress fibers, and
overlapping expression of αSMA (Korol, 2012). The key
downstream effectors of RhoA pathway are Ras-related C3
botulinum toxin substrate 1 (Rac1) and Rho-associated coiled-
coil containing kinases (ROCK) (Bishop and Hall, 2000). ROCK
facilitates the interaction of myosin with filamentous F-actin
through phosphorylation of the myosin light chain (MLC)
regulatory units of Myosin II, and thus plays an important
role in generation of actomyosin contractile forces, enabling
alterations in cellular morphology and motility (Tan et al.,
1992; Turner, 2000; Vicente-Manzanares et al., 2009).

Modulation of RhoA signaling through ROCK activation has
been shown to be associated with TGFβ-induced EMT-mediated
fibrosis in a number of in vitro and in vivo model systems
(Bhowmick et al., 2001; Masumoto et al., 2001; Tian et al.,
2003; Tavares et al., 2006; Zhang et al., 2013). The study by
Maddala and others was the first to establish the direct correlation
between increased RhoA signaling and EMT in the lens. The
authors showed that Y-27632, a specific inhibitor of ROCK-
mediated RhoA signaling, prevented TGFβ-induced formation of
actin stress fibers and focal adhesions in the human LEC cell line
SRA01/04, (Maddala et al., 2003). Furthermore, Y-27632
prevented TGFβ-induced αSMA expression, the actin isoform
that contributes to generation of mechanical tension in highly
contractile myofibroblasts during EMT (Cho and Yoo, 2007).

During Rho/ROCK mediated actin polymerization, the
globular (G) -actin assembles to form filamentous (F) –actin.
During this process, actin binding proteins (ABPs) including
myocardin-related transcription factors (MRTFs) dissociate from
G-actin complex and translocate to the nucleus. Within this
compartment, MRTF forms a complex with serum response
factor (SRF) to regulate the expression key EMT genes (Small,
2012). Therefore, the subcellular localization of MRTF is tightly
regulated by the state of actin polymerization, and thus Rho/
ROCK activation. The reduction in MRTF-A, the MRTF isoform
responsive to TGFβ signaling, is known to reduce matrix-
stiffness, αSMA expression and scarring in various models of
fibrosis (Small et al., 2010; Crider et al., 2011; Luchsinger et al.,
2011; Minami et al., 2012). Using rat lens epithelial explants,
Gupta and others demonstrated the correlation between actin
polymerization, nuclear translocation of MRTF-A, and αSMA
expression during TGFβ-induced EMT (Gupta et al., 2013). A
well-known actin-MRTF-A stabilizing drug, latrunculin B,
prevented nuclear translocation of MRTF-A and a-SMA
expression in TGFβ-treated rat lens epithelial explants. On the
other hand, cytochalasin D, a G-actin sequestering drug,
facilitated nuclear translocation of MRTF-A (Gupta et al.,
2013). A follow up study by Korol et al. established the direct
link between Rho/ROCK and MRTF-A signaling in LECs upon
stimulation with TGFβ (Korol et al., 2016). These authors showed
that the inhibition of Rho/ROCK signaling by Y-27632 prevented
TGFβ-induced nuclear translocation of MRTF-A and αSMA
expression while MRTF-A inhibition by CCG-203971, a
specific inhibitor that blocks nuclear translocation of MRTF-A,
suppressed TGFβ-induced αSMA expression and E-cadherin
degradation (Korol et al., 2016). These observations are of
particular interest as inhibition of either RhoA or MRTF-A
signaling prevented EMT in LECs in the presence of active
TGFβ thereby showing the importance of non-canonical
signaling during EMT in the lens. In other ocular tissues
including the trabecular meshwork (TM) cells of the anterior
angle, the Rho/MRTF-A/SRF signaling cascade has also been
associated with a-SMA expression and increased cell contractility
(Clark et al., 2005; Rao et al., 2005; Pattabiraman et al., 2015).

In addition to TGFβ, injury to the lens also activates RhoA
signaling in LECs. Following mock cataract surgery in mice,
pMLC2 regulates the coordinated migration of LECs on the
lens capsule indicating a role of Rho kinase in LEC migration
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(Menko et al., 2014b). The phosphorylation of MLC2 is the key
factor in stress fiber formation, and actomyosin contractility. Rho
kinase phosphorylates MLC2 directly thereby stimulating the
cross-linking of actin by myosin leading to enhanced cell
contractility (Katoh et al., 2011). Tanaka et al performed a
series of immunohistochemistry (IHC) analysis on lenses from
mice upon needle injury. The lens epithelium of these mice
showed increased expression of TGFβ1, fibronectin and
a-SMA. As expected, the epithelium of injured lenses also
showed increased activation of MLC9, and thus Rho signaling,
suggesting an important role of Rho kinase signaling in the
induction of EMT in lens upon injury (Tanaka et al., 2010). In
continuation, the group performed a detailed study using a
similar model system and showed that systemic administration
of fasudil hydrochloride, a specific inhibitor of Rho kinase
signaling, prevented LEC proliferation, capsule contraction,
and MRTF-A nuclear translocation (Ichikawa et al., 2020). To

corroborate their observations, they performed similar assays
upon systemic administration of CCG-203971 in mice with
injured lenses. The lens epithelium of mice showed decreased
contraction of the capsule and suppressed MRTF-A nuclear
translocation upon systemic administration of CCG-203971
(Ichikawa et al., 2020).

One of the important outcomes of Rho kinase signaling is actin
cytoskeletal remodeling, which mainly occurs through
polymerization of G-actin into F–actin fibers. F-actin, along
with actomyosin, forms stress fibers that upon its interaction
with focal adhesion points and cell junctions play an important
role in cell motility, shape, and morphogenesis (Anderson et al.,
2008). Epithelial cells are held together by three major types of
junctional complexes: tight junctions (TJs), adherens junctions
(AJs), and desmosomes; they are also connected to the ECM
through integrins (Yilmaz and Christofori, 2009). E-cadherin, the
major component of AJ, is attached to the actin cytoskeleton and

FIGURE 2 | Proposed mechanism of Rho-dependent cytoskeletal signaling in TGFβ/Injury-induced lens EMT. TGFβ stimulation or injury leads to Rho-GTP
regulated ROCK activation. ROCK leads to actin stress fiber formation and actomyosin contractility through phosphorylation of both MLC and LIMK, the latter of which
phosphorylates cofilin, rendering it inactive. Incorporation of G-actin monomers into contractile stress fibers leads to the nuclear accumulation of MRTF-A, which when in
complex with SRF, can activate the transcription of EMT-related targets, such as αSMA. The interaction of stress fibers with E-cadherin can then destabilize
E-cadherin/β-catenin complex leading to nuclear transcriptional activity of β-catenin, specifically through CBP and other unknown transcription factors.
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mediates cell-cell adhesion complexes via β-catenin and
a-catenin (Noren et al., 2000; Noren et al., 2001). The
formation of contractile stress fibers destabilizes the
E-cadherin, β-catenin and a-catenin complex at the AJs,
leading to internalization and degradation of E-cadherin as
well as activation, and subsequent nuclear translocation, of β-
catenin in the LECs during EMT (Korol et al., 2016; Taiyab et al.,
2016; Taiyab et al., 2019). Stabilization of Rho signaling via
inhibition of ROCK prevented formation of stress fibers and
the delocalization and degradation of E-cadherin, thereby
preventing nuclear translocation of β-catenin and abrogating
EMT in LECs (Figure 2) (Korol et al., 2016). In addition to
AJs, Rho-kinase induced stress fibers also form a key component
of the multi-protein integrin-mediated cell-matrix adhesion
complex that is achieved through interaction of integrins with
actin cytoskeleton via cytoskeletal linker proteins such as talin,
paxillin and vinculin (Burridge and Guilluy, 2016). The
modulation of cytoskeleton dynamics during EMT results in
activation of integrin-mediated signaling leading to expression
of downstream EMT genes (discussed in previous section). Taken
together, these studies show that Rho/ROCK signaling is central
to EMT induction in the lens either upon injury or induced by
growth factor, and therefore modulating the expression and/or
activation of RhoA/ROCK signaling might serve as a possible
prognosis for EMT-mediated fibrosis in the lens and PCO.

MECHANOTRANSDUCTION AND LENS
EPITHELIAL-MESENCHYMAL TRANSITION
AND FIBROSIS
The mechanical cues arising from changes in cell matrix adhesion
complex, cellular tension, and ECM stiffness trigger activation of
key mechanotransduction signaling pathways that are believed to
be critical for the induction of EMT and fibrosis (Dupont et al.,
2011). The core components of evolutionarily conserved Hippo
pathway, Yes-associated protein (YAP) and its paralog, the
transcriptional coactivator with PDZ-binding motif (TAZ), are
believed to be central to mechanotransduction signaling
pathways (Piccolo et al., 2014). Epithelial cells when stretched
by a stiff ECM showed increased cell spreading, as well as nuclear
localization and elevated transcriptional activity of YAP/TAZ,
facilitated by actomyosin contraction, focal adhesions, and stress
fiber formation (Dupont et al., 2011). Under these conditions, the
nuclear translocation of YAP/TAZ is solely dependent on
mechanical cues and is not influenced by Hippo signaling
pathway (Dupont et al., 2011). Using whole lens culture,
Kumar et al showed nuclear translocation of YAP and
increased LEC proliferation in lenses upon administration of
mechanical stress that was prevented by verteporfin, an inhibitor
that blocks nuclear translocation of YAP, thereby showing a
direct correlation between LEC proliferation and YAP signaling
(Kumar et al., 2019). A recent study showed that knockdown of
acidic calponin (CNN3), a well-characterized actin, myosin,
tropomyosin, and calcium/calmodulin binding contractile
protein, resulted in reorganization of actin stress fibers,
increased focal adhesions, and enhanced YAP/TAZ

transcriptional activity, leading to mouse LEC
transdifferentiation (Maddala et al., 2020).

The crosstalk between YAP/TAZ, focal adhesion, and Rho
kinase signaling is also important for the induction of EMT. YAP/
TAZ plays an important role in focal adhesion signaling by
modulating interaction of focal adhesions (FAs), mainly
integrins, to the F-actin in the actin cytoskeleton and
fibronectin expressed in the ECM by myofibroblasts
(Winograd-Katz et al., 2014; Zent and Guo, 2018). The focal
adhesions mediate force transmission between the ECM and actin
cytoskeleton via the Rho/ROCK pathway, a pathway that is
critical for EMT-induction in the lens, to inhibit
phosphorylation of YAP thus facilitating its nuclear
translocation (Nobes and Hall, 1995; Huveneers and Danen,
2009; Kim and Gumbiner, 2015; Burridge and Guilluy, 2016;
Korol et al., 2016; Nardone et al., 2017). Recent work from our
laboratory has shown that increased expression of YAP1 in lens
sections from a mouse model of ASC provides further evidence of
involvement of YAP/TAZ in lens fibrosis (Taiyab and coworkers,
unpublished observation). Furthermore, we have found that
inhibition of nuclear translocation of YAP1 by verteporfin
prevented TGFβ-induced αSMA expression as well as
E-cadherin delocalization and degradation in rat lens epithelial
cell explants suggesting a critical role of YAP1 in lens EMT
(Taiyab and coworkers, unpublished observations).

One of the major causes of EMT-mediated age-related fibrotic
cataract is modulation of interaction of LECs with its basement
membrane, the lens capsule, resulting from the changes in the
matrix architecture of the lens capsule due to aging (Danysh et al.,
2008; Danysh and Duncan, 2009). Such changes can alter the
organization and rheology of the lens capsule. In addition to YAP/
TAZ, Piezo1, a mechanosensitive cationic channel that opens upon
physical deformations of the lipid bilayer such as increased
membrane tension, has also been implicated in modulation of
lens transparency (Botello-Smith et al., 2019; Allen et al., 2020). In
normal cells including epithelial, fibroblast, and endothelial cells,
Piezo1 is enriched at focal adhesions in a force dependent manner.
Piezo1, through Calpain-dependent pathways, contributes to focal
adhesion formation, turnover, and force generation, and also acts
as a major sensor of mechanical cues in mechanosensing processes
(Yao et al., 2020). The mouse LECs express Piezo1, which regulates
calpain-mediated calcium-dependent MLC phosphorylation.
Dysregulation of Piezo1 led to degradation of lens membrane
protein and loss of lens transparency (Allen et al., 2020). The
activity of Piezo1 is regulated by both membrane tension and
membrane-associated adhesion complexes that include
cytoskeletal connections. The cells with blocked Piezo1 channels
show an inability to spread, a low cell volume aspect ratio, and a
thin tail-like extension (Jetta et al., 2021). In the tips of the
spreading cells, Piezo1 co-localizes with Paxillin, a major
component of focal adhesion complexes that involves myosin-II
contractility via Rho/ROCK pathway. Inhibition of Rho/ROCK
pathway also prevented cell elongation along with a decrease in
Piezo1 density at the cell extension points (Jetta et al., 2021). These
studies suggest a potential, overlapping role of both YAP/TAZ and
Piezo1 in modulation of cell-adhesion based signaling during
lens EMT.
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CYTOSKELETAL PROTEIN MEDIATED
SIGNALING DURING LENS
EPITHELIAL-MESENCHYMAL TRANSITION
Injury-induced repair results from collective migration of epithelial
cells to the wounded area, a process that is controlled by partially
transformed mesenchymal-like leader cells (Friedl and Gilmour,
2009). These mesenchymal-like leader cells possess projections
such as lamellipodia, mainly composed of vimentin, a type III
intermediate filament, which guides the movement of epithelial
cells as one collective sheet/cluster to the wounded area (Friedl and
Gilmour, 2009; Khalil and Friedl, 2010). Vimentin-deficient adult
animals showed delayed migration of fibroblasts into the wound site
and subsequently retarded contraction that correlated with a delayed
appearance of myofibroblasts at the wound site (Eckes et al., 2000).

Using a mock cataract surgery model in chick, Walker et al
observed increased expression of vimentin intermediate filaments
in the lamellipodia of the mesenchymal-like leader or repair cell
population located in the lens equatorial region (Walker et al.,
2010). These cells originate from a subpopulation of cells within the
lens epithelium that act as progenitors for mesenchymal repair cells
through EMT. Vimentin filaments are linked, in a complex, with
paxillin-rich focal adhesion and motor protein myosin IIB
(Sanghvi-Shah and Weber, 2017). A reduction in vimentin
expression or disruption of vimentin function by inhibitors such
as Withaferin A disrupts the ability of repair cells to form
lamellipodia processes at the wound edge and impairs wound
closure, suggesting a critical role of vimentin in cell adhesion
signaling that contributes to cell migration and proliferation
(Walker et al., 2010; Menko et al., 2014a). In addition, the non-
filamentous soluble form of vimentin, known to act as a long-
distance messenger during wound healing, can also be seen
scattered throughout the lens epithelial sheet in the mock
cataract surgery model system (Menko et al., 2014a). Increased
levels of soluble vimentin regulated through posttranslational
modifications are associated with signaling and are correlated
with the disease progression (Perlson et al., 2005; Lahat et al.,
2010). While phosphorylation contributes to disassembly of
intermediate filaments, citrullination (deamination) of vimentin
promotes its disassembly, increasing the soluble extracellular
vimentin (Inagaki et al., 1989; Teshigawara et al., 2013). A
negative correlation has been established between the organized
vimentin intermediate filament cytoskeletal network and Rho
kinase activity. It has been shown that vimentin intermediate
filaments can inhibit Rho kinase activity and block both actin
stress fiber formation and myosin contractility (Jiu et al., 2017). In
contrast, the soluble form of vimentin is known to contribute to the
contractile phenotype of myofibroblasts.

Repair cells following mock cataract surgery show increased
presence of soluble vimentin, specifically in the wound activated
mesenchymal cells that localize to the leading edge of the wound.
The soluble vimentin is released extracellularly in response to
injury where it is known to mediate the differentiation of leader
cells to myofibroblasts (Walker et al., 2018). The presence of
vimentin in the punctate structures of invading wound-activated
leader lens cells when plated on matrigel suggests contribution of
extracellular vimentin in matrix remodeling. This might be

achieved through the interaction of extracellular vimentin with
cell surface receptors such as CD44 and IGF-1R, for which
vimentin acts as a ligand. CD44 is a cell-surface glycoprotein
involved in cell-cell interactions, cell adhesion, andmigration that
becomes active after being cleaved by membrane type matrix
metalloproteinase (MT1-MMP). Both the extracellular and
intracellular domain of CD44 has been correlated with disease
progression (Senbanjo and Chellaiah, 2017). In addition to
expressing extracellular vimentin, the wound-activated leader
LECs also showed the increased presence of CD44 at the cell
borders (Walker et al., 2018). Therefore, one possible mechanism
through which extracellular vimentin might be modulating the
function of CD44 is by facilitating its cleavage during wound
healing in the lens.

Another mechanism through which extracellular vimentin
might be contributing to the increased cell migration and
invasion is FAK signaling. In the mock cataract injury model,
vimentin colocalized with prominent paxillin-rich adhesion
plaques at the tips of the lamellipodia of migratory leader
LECs (Menko et al., 2014a). The colocalization of
extracellular vimentin with activated focal adhesion kinase
(FAK) in injured/stressed epithelial cells of rat lens explants
suggest the role of vimentin in focal adhesion signaling (Taiyab
and coworkers). Cellular mechanical stress mediated integrin
clustering results in autoactivation of FAK (Parsons, 2003; Lee
and Nelson, 2012). Activated FAK subsequently phosphorylates
Src kinases, which in turn phosphorylates other tyrosine sites on
FAK to initiate downstream signaling including the Rho/ROCK
pathway that results in increased actin polymerization, cell
contractility, and migration (Mitra et al., 2005). Further
molecular investigations are required to reveal the
mechanism(s) through which extracellular vimentin might be
contributing to increased leader cell migration and invasion
during injury in the lens.

CONCLUSION

In recent years, there has been increased focus on understanding
how injury contributes to EMT-mediated fibrosis in the lens. These
studies point towards cell adhesion molecules as key players,
responsible for the induction and progression of EMT in the
lens, either independently or through activation of TGFβ
signaling. For example, adhesion molecules such as the integrins
have been shown to play an upstream role in lens induced-EMT and
do so, at least in part, through activation of the conventional TGFβ
signaling pathways following injury. Interaction of lensmatrix AGEs
with RAGE is also known to play a critical role during TGFβ-
induced EMT in the lens. Furthermore, injury to the lens modulates
mechanotransduction-mediated signaling including activation of
YAP and Piezo1, both of which require Rho/ROCK-induced
FAK signaling. FAK-mediated Rho/ROCK signaling may play an
important role in enhanced cell migration, mediated by increased
expression of extracellular vimentin during wound healing in the
lens. As outlined in this review, many of the cell-adhesion mediated
signaling pathways coordinate with one another to induce EMT and
fibrosis in the lens. However, further studies are needed to
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understand how these complex signaling pathways crosstalk with
one another during both early events of lens injury as well as in the
later progression of EMT and fibrosis.
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Signaling Downstream of Focal
Adhesions Regulates
Stiffness-Dependent Differences in
the TGF-β1-Mediated Myofibroblast
Differentiation of Corneal Keratocytes
Daniel P. Maruri 1, Krithika S. Iyer1, David W. Schmidtke1,2, W. Matthew Petroll 3 and
Victor D. Varner1,2*

1Department of Bioengineering, University of Texas at Dallas, Richardson, TX, United States, 2Department of Surgery, UT
Southwestern Medical Center, Dallas, TX, United States, 3Department of Ophthalmology, UT Southwestern Medical Center,
Dallas, TX, United States

Following injury and refractive surgery, corneal wound healing can initiate a protracted
fibrotic response that interferes with ocular function. This fibrosis is related, in part, to the
myofibroblast differentiation of corneal keratocytes in response to transforming growth
factor beta 1 (TGF-β1). Previous studies have shown that changes in the mechanical
properties of the extracellular matrix (ECM) can regulate this process, but the
mechanotransductive pathways that govern stiffness-dependent changes in keratocyte
differentiation remain unclear. Here, we used a polyacrylamide (PA) gel system to
investigate how mechanosensing via focal adhesions (FAs) regulates the stiffness-
dependent myofibroblast differentiation of primary corneal keratocytes treated with
TGF-β1. Soft (1 kPa) and stiff (10 kPa) PA substrata were fabricated on glass
coverslips, plated with corneal keratocytes, and cultured in defined serum free media
with or without exogenous TGF-β1. In some experiments, an inhibitor of focal adhesion
kinase (FAK) activation was also added to the media. Cells were fixed and stained for
F-actin, as well as markers for myofibroblast differentiation (α-SMA), actomyosin
contractility phosphorylated myosin light chain (pMLC), focal adhesions (vinculin), or
Smad activity (pSmad3). We also used traction force microscopy (TFM) to quantify
cellular traction stresses. Treatment with TGF-β1 elicited stiffness-dependent
differences in the number, size, and subcellular distribution of FAs, but not in the
nuclear localization of pSmad3. On stiff substrata, cells exhibited large FAs distributed
throughout the entire cell body, while on soft gels, the FAs were smaller, fewer in number,
and localized primarily to the distal tips of thin cellular extensions. Larger and increased
numbers of FAs correlated with elevated traction stresses, increased levels of α-SMA
immunofluorescence, and more prominent and broadly distributed pMLC staining.
Inhibition of FAK disrupted stiffness-dependent differences in keratocyte contractility,
FA patterning, andmyofibroblast differentiation in the presence of TGF-β1. Taken together,
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these data suggest that signaling downstream of FAs has important implications for the
stiffness-dependent myofibroblast differentiation of corneal keratocytes.

Keywords: TGF-β1, extracellular matrix, traction force microscopy, FAK, mechanobiology

INTRODUCTION

The cornea is the transparent tissue at the front of the eye that
helps bend light toward the retina. It is composed of three cellular
layers—an epithelium, stroma, and endothelium—but the
stromal compartment accounts for the bulk of the corneal
thickness and contains a highly organized extracellular matrix
(ECM) consisting of lamellae of aligned collagen fibrils (Hassell
and Birk, 2010; Jester et al., 2010). This ECM endows the tissue, in
part, with its transparent optical properties and, in the healthy
cornea, is maintained by a population of cells called corneal
keratocytes (Nishida et al., 1988; Fini, 1999). Following injury or
refractive surgery, however, these cells become activated into a
repair phenotype and differentiate into either fibroblasts or
myofibroblasts (Jester et al., 1999). The signaling pathways
downstream of transforming growth factor-beta 1 (TGF-β1) are
key to this process (Jester et al., 1996; Jester and Ho-Chang, 2003;
Torricelli et al., 2013), and, in some cases, can lead to a protracted
myofibroblast response that causes corneal hazing and impaired
ocular function (Boote et al., 2012). Corneal wound healing is also
associatedwith changes in tissue stiffness (Raghunathan et al., 2017),
and recent work has shown that the mechanical properties of the
ECM can regulate the TGF-β1-mediated myofibroblast
differentiation of corneal keratocytes (Dreier et al., 2013; Petroll
andMiron-Mendoza, 2015; Maruri et al., 2020). But it is still unclear
how keratocytes sense changes in ECM stiffness and how
mechanotransductive signaling mediates stiffness-dependent
changes in myofibroblast differentiation.

Corneal keratocytes are connected to the extracellular
environment via integrin-containing focal adhesions (FAs),
which mechanically couple the cytoskeleton to the ECM (Petit
and Thiery, 2000). These dynamic, macromolecular assemblies
bind to different ECM components and contain specific integrin
subunits, as well as a variety of other adapter proteins and
signaling molecules (Zaidel-Bar et al., 2007). FAs have also
been identified as key mechanosensors, often in a manner that
depends on the activity of focal adhesion kinase (FAK) (Schaller
and Parsons, 1994; Wang et al., 2001). In several fibroblastic cell
types, FAK inhibition disrupts FA assembly and maturation (Katoh,
2017) and inhibits myofibroblast differentiation (Thannickal et al.,
2003). Previous work using cultured embryonic fibroblasts,
moreover, has shown that changes in FA size can regulate
stiffness-dependent changes in myofibroblast differentiation
(Goffin et al., 2006). Even so, although cell-ECM interactions are
known to influence the behavior of corneal keratocytes in response to
a variety of different growth factors, including TGF-β1 (Petroll and
Miron-Mendoza, 2015; Raghunathan et al., 2017;Maruri et al., 2020),
it is unclear if mechanosensing via FAs underlies stiffness-dependent
differences in themyofibroblast differentiation of corneal keratocytes.

Here, we used a polyacrylamide (PA) gel system to create
flexible substrata of varying stiffnesses, which approximate the

mechanical properties of either normal (Winkler et al., 2011;
Thomasy et al., 2014) or fibrotic (Raghunathan et al., 2017)
corneal tissue. These substrata were functionalized with
unpolymerized type I collagen, plated with primary normal
rabbit keratocytes (NRKs), and used to determine how
changes in substratum stiffness affect the size and subcellular
distribution of FAs in the presence of TGF-β1. These data were
combined with quantitative fluorescence microscopy, as well as
pharmacological inhibition of FAK, to investigate if FAK activity
contributes to stiffness-dependent changes in myofibroblast
differentiation.

METHODS

Fabrication and Functionalization of
Polyacrylamide Substrata
Polyacrylamide (PA) gels were fabricated on 30mm-diameter glass
coverslips, as described previously (Maruri et al., 2020). Briefly, a
small droplet of unpolymerized PA solution was placed between two
surface-treated glass coverslips and allowed to polymerize
completely for 30 min under vacuum. The top slide was then
removed using fine forceps, and the surface of the PA gel was
functionalized with a solution of 50 μg/ml bovine type I collagen
(PureCol; Advanced Biomatrix, San Diego, CA) using the
heterobifunctional molecule sulfo-SANPAH (Pierce
Biotechnology, Rockford, IL). We used a solution of 7.5% (v/v)
acrylamide and 3% (v/v) bis-acrylamide to create soft (1 kPa) PA
gels, and a solution of 12.5% (v/v) acrylamide and 17.5% (v/v) bis-
acrylamide to create stiff (10 kPa) gels (Maruri et al., 2020), which
approximate (respectively) the mechanical properties of either
normal (Winkler et al., 2011; Thomasy et al., 2014) or fibrotic
corneal tissue (Raghunathan et al., 2017).

Isolating Primary Corneal Keratocytes
Primary corneal keratocytes were harvested from New Zealand
white rabbit eyes (Pel-Freez; Rogers, AR), as described previously
(Jester et al., 1996; Petroll et al., 2003). Briefly, after removing the
corneal epithelium by swabbing with an alcohol pad and scraping
the surface of the eye with a sterile surgical blade, we excised
corneal buttons using surgical scissors. The endotheliumwas then
removed from each corneal explant using a disposable scalpel.
The corneal buttons were incubated overnight at 37°C in
digestion media containing 0.5 mg/ml hyaluronidase
(Worthington Biochemicals; Lakewood, NJ), 2 mg/ml
collagenase (Gibco), and 2% penicillin/streptomycin/
amphotericin B (Lonza, Walkersville, MD). Afterward, normal
rabbit keratocytes (NRKs) were centrifuge-pelleted, resuspended
in medium, plated in T25 culture flasks, and cultured at 37°C in
serum-free medium containing DMEM supplemented with 1%
RPMI vitamin mix (Sigma-Aldrich; St. Louis, MO), 100 μM
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nonessential amino acids (Invitrogen; Carlsbad, CA), 100 μg/ml
ascorbic acid (Sigma-Aldrich; St. Louis, MO), and 1% penicillin/
streptomycin/amphotericin B (Jester and Ho-Chang, 2003;
Lakshman and Petroll, 2012). Maintaining the NRKs in
defined serum-free conditions preserves their quiescent
phenotype until exogeneous growth factors are added to the
culture medium (Jester et al., 1996; Jester and Ho-Chang, 2003).

Cell Culture and Reagents
First-passage NRKs, cultured for 4–5 days in serum-free
conditions, were plated at 30,000 cells/ml (6,300 cells/cm2) on
either functionalized PA substrata or collagen-coated glass
coverslips (~GPa), as described previously (Maruri et al.,
2020). To create collagen-coated glass coverslips, untreated
circular coverslips (30 mm-diameter) were incubated with a
neutralized solution of 50 mg/ml bovine type I collagen at
37°C for 30 min and then rinsed twice with DMEM (Miron-
Mendoza et al., 2015; Kivanany et al., 2018). In all experiments,
the culture medium was replaced 24 h after plating with either
new serum-free medium or with medium supplemented with
5 ng/ml TGF-β1 (Sigma-Aldrich; St. Louis, MO). In some
experiments, 1 μM focal adhesion kinase (FAK) inhibitor (PF-
573228; Sigma-Aldrich; St. Louis, MO) was also added to the
culture medium 24 h after plating. This inhibitor interacts with the
ATP-binding pocket of FAK and inhibits FAK phosphorylation on
Tyr397 (Slack-Davis et al., 2007). A concentration of 1 μM was
used, based on previous work showing 80% inhibition of FAK
activation (Slack-Davis et al., 2007), as well as preliminary dose-
response experiments confirming keratocyte viability. The NRKs
were then incubated for 5 days at 37°C in a cell-culture incubator,
with an additional media swap after 48 h of culture.

Immunofluorescence Imaging
After 5 days of culture in growth-factor-containing media, the
NRKs were fixed in a solution of 3% paraformaldehyde,
washed 3 times with 1 × phosphate-buffered saline (PBS),
and permeabilized in 0.3% Triton X-100 in PBS for 20 min.
Samples were then blocked with either 2% bovine serum
albumin (BSA) fraction V (Equitech-Bio; Kerrville, TX) or
10% goat serum (Gibco) in PBS for 2 h at room temperature.
Afterward, the cells were washed twice with PBS and incubated
with primary antibody for 2 h at 37°C (or overnight on a shaker
at 4°C). The following primary antibodies were used: anti-p-
SMAD3 (1D9; 1:100 dilution) (Santa Cruz Biotechnology;
Dallas, TX), anti-α-smooth muscle actin (1:600 dilution)
(Sigma-Aldrich; St. Louis, MO), anti-phospho-myosin light
chain (pMLC) 2 (Ser19; 1:200 dilution) (Cell Signaling;
Danvers, MA), and anti-vinculin (1:600) (MilliporeSigma;
Burlington, MA). After incubation with primary antibodies,
samples were washed three times in PBS and incubated in
Alexa-Fluor-conjugated secondary antibody (1:200 dilution)
(Invitrogen, Carlsbad, CA) and/or Alexa Fluor 594 phalloidin
(1:200 dilution) (Invitrogen, Carlsbad, CA). Afterward, the
cells were washed three more times, and then incubated with
4′-6-diamidino2-phenylindole (DAPI; 1:1000 dilution)
(Sigma-Aldrich; St. Louis, MO) at room temperature for
20 min.

Confocal images of fixed samples were captured using a
Zeiss LSM 800, controlled by Zen 2.3 (blue edition) software,
and either a 20×, NA 0.8, Plan-Apochromat objective (Zeiss)
or a 40 ×, NA 1.3, Oil DIC Plan-Apochromat objective (Zeiss).
Morphometric analysis of cell geometry was performed in
ImageJ, as described previously (Maruri et al., 2020).
Quantification of focal adhesion (FA) size was also
conducted in ImageJ using thresholded images of vinculin
immunofluorescence.

Traction Force Microscopy
To perform traction force microscopy (TFM) experiments,
fluorescent polystyrene microspheres were suspended within
the unpolymerized PA solution (at a density of 0.04% solids)
and PA substrata were fabricated as described above. The
embedded beads were used as fiducial markers to track gel
deformations during time-lapse culture and to compute cell-
generated traction forces (Dembo and Wang, 1999; Munevar
et al., 2001; Maskarinec et al., 2009; Maruri et al., 2020). Briefly,
we fabricated customized multi-well plates containing collagen-
functionalized PA substrata, which were plated with NRKs and
cultured in cell-culture incubator in either serum-free conditions or
in medium containing TGF-β1. In some experiments, cells were
also treated with PF-573228 to inhibit FAK. After 48 h of culture,
the plate was transferred to a humidified stage-top incubator,
situated atop a Zeiss AxioObserver 7 microscope, which was
equipped with a motorized stage and an ApoTome.2 structured
illumination module. Time-lapse phase contrast and
epifluorescence images were captured at the top surface of the
gel every 30min for an additional 72 h of culture. (The thickness of
the optical section was ~4 μm) At the end of each experiment, cells
were lysed using a 5% solution of Triton X-100 in PBS to capture
the undeformed configuration of the gel. Cell-generated traction
stresses were then computed using the Particle Image Velocimetry
(PIV) and Fourier Transform Traction Cytometry (FTTC) plugins
in ImageJ (Martiel et al., 2015).

Statistical Analysis
Data represent mean ± standard deviation from at least 3
independent experimental replicates. Statistical comparisons
were made in Prism 9 (GraphPad; San Diego, CA) using a
two-way ANOVA followed by a Tukey post-hoc test, with
p-values as specified in the figure legends. Relative frequency
histograms were generated in Matlab and used to create
cumulative frequency plots, which were then compared
statistically using the Kolmogorov-Smirnov test in Prism 9.

RESULTS

TGF-β1-Induced Smad Activity is
Independent of Substratum Stiffness
Previous work in our lab has shown that a soft substratum can
decrease levels of myofibroblast differentiation in corneal
keratocytes treated with TGF-β1 (Maruri et al., 2020).
Signaling downstream of TGF-β1 activates Smad2/3, which
then translocates to the nucleus to promote the expression of
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genes associated with myofibroblast differentiation (Leask and
Abraham, 2004; Hinz, 2007). It is unclear, however, if changes
in Smad3 activity underlie the observed stiffness-dependent
differences in keratocyte differentiation. To answer this
question, we cultured NRKs on substrata of varying
stiffnesses and labeled them for pSmad3
immunofluorescence (Figure 1). In serum-free conditions,
the NRKs showed negligible levels of pSMAD3 staining on
both soft (1 kPa) and stiff (10 kPa) PA substrata, as well as
collagen-coated glass coverslips (~GPa) (Figures 1A–C). In
contrast, in the presence of TGF-β1, the cells exhibited
increased pSMAD3 immunofluorescence, which was
localized within cell nuclei (Figures 1D–F). Similar levels of
nuclear pSMAD3 staining were observed on substrata of all
stiffnesses (Figure 1G), suggesting that changes in ECM

stiffness do not modulate Smad activity downstream of
TGF-β1.

Substratum Stiffness Modulates the Size
and Subcellular Patterning of Focal
Adhesions in the Presence of TGF-β1
Cells are connected mechanically to the ECM via integrin-containing
focal adhesions (FAs), and previous work using different fibroblastic
cell types has shown that mechanosensing via FAs can regulate
stiffness-dependent cell behaviors (Petroll et al., 2003; Goffin et al.,
2006). To test this possibility in corneal keratocytes, we stained NRKs
cultured on substrata of different stiffnesses for vinculin
immunofluorescence and quantified the size and subcellular
patterning of FAs (Figure 2). In serum-free conditions, on substrata

FIGURE 1 | TGF-β1-mediated Smad activity is not regulated by substratum stiffness in cultured corneal keratocytes. (A–F) Characteristic confocal fluorescence
images of cells cultured on either functionalized 1 kPa (A,D) or 10 kPa (B,E) PA substrata, or collagen-coated glass (C,F) coverslips. Prior to fixation, cells were cultured
in either serum-free conditions (A–C) or medium containing exogenous TGF-β1 (D–F) for 5 days. Keratocytes were stained for both pSMAD3 immunofluorescence
(green) and F-actin (red). (G) Bar plots showing the percentage of cells positive for pSMAD3 staining. Error bars represent the mean ± s.d. for n = 6 substrates from
3 experimental replicates. A two-way ANOVA with a Tukey post-hoc test was used to evaluate significance among groups. (***, p < 0.001). Scale bars, 50 μm.
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FIGURE 2 | Substratum stiffness modulates the size and subcellular localization of focal adhesions in TGF-β1-treated keratocytes. (A–F) Characteristic confocal
fluorescence images of cells cultured on either functionalized 1 kPa (A,D) or 10 kPa (B,E) PA substrata, or collagen-coated glass (C,F) coverslips. Prior to fixation, cells
were cultured in either serum-free conditions (A–C) or in medium containing exogenous TGF-β1 (D–F) for 5 days. Keratocytes were stained for vinculin
immunofluorescence (green), as well as F-actin (red) and DAPI (blue). Dashed white boxes indicate insets (D9–F9). Scale bars, 25 μm. (Inset scale bars, 10 μm). (G)
Quantification of the average area, relative area, and number of focal adhesions (FA) per cell. Error bars represent mean ± s.d. for n = 10 substrates from 5 experimental
replicates. Statistical comparisons were made using a two-way ANOVA followed by a Tukey post-hoc test. (***, p < 0.001) (H)Relative frequency histograms of FA area in
either serum-free conditions (top row; grey bars) or medium containing TGF-β1 (middle row; red bars). These plots were used to create cumulative frequency plots
(bottom row), which were compared statistically using a Kolmogorov-Smirnov test.
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FIGURE 3 | FAK inhibition disrupts stiffness-dependent differences in myofibroblast differentiation in response to TGF-β1. (A–L) Characteristic confocal
fluorescence images of cells cultured on either functionalized 1 kPa (A,D,G,J) or 10 kPa (B,E,H,K) PA substrata, or collagen-coated glass (C,F,I,L) coverslips. Cells
were cultured for 5 days in either serum-free conditions (A–F) or in medium containing exogenous TGF-β1 (G–L), and in either the presence (D–F,J–L) or absence
(A–C,G–I) of the FAK inhibitor, PF-573228. Cells were stained for α-SMA immunofluorescence (green), as well as F-actin (red) and DAPI (blue). Scale bars, 50 μm.
(M) Quantification of the fraction of α-SMA-positive cells. Error bars represent mean ± s.d. for n = 8 substrates from 4 experimental replicates. A two-way ANOVA with a
Tukey post-hoc test was used to evaluate significance among groups. (***, p < 0.001).
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of all stiffnesses, the cells exhibited a highly branchedmorphology with
cortically localized F-actin and numerous dendritic processes extending
outward from the cell body, consistent previous observations
(Lakshman et al., 2010) (Figures 2A–C). In each of these cells, the
FAs were relatively small and localized primarily at the tips of thin
cellular projections (Figures 2A–C). In the presence of TGF-β1,
however, on both stiff PA substrata and collagen-coated glass
coverslips, the cells exhibited a more spread morphology, formed
abundant actin stress fibers, and had large focal adhesions, which
colocalized with the ends of stress fibers (Figures 2E,F). But on soft PA
gels, the TGF-β1-treated keratocytes retained a more dendritic
morphology, formed fewer stress fibers, and, similar to cells in
serum-free conditions, had smaller FAs located within the tips of
thin cellular processes (Figure 2D). Quantification of these images
revealed significant stiffness-dependent differences in the size and
number of FAs in presence of TGF-β1, differences that were not
present among cells maintained in serum-free conditions (Figures
2G,H), suggesting that changes in substratum stiffness can modulate
subcellular patterns of FAs in keratocytes treated with TGF-β1.

Inhibition of Focal Adhesion Kinase (FAK)
Disrupts Stiffness-Dependent Differences
in Myofibroblast Differentiation
Previous work has suggested that FA size can influence myofibroblast
differentiation in a manner that depends on the activity of focal
adhesion kinase (FAK) (Goffin et al., 2006). To determine if FAK
activity is involved in the stiffness-dependent differentiation of corneal
keratocytes, we cultured TGF-β1-treated cells in the presence or
absence of the FAK inhibitor PF-573228 and stained them for α-
SMA immunofluorescence (Figure 3). In serum-free conditions, we
observed very few α-SMA-positive cells on all substrata (Figures
3A–F). In the presence of TGF-β1, however, a substantial number of
cells exhibited α-SMA staining on either stiff PA substrata or collagen-
coated glass coverslips (Figures 3H,I); on soft PA gels, there were
significantly fewer α-SMA-positive cells (Figure 3G), consistent with
previous studies (Dreier et al., 2013; Maruri et al., 2020). When NRKs
were treatedwith bothTGF-β1 andPF-573228, weno longer observed
any stiffness-dependent differences in α-SMA staining (Figures 3J–L).
Instead on substrata of all stiffness, we observed very few α-SMA-
positive cells, similar to what was observed in serum-free conditions
(Figure 3M).

Inhibition of FAK also disrupted stiffness-dependent differences
in keratocyte morphology. In serum-free conditions, NRKs cultured
in the presence of PF-573228 were indistinguishable from controls
and exhibited the multiple dendritic processes associated with
mechanically quiescent keratocytes (Figures 4A–F) (Jester et al.,
1994). When treated with TGF-β1, as described above, the cultured
NRKs had a spread morphology with abundant stress fibers on
either stiff PA substrata or collagen-coated glass coverslips but
exhibited a more dendritic geometry on soft PA gels (Figures
4G–I). In the presence of PF-573228, however, the TGF-β1-
treated cells no longer showed stiffness-dependent differences in
morphology (Figures 4J–L). Instead, on substrata of all stiffnesses,
the keratocytes formed numerous thin cellular projections and
showed no evidence of stress fiber formation, behaviors
consistent with a more mechanically quiescent phenotype, even

in stiff microenvironments (Figures 4J–L). Indeed, on stiff PA
substrata and collagen-coated glass coverslips, treatment with PF-
573228 elicited an increase in the number of cell extensions, as well
as a decrease in cell area in TGF-β1-treated keratocytes (Figure 4M).

FAK Inhibition Restricts Actomyosin
Contractility to the Tips of Thin Cellular
Extensions
Myofibroblasts are characterized, in part, by a strongly contractile
phenotype (Hinz, 2007; Hinz, 2010), and previous work in our lab has
shown that stiffness-dependent differences in the myofibroblast
differentiation of corneal keratocytes are associated with distinct
subcellular patterns of actomyosin contractility (Maruri et al., 2020).
Keratocytes in serum-free conditions exert low contractile forces on
substrata of all stiffness, but in the presence of TGF-β1, cells cultured on
stiff PA substrata exert significantly higher traction stresses than their
counterparts on soft PA gels (Maruri et al., 2020). To determine if FAK
inhibition alters this stiffness-dependent contractile phenotype, we
cultured TGF-β1-treated keratocytes on substrata of different
stiffnesses in either the presence or absence of PF-573228 and
stained them for phosphorylated myosin light chain (pMLC)
immunofluorescence (Figure 5). In serum-free conditions, with or
without the addition of PF-573228, the observed pMLC staining was
weak and localized primarily to the tips of thin cellular extensions,
regardless of substratum stiffness (Figures 5A–F). Upon treatment
with TGF-β1, on stiff PA gels and collagen-coated glass coverslips,
pMLC immunofluorescence was present more broadly across the cell
body, co-localizingwith F-actin-stained stressfibers (Figures 5H,I).On
soft PA substrata, however, pMLC staining was similar to that was
observed in serum-free conditions, localized primarily within the tips of
cellular projections (Figure 5G), consistent with previous observations
(Maruri et al., 2020). Treatment with PF-573228 disrupted stiffness-
dependent differences in the subcellular localization of pMLC in TGF-
β1-treated keratocytes (Figures 5J–L). On substrata of all stiffnesses,
pMLC was only observed at the tips of cell extensions (Figures 5J–L),
similar to NRKs in either serum-free conditions or when cultured on
soft PA gels in the presence of TGF-β1. This subcellular distribution of
pMLC immunofluorescence is associated with a mechanically
quiescent keratocyte phenotype (Maruri et al., 2020), suggesting that
FAK inhibition disrupts stiffness-dependent differences in NRK
contractility.

Consistently, treatment with PF-573228 also decreased the
traction forces generated by TGF-β1-treated keratocytes on stiff
PA substrata (Figure 6). In serum-free conditions, on both soft
and stiff PA substrata, the cultured NRKs exerted very low
traction stresses, primarily at the tips of branched cellular
projections (Figures 6A,B). In the presence of TGF-β1,
however, the cells generated greater traction forces on stiff, as
opposed to soft, PA substrata (Figures 6C,D,G–H). But in the
presence of PF-573228, these stiffness-dependent differences in
contractility were significantly reduced (Figures 6E–H). On stiff
PA gels, inhibition of FAK produced significant decreases in both
peak traction stress and net traction force in cells treated with
TGF-β1 (Figures 6G,H), a result which further indicates that
FAK inhibition can disrupt stiffness-dependent increases in
keratocyte contractility.
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FIGURE 4 | Inhibition of FAK promotes dendritic cell morphologies on substrata of all stiffnesses in the presence of TGF-β1. (A–L) Characteristic confocal
fluorescence images of cells cultured on either functionalized 1 kPa (A,D,G,J) or 10 kPa (B,E,H,K) PA substrata, or collagen-coated glass (C,F,I,L) coverslips. Cells
were cultured for 5 days in either serum-free conditions (A–F) or in medium containing exogenous TGF-β1 (G–L), and in either the presence (D–F,J–L) or absence
(A–C,G–I) of the FAK inhibitor, PF-573228. Cells were stained for both F-actin (green) and DAPI (blue). Scale bars, 50 μm. (M) Quantification of cell morphologies.
Error bars represent mean ± s.d. for n = 6 substrates from 3 experimental replicates. A two-way ANOVA followed by a Tukey post-hoc test was used to evaluate
significance among groups. (***, p < 0.001).
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FAK Inhibition Blocks Stiffness-Dependent
Differences in Focal Adhesion Size and
Patterning
Treatment with PF-573228 also altered subcellular patterns of FAs
within keratocytes cultured in the presence of TGF-β1 on stiff substrata.
In control experiments, as described above, NRKs formed small FAs on
substrata of all stiffnesses when maintained in serum-free conditions
(Figure 7A). In the presence of TGF-β1, we observed significant

increases in FA size and number, with FAs assembling at the
termini of F-actin-labeled stress fibers, but only on stiff PA
substrata and collagen-coated glass coverslips (Figure 7B). On soft
PA gels, the cells exhibited FAs redolent of those observed in serum-
free conditions (Figure 7B). When FAK was inhibited using PF-
573228, however, we no longer observed stiffness-dependent
differences in the size and subcellular patterning of FAs in TGF-
β1-containing media (Figures 7C,D). Instead, on substrata of all
stiffnesses, keratocytes formed small FAs in thin cellular extensions,

FIGURE 5 | FAK inhibition disrupts stiffness-dependent differences in the subcellular distribution of actomyosin contractility. (A–L) Characteristic confocal
fluorescence images of cells cultured on either functionalized 1 kPa (A,D,G,J) or 10 kPa (B,E,H,K) PA substrata, or collagen-coated glass (C,F,I,L) coverslips. Cells
were cultured for 5 days in either serum-free conditions (A–F) or in medium containing exogenous TGF-β1 (G–L), and in either the presence (D–F,J–L) or absence
(A–C,G–I) of the FAK inhibitor, PF-573228. Cells were stained for phosphorylated myosin light chain immunofluorescence (pMLC; green), as well as F-actin (red)
and DAPI (blue). Arrowheads indicate cellular processes with elevated levels of pMLC staining at the tips. Scale bars, 25 μm.
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which were not significantly different from those observed in controls
(Figure 7E). Indeed, quantitative analysis of histograms of focal
adhesion size revealed that FAK inhibition produced FA distributions
that were indistinguishable from controls, even on stiff PA substrata
and collagen-coated glass coverslips in TGF-β1-containing media
(Figures 7F–J). Interestingly, however, the PF-573228-treated
keratocytes still formed an increased number of focal adhesions
on stiff substrata, even though the FAs were smaller and localized
within thin cellular extensions (Figure 7E). Taken together, these data
highlight the importance of signaling downstream of FAs during the
stiffness-dependent myofibroblast differentiation of corneal
keratocytes. Inhibition of FAK disrupts the effects of substratum
stiffness, influences the subcellular patterning of FAs, and decreases
the contractility and α-SMA expression of cultured NRKs.

DISCUSSION

Cell-ECM interactions have been shown in a variety of cell types to
influence myofibroblast differentiation (Hinz et al., 2007; Grinnell

and Petroll, 2010; Klingberg et al., 2013;Wells, 2013; Falke et al., 2015;
Petroll and Miron-Mendoza, 2015; Zhou et al., 2018). Increases in
ECM stiffness promote the expression of α-SMA and are thought to
underlie a persistent myofibroblast phenotype that can contribute to
chronic fibrosis in multiple organs (Marinković et al., 2012; Petroll
and Lakshman, 2015; Szeto et al., 2016; Maruri et al., 2020). In many
instances, signaling downstream of FAs impacts myofibroblast
differentiation (Thannickal et al., 2003), largely via changes in the
activity of FAK, a molecule that is recruited to FAs in response to
mechanical forces (Wang et al., 2001; Martino et al., 2018). FAK
activation promotes FA assembly and maturation and initiates
downstream mechanotransductive signaling (Ilić et al., 2004;
Strohmeyer et al., 2017). In the corneal stroma, the differentiation
of corneal keratocytes into myofibroblasts has been shown to depend
on ECM stiffness (Dreier et al., 2013; Petroll and Lakshman, 2015;
Maruri et al., 2020; Petroll et al., 2020), but it is not known how
keratocytes sense changes in the mechanical properties of the ECM
and whether signaling downstream of FAs is involved. Inhibition of
FAK can disrupt keratocyte differentiation on rigid substrata (e.g.,
tissue-culture plastic) (Yeung et al., 2021), but it is unclear whether

FIGURE 6 | Inhibition of FAK reduces TGF-β1-induced traction forces on stiff substrata. (A–F) Representative traction stress maps of individual cells cultured on
either functionalized 1 kPa (A,C,E) or 10 kPa (B,D,F) PA substrata. Cells were cultured in either serum-free conditions (A,B) or in media containing TGF-β1 (C–F), and in
either the presence (E,F) or absence (A–D) of the FAK inhibitor, PF-573228. (G,H) Quantification of peak traction stress (G) and net traction force (H). Error bars
represent mean ± s.d. for at least n = 16 cells from 5 experimental replicates. A two-way ANOVA with a Tukey post-hoc test was used to evaluate significance
among groups. (***, p < 0.001).
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differences in FAK activity are associated with stiffness-dependent
differences in keratocyte behavior.

Here, we demonstrated that corneal keratocytes cultured on PA gels
of varying stiffness exhibit striking differences in the subcellular
localization of FAs when treated with TGF-β1. We used soft (1 kPa)
gels to mimic the mechanical properties of normal corneal tissue
(Winkler et al., 2011; Thomasy et al., 2014), and stiff (10 kPa) gels
to approximate the increase in stiffness associated with corneal wound
healing (Raghunathan et al., 2017). Consistent with previous studies
(Masur et al., 1995; Jester et al., 2003; Petroll et al., 2003), the NRKs
cultured on stiff substrata formed large FAs, which were localized to the

termini of actin stress fibers that spanned the cell body. On soft PA gels,
however, the FAs were smaller, fewer in number, and located primarily
within the distal tips of thin cellular extensions. These observations
correlated with stiffness-dependent differences in α-SMA
immunofluorescence, as well as patterns of cellular traction stress
(Maruri et al., 2020). Because mechanosensing via FAs typically
involves the activation of FAK (Chen et al., 2004; Humphrey et al.,
2014), we inhibited FAK pharmacologically and disrupted stiffness-
dependent differences in myofibroblast differentiation. In the presence
of the FAK inhibitor TGF-β1-treated keratocytes exhibited extremely
low levels of α-SMA immunofluorescence and exerted small traction

FIGURE 7 | Inhibition of FAK alters subcellular distributions of FAs on stiff substrata in the presence of TGF-β1. (A–D) Characteristic confocal fluorescence images
of primary corneal keratocytes cultured on either soft or stiff PA gels (left or middle columns, respectively), or on collagen coated glass coverslips (right column). Cells
were cultured for 5 days in either serum-free conditions (A,C) or in medium containing exogenous TGF-β1 (B,D), and in either the presence (C,D) or absence (A,B) of the
FAK inhibitor, PF-573228. Cells were stained for vinculin immunofluorescence (green), as well as F-actin (red) and DAPI (blue). Scale bars, 25 μm. Dashed white
lines indicate insets. (E) Quantification of the average area (left), relative area (middle), and number (right) of focal adhesions (FAs) in individual cells. Error bars represent
mean ± s.d. for n = 8 substrates from 4 experimental replicates. A two-way ANOVA with a Tukey post-hoc test was used to evaluate significance among groups. (***, p <
0.001) (F–I) Relative frequency histograms of FA size in cells cultured in either the presence (H,I) or absence (F–G) of PF-573228. (J) Cumulative frequency plots of FA
size. A Kolmogorov-Smirnov test was used to evaluate significance between groups.
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forces on substrata of all stiffnesses. Also, strikingly, changes in
substratum stiffness no longer elicited differences in the subcellular
pattern of FAs in the presence of TGF-β1. Instead, on all substrata FAK
inhibition promoted the formation small FAs, localized largely within
thin cellular processes—observations consistent a quiescent keratocyte
phenotype (Jester et al., 1996; Jester et al., 2003; Maruri et al., 2020).
Taken together, these data suggest that FAK activitymodulates stiffness-
dependent differences in the TGF-β1-mediated myofibroblast
differentiation of corneal keratocytes.

Previous work using renal fibroblasts has shown that changes
in substratum stiffness modulates the phosphorylation and
nuclear localization of Smad2/3 downstream of TGF-β1, in a
manner that involves concomitant changes in Yap activity (Szeto
et al., 2016). In cultured corneal keratocytes, however, this
appears to not be the case. In the presence of TGF-β1, NRKs
on all substrata showed nuclear pSmad3 immunofluorescence,
even though cells on the softest gels showed very low levels of
myofibroblast differentiation. This result suggests that changes in
stiffness do not modulate Smad activity downstream of TGF-β1,
but it remains unclear if cross-talk between Smad- and FAK-
dependent pathways also impacts keratocyte behavior. Previous
work using TGF-β1-treated lung fibroblasts has shown that active
Smad signaling occurs in the absence of cell adhesion and FAK
phosphorylation (Thannickal et al., 2003). It would be interesting
to determine whether a similar mechanism governs the
myofibroblast differentiation of corneal keratocytes.

Our data are consistent with previous work that highlights the
importance of Rho kinase-dependent contractility during keratocyte
differentiation (Chen et al., 2009). FAK activity is intimately tied to
cell contraction, since signaling downstreamof FAK activates the Rho
pathway, which regulates the assembly of actomyosin filaments
(Burridge and Chrzanowska-Wodnicka, 1996; Schlaepfer et al.,
1999). Inhibition of Rho kinase, moreover, disrupts the
contractility and myofibroblast differentiation of corneal
keratocytes (Vishwanath et al., 2003; Kim et al., 2006; Chen et al.,
2009; Lakshman and Petroll, 2012) and has been shown in other cell
types to influence FA assembly (Katoh et al., 2011). In addition,
stiffness-dependent changes in FA size, such as those reported here,
have been shown to influence a variety of cellular behaviors, such as
contractility (Balaban et al., 2001), migration (Kim andWirtz, 2013),
and, in other cell types, myofibroblast differentiation (Goffin et al.,
2006; Huang et al., 2012). On polydimethylsiloxane (PDMS)

substrata of varying stiffnesses, for instance, cultured rat
embryonic fibroblasts exhibit stiffness-dependent differences in the
size of FAs and in the recruitment of α-SMA to actin stress fibers
(Goffin et al., 2006). Interestingly, however, although we reported
similar variations in FA size within cultured corneal keratocytes, we
also observed a striking stiffness-dependent change in the subcellular
distribution of FAs, with cells on softest substrata forming FAs
principally within the tips of thin cellular extensions. How these
subcellular differences in FA patterning contributes to the
mechanotransductive signaling pathways that regulate
myofibroblast differentiation remain unclear. Nonetheless, these
data highlight the importance of signaling downstream of FAs
during the stiffness-dependent differentiation of corneal keratocytes.
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Thrombospondin-1 Signaling Through
the Calreticulin/LDL Receptor Related
Protein 1 Axis: Functions and Possible
Roles in Glaucoma
Joanne E. Murphy-Ullrich1,2,3*

1Departments of Pathology, University of Alabama at Birmingham, Birmingham, AL, United States, 2Department of Cell
Developmental and Integrative Biology, University of Alabama at Birmingham, Birmingham, AL, United States, 3Department of
Ophthalmology and Visual Sciences, University of Alabama at Birmingham, Birmingham, AL, United States

Thrombospondin-1 (TSP-1) is a matricellular extracellular matrix protein. Matricellular
proteins are components of the extracellular matrix (ECM) that regulate key cellular
functions and impact ECM organization, but which lack direct primary structural roles
in the ECM. TSP-1 expression is upregulated in response to injury, hypoxia, growth factor
stimulation, inflammation, glucose, and by reactive oxygen species. Relevant to glaucoma,
TSP-1 is also a mechanosensitive molecule upregulated by mechanical stretch. TSP-1
expression is increased in ocular remodeling in glaucoma in both the trabecular meshwork
and in the optic nerve head. The exact roles of TSP-1 in glaucoma remain to be defined,
however. It plays important roles in cell behavior and in ECM remodeling during wound
healing, fibrosis, angiogenesis, and in tumorigenesis and metastasis. At the cellular level,
TSP-1 can modulate cell adhesion and migration, protease activity, growth factor activity,
anoikis resistance, apoptosis, and collagen secretion and matrix assembly and cross-
linking. These multiple functions and macromolecular and receptor interactions have been
ascribed to specific domains of the TSP-1 molecule. In this review, we will focus on the cell
regulatory activities of the TSP-1 N-terminal domain (NTD) sequence that binds to cell
surface calreticulin (Calr) and which regulates cell functions via signaling through Calr
complexed with LDL receptor related protein 1 (LRP1). We will describe TSP-1 actions
mediated through the Calr/LRP1 complex in regulating focal adhesion disassembly and
cytoskeletal reorganization, cell motility, anoikis resistance, and induction of collagen
secretion and matrix deposition. Finally, we will consider the relevance of these TSP-1
functions to the pathologic remodeling of the ECM in glaucoma.

Keywords: thrombospondin-1, calreticulin, LRP1, glaucoma, focal adhesions, anoikis, matricellular, cell migration

INTRODUCTION

The extracellular matrix (ECM) is a meshwork of proteins and carbohydrate-rich molecules secreted
by cells and organized into distinct cell and context-specific structures in the extracellular space.
Cellular interactions with ECM regulate and direct key cellular functions, such as differentiation,
survival, proliferation, adhesion, and migration/invasion. In turn, cells both determine the
expression and secretion of specific ECM components as well as the organization of the ECM
network, a concept termed “dynamic reciprocity” (Bornstein and Ash, 1977; Bissell et al., 1982;
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Bissell and Aggeler, 1987; Bissell and Barcellos-Hoff, 1987).
Multi-cellular life depends on ECM. New approaches that
enrich ECM components in samples for mass spectrometry/
proteomic analyses have increased our understanding of the
breadth of molecules contained in the “matrisome” and
importantly, enabled comparative studies to assess how the
composition of the ECM differs in health and disease (Naba
et al., 2012; Naba et al., 2016). These studies have identified over
278 core matrisome components consisting of various collagens,
proteoglycans, and modular glycoproteins in addition to
matrisome-associated components consisting of proteases,
cross-linking enzymes, growth factors, and glycan structures
(Naba et al., 2016).

The eye is an ECM-rich organ. For example, the vitreous,
cornea, sclera, and lamina cribrosa are collagen rich structures
with distinct tissue-specific collagen type expression and
organization. Type IV collagen rich basement membranes are
key to integrity of the retinal vasculature and the trabecular
meshwork. Thus, it is not surprising that aberrant remodeling
of the ECM is critical to the pathogenesis of multiple ocular
diseases, including myopia, cataract formation and fibrous
encapsulation, age-related macular degeneration, and
importantly, glaucoma (Hernandez, 1993; Yang et al., 1993;
Kantorow et al., 2000; Norose et al., 2000; Sawhney, 2002; Yan
et al., 2003; Mansergh et al., 2004; Rada et al., 2006; He et al., 2014;
Kuchtey and Kuchtey, 2014; Biasella et al., 2020; Wu et al., 2020;
Grillo et al., 2021; Reinhard et al., 2021; Keller and Peters, 2022;
Powell et al., 2022).

EXTRACELLULAR MATRIX AND
GLAUCOMA

Glaucoma is the second leading cause of irreversible blindness as
a result of damage to the optic nerve (Quigley, 2011; Tham et al.,
2014). Elevated intraocular pressure (IOP) is the most
predominant risk factor for glaucoma, although there are
other genetic factors that can cause glaucoma and patients
with normal intraocular pressures can also develop glaucoma
(Downs et al., 2011; Quigley, 2011). In addition, glucocorticoid
treatment can lead to glaucoma (Chan et al., 2019; Roberti et al.,
2020). Intraocular pressure is maintained by a balance of aqueous
humor production and its outflow primarily through the
conventional trabecular meshwork (TM) pathway in the
anterior of the eye (Acott et al., 2021). Complex remodeling of
diverse ECM components is linked to increased outflow
resistance in the TM and elevated IOP (Vranka et al., 2015a;
Vranka et al., 2015b; Acott et al., 2021; Keller and Peters, 2022).
Chronic IOP can lead to deformation of the collagenous lamina
cribrosa (LC) and adjacent sclera at the posterior of the eye:
cupping of the LC is associated with axonal damage to the retinal
ganglion cells of the optic nerve (Downs et al., 2011). Abnormal
elastin fibers, increases in matrix metalloproteinases, and altered
collagen organization in the laminar beams and at the posterior
laminar boundary are among the ECM changes in the
glaucomatous LC (Hernandez et al., 1990; Pena et al., 1998).
Remodeling of the ECM affects the structure and function of both

the TM and LC and it is accepted that deleterious ECM
remodeling is a significant factor in the pathogenesis of
glaucoma (Hernandez et al., 1990; Hernandez, 1993; Lutjen-
Drecoll, 1999; Tektas and Lutjen-Drecoll, 2009; Vranka et al.,
2015b; Wang et al., 2017; Kelly et al., 2021). Matricellular ECM
proteins, a distinct type of ECM protein described below, are
widely considered to be important in the pathogenesis of
glaucoma [reviewed in (Rhee et al., 2009; Chatterjee et al.,
2014; Wallace et al., 2014)].

MATRICELLULAR PROTEINS

Distinct from ECM proteins that comprise the primary structure
of the ECM and that support cell adhesion, such as collagens,
laminins, and fibronectin, there is another group of ECM
proteins, matricellular proteins, that instead modify ECM
structure and organization and which are primarily de-
adhesive (Sage and Bornstein, 1991; Bornstein, 1995; Murphy-
Ullrich and Sage, 2014). Common to both matricellular and
structural ECM components, matricellular proteins bind to
diverse cellular receptors to regulate cellular functions. In
addition, they also bind to multiple other ECM components
and modulate growth factor and protease activity. In the mid-
1990’s when the first knockout mice of matricellular proteins,
such as tenascin-C, SPARC, and TSP-1, were generated, there was
surprise in the field that these genetic knockouts did not result in
embryonic lethality. However, distinct phenotypes became
apparent when animals were subjected to stresses, aging, or
injury, suggesting important roles for matricellular proteins in
adaptive and pathologic responses to injury and stress (Erickson,
1997; Settles et al., 1997; Lawler et al., 1998; Bassuk et al., 1999;
Brekken and Sage, 2000; Bradshaw et al., 2002; Bradshaw et al.,
2003a; Bradshaw et al., 2003b; Haddadin et al., 2009). These roles
of matricellular proteins in adaptive cellular responses have been
borne out by subsequent studies from multiple labs and are
consistent with the highly regulated patterns of matricellular
protein expression during development, following injury, and
under conditions of cellular and metabolic stress (Chen et al.,
2000; Adams and Lawler, 2011; Stenina-Adognravi, 2014; Giblin
and Midwood, 2015; Midwood et al., 2016; Zuliani-Alvarez et al.,
2017). The number of ECM proteins that are now considered to
be “matricellular” has also expanded since the first insights with
TSP-1, tenascin-C, and SPARC (Murphy-Ullrich and Sage, 2014).
Myocilin, a protein expressed in glaucoma, has long been
considered a matricellular protein because of its de-adhesive
effects on TM cells and interactions with multiple ECM
proteins (Tamm, 2002; Wentz-Hunter et al., 2004; Shen et al.,
2008; Chatterjee et al., 2014).

THROMBOSPONDIN-1

Here, we will highlight the matricellular ECM glycoprotein,
thrombospondin-1 (TSP-1), encoded by THBS1, and discuss
possible roles for TSP-1 signaling of intermediate adhesion
and its associated functions in glaucoma. TSP-1 is a
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homotrimeric, modular ECM glycoprotein that is classified as
a matricellular ECM protein. TSP-1 was first identified as a
protein released from the α-granules of thrombin-stimulated
platelets and subsequently found to be widely expressed by
cells in culture. TSP-1 is part of a family of five related proteins,
with trimeric TSP-1 and TSP-2, members of the Group A TSP
family, being the most similar [reviewed in (Adams and
Lawler, 2011)]. Typical of ECM proteins, TSP-1 is a
modular glycoprotein composed of multiple repeats of
distinct structural domains. TSP-1 interacts with diverse
molecules, including other ECM proteins, proteases, and
growth factors, and it has multiple receptors, imparting an
array of functionalities in different contexts (Adams and
Lawler, 2011; Murphy-Ullrich and Sage, 2014; Resovi et al.,
2014) (Figure 1). TSP-1 has many biologic functions,
including regulation of cell adhesion and motility, platelet
aggregation, cell death, protease activity, ECM organization,
and growth factor regulation. Given this multiplicity of
functions, TSP-1 has diverse roles in regulation of
angiogenesis, inhibition of nitric oxide signaling, endothelial
cell barrier function, inflammation/immunity, endoplasmic
reticulum stress, fibrosis, and latent TGF-β activation
(Adams and Lawler, 2004; Sweetwyne and Murphy-Ullrich,
2012; Murphy-Ullrich and Suto, 2018; Murphy-Ullrich, 2019;
Forbes et al., 2021; Kale et al., 2021; Kaur et al., 2021; Morandi
et al., 2021). The reader is referred to several excellent reviews
covering broader roles of TSP-1 and other matricellular
proteins in glaucoma and in fibrotic ECM remodeling for a
more extensive discussion (Rhee et al., 2009; Chatterjee et al.,
2014; Wallace et al., 2014; Murphy-Ullrich and Downs, 2015;
Murphy-Ullrich, 2019; Keller and Peters, 2022). In this review,
we will focus specifically on the N-terminal domain (NTD)
calreticulin (Calr) binding sequence of TSP-1. This sequence,
mimicked by the “hep I” peptide, signals induction of the

intermediate cell adhesive state, first associated with the de-
adhesive activity of TSP-1 (Murphy-Ullrich et al., 1993).

THROMBOSPONDIN-1 REGULATION OF
INTERMEDIATE CELL ADHESION

Characterization of the Intermediate
Adhesive State: Altered Focal Adhesion and
Cytoskeletal Organization
Matricellular proteins are distinct from adhesion supporting
ECM proteins such as fibronectin, in that although cells might
attach and partially spread on substrates of matricellular proteins,
cells do not undergo complete cytoskeletal organization
indicative of a fully adhesive cell (Lahav et al., 1987; Tuszynski
et al., 1987; Murphy-Ullrich and Hook, 1989; Chiquet-
Ehrismann, 1991; Adams and Lawler, 1993). It was originally
noted that cells attached to substrates of TSP-1 had limited
spreading with the formation of fascin-containing microspikes
and also the absence of central focal adhesions and actin stress
fiber organization (Murphy-Ullrich and Hook, 1989; Adams,
1995; Adams et al., 2001). In addition, soluble TSP-1 can
prevent bovine aortic endothelial cells from forming focal
adhesions on fibronectin substrates (Murphy-Ullrich and
Hook, 1989). Similarly, tenascin-C can prevent cell adhesion
to fibronectin substrates by blocking fibronectin-syndecan-4
binding (Huang et al., 2001; Midwood et al., 2004; Midwood
et al., 2006). Moreover, TSP-1 and other matricellular proteins
can induce alterations in fully adherent cells containing organized
F-actin containing stress fibers and focal adhesions, characterized
by disassembly of existing focal adhesions, but not cell
detachment, a state called “intermediate cell adhesion”
(Greenwood and Murphy-Ullrich, 1998; Murphy-Ullrich,

FIGURE 1 | Model of Thrombospondin-1. TSP-1 is a homotrimer linked by interchain disulfide bonds in the oligomerization domain between the laminin G like
N-terminal domain (NTD) and the vWF-C like domain. It is comprised of 3 properdin-like repeats (also called TSR or Type 1 repeats), followed by 3 EGF-like repeats (Type
2 repeats). This is followed by 13 calcium-binding Type 3 repeats that interact with the C-terminal L-lectin like domain. Various receptors and interacting molecules for
each domain are indicated above the structure and functions ascribed to each domain are indicated below the structure.
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2001). Intermediate adhesion refers to this altered adhesive state
in which cells are poised to respond to stress through altering
their cytoskeletal organization and activation of signaling
pathways that stimulate cell motility, survival, and ECM
organization. These observations were first made in studies
with SPARC, tenascin-C, and TSP-1 (Murphy-Ullrich and
Hook, 1989; Murphy-Ullrich et al., 1991; Sage and Bornstein,
1991; Murphy-Ullrich et al., 1995). Mesenchymal cells
(endothelial cells, fibroblasts) adherent to substrates such as
fibronectin or vitronectin when treated with soluble forms of
these matricellular proteins undergo cytoskeletal reorganization
with loss of vinculin and α-actinin from focal adhesions at the
termini of actin stress fibers. Interestingly, cells remain attached
and partially spread. Furthermore, integrin remains clustered at
these regions, suggesting that matricellular proteins are triggering
intracellular signaling events that cause cytoskeletal
reorganization, rather than direct physical disruption of
integrin-ECM interactions (Murphy-Ullrich, 2001). The
upregulation of TSP-1 expression in cell injury and in
response to multiple forms of cellular stress, including
hypoxia, mechanical stimulation, and high glucose, among
others, supports the idea that TSP-1 signaling of intermediate
adhesion might be a cell adaptive response (Stenina-Adognravi,
2014).

The Calreticulin/LRP1 Receptor
Co-Complex Mediates Thrombospondin-1
Induced Intermediate Adhesion
The N-terminal heparin binding domain of TSP-1, specifically
amino acids 17–35, binds to a calcium binding protein,
calreticulin (Calr), to mediate focal adhesion disassembly and
this function of TSP-1 can be mimicked by a peptide comprising
this sequence, hep I (Murphy-Ullrich et al., 1993; Goicoechea
et al., 2000). Notably, this sequence and function are conserved in
TSP-2, although direct binding of TSP-2 to Calr has not been
experimentally confirmed. The TSP binding site in Calr has been
mapped to a sequence in the Calr N-domain (aa 19–36) on the
face opposite Calr’s lectin binding site (Goicoechea et al., 2002).
Calr is a chaperone involved in mediating glycoprotein folding in
the endoplasmic reticulum (ER) (Michalak et al., 2009). It also is a
calcium binding protein that mediates calcium release from the
ER leading to downstream NFAT activation (Michalak et al.,
1999; Groenendyk et al., 2004). However, Calr is found in
multiple different cellular compartments, including the
juxtamembrane cytosol where it interacts with integrin alpha
subunits and also at the cell membrane on the cell surface
(Dedhar, 1994; Coppolino and Dedhar, 1999; Gold et al., 2010;
Liu et al., 2016). It is not clear how Calr is transported and
localized to the cell surface, although conditions of cellular stress
increase cell surface expression of Calr and there is evidence to
suggest that Calr is transported with phosphatidyl serine to the
surface of apoptotic cells (Wiersma et al., 2015). Integrin
expression also regulates transit of Calr to the cell surface (Liu
et al., 2016).

In addition to mediating TSP-1 induced focal adhesion
disassembly, migration, anoikis, and collagen matrix assembly

(see below), cell surface Calr, together with LDL Receptor Related
Protein 1, (LRP1), is an important component of immunogenic
cell death, serving as a cell surface signal for phagocytosis,
independent of ligation by TSP-1 (Ogden et al., 2001; Gardai
et al., 2005; Obeid et al., 2007). Secreted, extracellular Calr (eCRT)
also facilitates scarless wound healing primarily via binding the
scavenger and signaling receptor, LRP1 (discussed below), which
leads to release of TGF-β3 and autocrine signaling to induce
expression of ECM proteins (Nanney et al., 2008; Greives et al.,
2012; Pandya et al., 2020). Interestingly, the ability of eCRT to
induce ECM is dependent on intracellular Calr, consistent with
previous observations showing the importance of endoplasmic
Calr mediated calcium release and NFAT activation in mediating
TGF-β stimulation of ECM (Van Duyn Graham et al., 2010;
Zimmerman et al., 2013; Zimmerman et al., 2015; Owusu et al.,
2018; Lu et al., 2020). Whether TSP-1 binding to cell surface Calr
and complex formation with LRP1 has a role in this process
remains unknown. In addition, Calr on the surface of the parasite
Trypanisoma cruzi (TcCRT) binds TSP-1 and recombinant NTD,
and localizes TSP-1 to the surface of the parasite, which increases
parasite infectivity of mammalian cells (Johnson et al., 2012; Nde
et al., 2012).

Since Calr is a peripheral membrane protein that lacks a
transmembrane domain, Calr must associate with a
transmembrane molecule to transmit intracellular signaling
resulting from TSP-1 ligation of cell surface Calr. Basu and
Srivastava previously showed an association between cell
surface Calr and CD91, otherwise known as LRP1 or the α2-
macroglobulin receptor (Strickland et al., 1995; Basu and
Srivastava, 1999; Basu et al., 2001; Lillis et al., 2008). LRP1 is a
large, multi-domain protein that binds an array of ligands. It is
comprised of two disulfide-linked proteins, the smaller of which
traverses the cell membrane (Strickland et al., 1995). The
cytoplasmic domain of LRP-1 contains NPXY-1 sites that are
involved in mediating intracellular signal transduction from
bound ligand (Lillis et al., 2008). LRP1 mediates TSP-1
stimulated focal adhesion disassembly, cell migration, and
anoikis resistance (Orr et al, 2003a; Orr et al, 2003b; Pallero
et al., 2008). It was previously shown that TSP-1 binds to LRP1
and that LRP1 is a major mediator of endocytosis of TSP-1, a
process enhanced by heparan sulfate proteoglycans (Godyna
et al., 1995; Mikhailenko et al., 1995; Mikhailenko et al., 1997;
Wang et al., 2004). This LRP1 binding site is localized to the
N-terminal domain of TSP-1 (aa 1–90), although this site is
distinct from the hep I site (aa 17–35) that binds Calr and
mediates focal adhesion disassembly (Goicoechea et al., 2000;
Wang et al., 2004). Furthermore, there is no evidence that the
Calr-binding site of TSP-1 binds LRP1 (Orr et al, 2003b). LRP1
mediated endocytosis of TSP-1 could be an important factor in
limiting TSP-1 action in a localized cellular milieu and there is
also evidence suggesting that this endocytic role of LRP1 is
involved in clearance of TSP-1/TSP-2 ligands such as MMPs
and VEGF [discussed in (Lillis et al., 2008)].

It should be noted that different matricellular proteins signal
intermediate adhesion via distinct receptors. For example, the
large form of tenascin-C containing the alternatively spliced
TNfnA-D domain binds to annexin II to trigger focal
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adhesion disassembly (Chung et al., 1996), whereas, the active
receptor for SPARC-mediated focal adhesion disassembly has not
been identified.

Signal Transduction Pathways in
Intermediate Adhesion
Greenwood et al. (1998), Greenwood and Murphy-Ullrich (1998)
showed that TSP-1 or the hep I peptide stimulated increased PI3K
activity and binding of PIP3 to α-actinin, an actin bundling
protein, inducing α-actinin dissociation from cytoplasmic focal
adhesion complexes. Separate studies using PDGF showed that
PIP3 induces α-actinin dissociation from the cytoplasmic tail of
the integrin beta subunit and it is presumed that TSP-1 acts
similarly (Greenwood et al., 2000). TSP-1 activates FAK, PI3K,
and ERK in a manner involving both Gαi2 and Gβγ
heterotrimeric G protein subunits (Orr et al., 2002). TSP-1
mediated focal adhesion disassembly requires FAK activation,
which induces both PI3K and ERK activity that results in a
transient down regulation of Rho activity (Orr et al., 2002; Orr
et al., 2004). Furthermore, both TSP-1 and tenascin-C
stimulation of focal adhesion disassembly requires Protein
Kinase G activity (Murphy-Ullrich et al., 1996). Interestingly,
Barker et al. (2004b) showed that the GPI-linked protein, Thy-1
(CD90), present in lipid rafts, is required for src family kinase
(SFK) activation and TSP-1/hep I-mediated focal adhesion

disassembly: both intact lipid rafts and the GPI-anchor of
Thy-1 are required for responsiveness to TSP-1/hep I (Barker
et al., 2004a; Barker et al., 2004b; Rege et al., 2006). Further work
by Rege et al. (2006) showed that Thy-1 associates with FAK and
SFK in lipid rafts following TSP-1/hep I stimulation of fibroblasts
to induce cell migration and focal adhesion disassembly. There is
no evidence for a direct association between Thy-1 and either
LRP1 or Calr (Barker et al., 2004b), although both Calr and LRP1
have been localized to lipid rafts (Boucher et al., 2002; Ghiran
et al., 2003). These intriguing results suggest a role for Thy-1 in
potentially mediating formation of multi-factor signaling
complexes associated with Calr/LRP1 following TSP-1/hep I
stimulation (Rege et al., 2006). The signaling pathways
activated by TSP-1 binding to the Calr/LRP-1 co-complex are
summarized in Figure 2.

Role of Lipid Rafts in Thrombospondin-1/
Calr/LRP1 Signaling
Lipids rafts are important in mediating a number of complex
effects of various TSP-1 receptors (Morandi et al., 2021). The
importance of lipid rafts in mediating TSP-1 interactions with
Calr/LRP1 complexes was shown in a series of elegant studies
using molecular dynamics simulation approaches (Wang et al.,
2014; Wang et al., 2019; Yan et al., 2010; Yan et al., 2011). In
initial studies, Yan et al. (2010) showed that TSP-1 binding to the

FIGURE 2 | Thrombospondin-1 signaling through the caleticulin-LRP1 complex. The sequence represented by the hep I peptide (amino acids 17–35) in the NTD of
TSP-1 bind to the N-terminal domain of calreticulin at the cell surface. The TSP-1 binding site has been localized to amino acids 19–26 in calreticulin. Binding of TSP-1 to
calreticulin induces altered interactions between the calreticulin N and P domains to expose the putative LRP1 binding site and increase association of calreticulin with
LRP1 and activation of downstream signaling. This occurs in lipids rafts. The GPI-linked protein, Thy-1, must also be present in lipid rafts and it activates Src family
kinases, which are necessary for TSP-1 signaling through calreticulin/LRP-1, although direct interactions of Thy-1 with this complex have not been demonstrated. TSP-
1-calreticulin engagement of LRP1 induces association with the Gαi2 heterotrimeric G protein subunit. This activates downstream FAK that induces PI3K and ERK
signaling, culminating in a transient downregulation of Rho kinase activity. In fibroblasts and endothelial cells, TSP-1 signaling through calreticulin/LRP1 induces focal
adhesion disassembly with cytoskeletal reorganization accompanied by loss of vinculin and α-actinin from integrin-talin clusters. This state of intermediate adhesion
renders cells more motile and resistant to anoikis in a PI3K-dependent manner. In vivo expression of the secreted TSP-1 calreticulin binding sequence in a model of the
foreign body response increases pericapsular collagen density and increased collagen matrix assembly in vitro, similarly in a PI3K-dependent manner.
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Calr N-terminal domain amino acids 19–36 induced
conformational changes in Calr. TSP-1 binding to Calr
induced a more open interaction between the Calr N domain
and the P domain loop, potentially exposing the LRP1 binding
site in Calr. This is consistent with biochemical observations that
treatment of cells with the TSP-1 hep I peptide induced increased
co-immunoprecipitation of Calr with LRP1 in endothelial cells
(Orr et al, 2003b). Further modeling studies confirmed the
importance of lysines 24 and 32 in TSP-1 and amino acid
24–26 and 32–34 in Calr for these interactions, consistent with
biochemical observations (Murphy-Ullrich et al., 1993;
Goicoechea et al., 2002; Yan et al., 2011). The Song lab then
modeled the role of various membrane lipid configurations to
explore the role of membrane domains in mediating Calr
interactions with the plasma membrane and the effect on
TSP-1 binding. A raft-like lipid bilayer (containing cholesterol)
stabilized Calr binding to the lipid as compared to a palmitoyl
phosphocholine bilayer and increased TSP-1 induced Calr
conformational change to a more open configuration (Wang
et al., 2014). Sphingomyelin in the cholesterol containing raft
enhanced these interactions and TSP-1 binding to Calr further
induced redistribution of cholesterol into raft-like aggregates
(Wang et al., 2014). Furthermore, modeling of accessible sites
in raft-bound opened Calr led to the hypothesis that Calr amino
acids 96–150 near the N and P domain junction potentially
represent the Calr-LRP1 binding site, although this remains to
be confirmed biochemically (Wang et al., 2014). Calr-LRP1
interactions on apoptotic cells trigger phagocytosis (Ogden
et al., 2001; Gardai et al., 2005) and play a role in
immunogenic cell death (Obeid et al., 2007). This process is
independent of TSP-1 or hep I binding to Calr, however (Gardai
et al., 2005). Interestingly, modeling of Calr-LRP1 interactions in
a phosphatidylserine rich lipid raft, representing apoptotic cells,
showed that phosphatidyl serine rafts increased Calr membrane
binding and interactions with LRP1 by increasing Calr stability at
the apoptotic membrane (Wang et al., 2014; Wang et al., 2019).
However, interactions of Calr bound to apoptotic membranes
with TSP-1 showed reduced favorability of binding as calculated
by free binding energy (Wang et al., 2014; Wang and Song, 2020),
perhaps accounting for the TSP-1 independence of Calr-LRP1
mediated clearance of apoptotic cells (Gardai et al., 2005). This
finding could also suggest decreased responsiveness to TSP-1
induced cellular migration and anoikis resistance under apoptotic
conditions.

FUNCTIONAL ROLES OF
THROMBOSPONDIN-1 SIGNALING
THROUGH CALR/LRP1 COMPLEXES
Initial studies regarding TSP-1 signaling through Calr/LRP1
complexes were focused on focal adhesion disassembly and
induction of intermediate cell adhesion, a potentially
biologically adaptive state between rounded, weakly adherent
cells and stationary, non-migratory cells with fully organized
stress fibers and focal adhesion complexes (Greenwood and
Murphy-Ullrich, 1998; Murphy-Ullrich, 2001). The

characteristics of this adhesion modulation were described
above. In addition to the direct effects of the TSP-1/Calr/LRP1
pathway on focal adhesion disassembly and cytoskeletal
reorganization, this pathway has been shown to impact several
biological functions of cells, including cell migration, resistance to
anoikis, and enhancement of type 1 collagen secretion and matrix
assembly. These functions might be the direct result of focal
adhesion disassembly (i.e., migration) or more complex indirect
effects of signaling pathways activated through Calr/LRP1
signaling (i.e., anoikis resistance, collagen secretion, and
assembly) in the intermediate adhesive state. The impact of
TSP-1 signaling through Calr/LRP1 on each of these cellular
activities will be discussed.

Cell Migration
The ability of individual cells to migrate requires fine
coordination between adhesive, protrusive, and contractile
forces (Lauffenburger and Horwitz, 1996; Webb et al., 2002).
TSP-1 has long been known to support cell migration, from
haptotaxis on TSP-1 substrates through its C-terminal domain
(Taraboletti et al., 1987) to stimulation of chemotaxis by the
heparin-binding domain of soluble TSP-1 (Taraboletti et al.,
1987; Mansfield et al., 1990; Taraboletti et al., 1990; Mansfield
and Suchard, 1994). Given the ability of the Calr binding
sequence of the heparin-binding domain of TSP-1 to stimulate
focal adhesion disassembly (Murphy-Ullrich and Hook, 1989;
Murphy-Ullrich et al., 1993), we asked whether TSP-1 and a
peptide representing the Calr-binding sequence, hep I, stimulated
directed and random cell migration (Orr et al, 2003a). In
transwell assays, both TSP-1 and the hep I peptide, but not an
inactive modified hep I peptide, stimulated directed
(chemotactic) and random (cytokinesis) migration of bovine
aortic endothelial cells at concentrations similar to those
required to induce focal adhesion disassembly (Orr et al,
2003a). We observed increased directed cell migration with
TSP-1 or hep I under chemotactic gradients. Under
chemokinetic conditions, TSP-1 or hep I increased the
proportion of cell migrating and migration speed. This
migratory response to TSP-1 or hep I was absent in either
Calr or LRP1 knockout fibroblasts or in wildtype fibroblasts
treated with the LRP1 antagonist, RAP. Treatment with TSP-1
or hep I increased cell migration to a gradient of acidic FGF,
whereas TSP-1/hep I reduced basic FGF directed migration (Orr
et al, 2003a). Interestingly, TSP-1 had minimal chemoattractant
effects on TM cells in a modified Boyden chamber assay, although
it is not clear whether migrated cells were able to attach to the
membranes in the presence of TSP-1 (Hogg et al., 1995). In our
transwell assays with bovine aortic endothelial cells, it was
necessary to coat membranes with a mix of fibronectin and
vitronectin to support cell attachment of migrated cells in the
presence of TSP-1 in the lower wells (Orr et al, 2003a). The TSP-1
binding sequence of Calr (aa 19–36) can also stimulate T cell
motility through a 3D type 1 collagen ECM and endogenous TSP-
1/cell surface Calr induced T cell motility via CD47, a receptor for
the C-terminal domain of TSP-1; interestingly, in these studies,
the Calr binding sequence of TSP-1 (hep I peptide) blocked T cell
motility, presumably by competing with endogenous TSP-1/Calr
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(Li et al., 2005). These data suggest that signaling through the hep
I sequence of TSP-1 binding to Calr in complex with LRP1
potentially impacts tissue remodeling through regulating cell
adhesion and migration.

Anoikis Resistance
Non-hematologic cells require interactions with ECM
molecules to generate pro-survival, anti-apoptotic signals
(Meredith et al., 1993; Frisch and Francis, 1994). Signaling
through integrins is a primary mediator of pro-survival
signaling, although in some cases, integrin signaling is not
sufficient (Zahir et al., 2003). PI3K induced Akt activation
and FAK signaling are primary survival pathways regulated
by cell-ECM adhesion (Xia et al., 2004; Yamaki et al., 2007).
When cells are deprived of these cell adhesion survival
signals, they undergo a form of apoptosis termed
“anoikis,” derived from the Greek for “homeless wanderer”
(Frisch and Francis, 1994). Interestingly, Rho-mediated
cytoskeletal tension is an important mediator of anoikis
(Yamaki et al., 2007). Anoikis is important in tissue
remodeling during development and in response to injury
(Frisch and Francis, 1994). Failure of anoikis impedes
resolution of wound healing and can lead to fibrosis
through fibroblast persistence (Horowitz et al., 2007).
Tumor cell adhesion-independence, meaning survival in
the absence of cell-matrix interactions, is a form of anoikis
resistance and facilitates tumor metastasis (Liotta and Kohn,
2004).

TSP-1 signaling through binding of its type 1 repeats to
CD36 and VEGF antagonism, binding of the C-terminal
domain to CD47, as well as inhibition of basic FGF
signaling via binding of the TSP-1 type 3 repeats, and the
involvement of integrins, have been shown to induce
endothelial apoptosis and this plays an important role in
the anti-angiogenic function of TSP-1 (Good et al., 1990;
Taraboletti et al., 1990; Tolsma et al., 1993; Streit et al.,
1999; Cursiefen et al., 2004; Isenberg et al., 2009; Sun et al.,
2009; Lawler and Lawler, 2012; Rusnati et al., 2019; Morandi
et al., 2021). However, the NTD of TSP-1 is known to function
differently from its C-terminal regions (Elzie and Murphy-
Ullrich, 2004). The NTD heparin binding domain supports
endothelial cell proliferation and angiogenesis through both
syndecan-4, a transmembrane heparan sulfate proteoglycan,
and integrin signaling (Tolsma et al., 1993; Ferrari do Outeiro-
Bernstein et al., 2002; Calzada et al., 2003; Nunes et al., 2008).
Given that the hep I Calr binding sequence in the TSP-1 NTD
activates two pro-survival pathways, PI3K and FAK signaling,
and transiently down regulates Rho activity that is necessary
for anoikis, we asked whether TSP-1 binding to the Calr-LRP1
co-complex might support cell survival under adhesion-
deprived conditions that trigger anoikis (Greenwood et al.,
1998; Orr et al., 2004; Pallero et al., 2008). Fibroblasts plated on
poly-HEMA coated coverslips, which only weakly supports
attachment, undergo apoptosis. Treatment with TSP-1, hep I
peptide, or a recombinant form of the NTD trimer (NoC1)
increased cell viability and prevented apoptosis with decreased
Caspase 3 activity and cleaved PARP1. TSP-1/hep I/NoC1

mediated cell survival is dependent on PI3K activity and
Akt activity as the survival effects are blocked by
wortmannin. Furthermore, TSP-1 mediated anoikis
resistance occurs through Calr/LRP1 signaling as a peptide
that blocks TSP-1 binding to Calr (CRT19.36), expression of
Calr mutated in the TSP-1 binding site, and knockout of LRP1
expression all prevent TSP-1’s pro-survival signaling during
anoikis (Pallero et al., 2008). These findings suggest a possible
role for TSP-1/Calr/LRP1 signaling in wound repair with early
anoikis resistance potentially supporting initial cell survival
during migration into wounds, but possibly detrimental effects
during later wound resolution due to fibroblast persistence,
potentially contributing to fibrosis.

Collagen Matrix Assembly and the Foreign
Body Response
To begin to assess possible roles of TSP-1 signaling through the
Calr-LRP1 complex in vivo, we used a model of the foreign
body response in which surgical sponges loaded with type 1
collagen and plasmid to express a secreted, EGFP-tagged
version of the TSP-1 Calr binding sequence are implanted
subcutaneously (Sweetwyne et al., 2010). In this model, cells
invade the sponge and ingest the collagen and plasmid,
becoming locally transfected to express the secreted TSP-1
Calr binding sequence. Given the known roles of this TSP-1
sequence in supporting cell migration and survival and the
observations of delayed granulation tissue in Thbs1 null
excisional wounds, we hypothesized that local expression of
the TSP-1 Calr binding sequence would augment cell
migration and wound healing (DiPietro et al., 1996; Agah
et al., 2002; Orr et al, 2003a; Pallero et al., 2008). Surprisingly
sponges with local TSP-1 Calr expression, but not control
sponges expressing TSP-1 mutated in Calr binding sequences,
developed a robust collagenous capsule surrounding the
foreign body. This could not be explained by increased
cellular or myofibroblast infiltration. Further in vitro studies
established that the TSP-1 Calr sequence directly increased
intracellular collagen expression, soluble collagen secretion,
and collagen deposition into a deoxycholate insoluble matrix
(Sweetwyne et al., 2010). The effects of the hep I sequence on
fibronectin matrix assembly are not known. This increase in
collagen matrix is dependent of Akt signaling, but independent
of TGF-β signaling. Although the specific mechanism of TSP-
1/Calr signaling increased collagen matrix assembly is not
clear yet, it does not involve alterations in type 1 collagen
transcript or processing of its N and C-terminal propeptides.
We do not think that TSP-1/Calr/LRP-1 signaling affects
MMP-mediated tissue remodeling by preventing or
inhibiting LRP1-mediated MMP clearance as we failed to
observe any differences in MMP activity in the presence of
hep I peptide (Bing Su, Mariya Sweetwyne, Joanne Murphy-
Ullrich, unpublished data). Although the specific roles of TSP-
1 signaling through the Calr-LRP1 axis in normal and
pathologic wound repair and tissue remodeling remain to
be determined, these data provide support for TSP-1/Calr/
LRP1 mediated signaling in regulating tissue repair responses
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(Sweetwyne and Murphy-Ullrich, 2012). Intriguing studies
showed that TSP-1, via an unknown binding domain, can
bind to both the KGHR sequence in the mature triple helical
domain of collagen and to the C-propeptide domain of
intracellular collagen and directly affect collagen fibril
formation by preventing BMP-1 activation of prolysyl
oxidase (Rosini et al., 2018). Peptides that block the TSP-1/
KGHR interaction increase myofibroblasts through TGF-β
signaling, suggesting a complex role for TSP-1 in regulating
collagen processing and secretion and ECM assembly through
multiple mechanisms.

RELEVANCE TO GLAUCOMA

So what role might these functions of the NTD of TSP-1 play
in the pathologic changes to ocular tissue structure in
glaucoma? Multiple studies suggest that TSP-1 expression
is variably increased in the glaucomatous TM and in the (LC
of the optic nerve head and sclera at the posterior of the eye
(Tripathi et al., 1991; Hiscott et al., 1996; Flugel-Koch et al.,
2004; Rhee et al., 2009; Chatterjee et al., 2014; Semba et al.,
2021). Furthermore, knockout of the Thbs1 gene in mice
reduces intra-ocular pressure (Haddadin et al., 2012).
Recently a new gene variant of THBS1 was identified in a
family with primary open angle glaucoma with elevated
intraocular pressure that encodes the known N700S
missense mutation (Wirtz et al., 2022). This variant was
first identified as a risk factor for familial premature
myocardial infarction and although the N700S mutation
occurs in the C-terminal calcium binding wire region,
protein stability and heparin binding functions are altered
by this mutation, suggesting alterations in functions ascribed
to other TSP-1 domains: the impact of the N700S mutation on
TSP-1Calr/LRP1 signaling is unknown (Zhou et al., 2004;
Stenina et al., 2005; Carlson et al., 2008). Links between
increased TSP-1 expression and upregulated TGF-β
activity suggest a role for TSP-1 in modulating TGF-β
activation and possible MMP activity in glaucoma
(Wallace et al., 2014; Murphy-Ullrich and Downs, 2015;
Keller and Peters, 2022). TSP-1 can activate TGF-β 1-3
isoforms, whereas integrin-dependent TGF-β activation
affects only TGF-β1 and 3 activation: since TGF-β2 is a
primary factor in glaucoma, this suggests a significant role
for TSP-1 in regulating TGF-β1 and 2 activity in glaucoma
(Murphy-Ullrich and Downs, 2015; Murphy-Ullrich and
Suto, 2018). Post-surgical levels of TSP-1 and TGF-β2
levels in aqueous humor are major independent predictors
of trabeculectomy failure associated with fibrotic responses in
primary open angle glaucoma patients (Zhu et al., 2019).
Another pilot study confirmed elevated aqueous humor TGF-
β2 levels in patients with failed trabeculectomy (Gajda-
Derylo et al., 2019). It is not known whether aqueous
humor levels of these proteins reflect actual signaling at
the cellular level or rather are surrogate markers of
underlying disease pathogenesis. Despite the focus on TSP-
1 as a regulator of TGF-β activation in glaucoma, in contrast,

the possible functions of the TSP-1/Calr/LRP1 complex in
glaucoma remain unexplored and unknown.

Factors Involved in Glaucoma
Pathogenesis Regulate TSP-1 Expression
Mechanical Forces and Mechanotransduction
Pathways
It is well documented that TSP-1 is a mechano-responsive gene
with numerous examples in studies with both LC and TM cells, as
well as in other tissues, such as lung and skin (Kirwan et al, 2005a;
Vittal et al., 2005; Warburton and Kaartinen, 2007; Chen et al.,
2011). One mechanism for mechano-regulation of TSP-1
expression might occur via cellular contractility as recent
studies showed that a Rho-kinase inhibitor decreased TSP-1
expression by TM cells, which was associated with decreased
cell migration and increased outflow (Shan et al., 2021).
Interestingly, in these studies, the LSKL peptide, which
prevents TSP-1-mediated latent TGF-β activation, also
decreased TSP-1 expression in this system, suggesting that
TGF-β regulates TSP-1 expression under these conditions and
that TM cell motility occurs downstream of Rho-mediated
cytoskeletal contractility. It was not shown whether active Rho
kinase regulates TSP-1 expression via TGF-β or more directly via
Rho. It should be noted that the LSKL peptide only prevents TSP-
1 binding to the latent TGF-β complex and does not block the
action of the hep I peptide on focal adhesion disassembly and
F-actin re-organization (unpublished data). Others showed that
TSP-1 regulates TGF-β1 induced cell contractility in systemic
sclerosis fibroblasts via MEK/ERK signaling, which can be
blocked by the LSKL peptide (Chen et al., 2011). We showed
that the TSP-1 Calr binding sequence activates ERK and
transiently downregulates Rho kinase activity and stimulates
cell migration (Orr et al., 2002; Orr et al, 2003a; Orr et al.,
2004). The studies by Shan et al. (2021) showing that Rho kinase
inhibition downregulated TSP-1 expression resulting in
decreased cell migration would be consistent with a role for
the TSP-1 Calr binding site in TM cell migration, although this
remains to be shown directly and one cannot rule out effects due
to TSP-1 mediated TGF-β activation. Moreover, the interplay
between Rho regulated TSP-1 expression and TGF-β activation
requires further study and these data suggest that the multiplicity
of TSP-1 actions in a given tissue in specific context are likely to
operate in the context of highly regulated feedback system.

The YAP-TAZ pathway is a key effector in
mechanotransduction pathways and it has recently been
shown that YAP is increased in LC cells from donors with
glaucoma (Murphy et al., 2022). Culturing normal LC cells on
stiff matrices increases YAP, expression of collagen and α-smooth
muscle actin, and cell proliferation: YAP also regulates
myofibroblast differentiation of scleral fibroblasts (Hu et al.,
2021; Murphy et al., 2022). In addition, YAP regulates fibrotic
activity of TM cells in response to dexamethasone (Liu et al.,
2021). Interestingly, TSP-1 expression is regulated by YAP/TAZ
and TSP-1 can also regulate YAP/TAZ signaling (Arun et al.,
2020; Yamashiro et al., 2020; Arun et al., 2022). In vascular
smooth muscle cells under cyclic mechanical stretch, TSP-1 binds
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to integrin αvβ1 and induces focal adhesion formation to
stimulate nuclear shuttling of YAP, which impacts vascular
remodeling in injury models (Yamashiro et al., 2020). In
contrast, heart endothelial cells expressing TSP-1 had lower
levels of unphosphorylated YAP and decreased nuclear YAP
when challenged with the parasite T. cruzi as compared to
endothelial cells from TSP-1 knockout mice (Arun et al.,
2020). Furthermore, TSP-1 modulated YAP/β-catenin
signaling in this system (Arun et al., 2022). As noted
previously, infection of mammalian cells with T. cruzi
increases TSP-1 expression and TSP-1 binding to parasite Calr
on the surface of the trypanosome increases infectivity (Johnson
et al., 2012). Interestingly, TSP-1 itself is transcriptionally
induced by YAP/TAZ signaling (Shen et al., 2018; Boopathy
and Hong, 2019). Exosomes derived from stiff matrices are
enriched in TSP-1 and secreted in a YAP-dependent manner,
which drives motility and invasiveness of breast cancer cells in a
FAK and metalloproteinase manner, although these observations
were associated with increased, not decreased, focal adhesions
(Patwardhan et al., 2021). Given the importance of
mechanotransduction and ECM stiffness in glaucoma (Last
et al., 2011; Raghunathan et al., 2013; Powell et al., 2022), the
roles of TSP-1 and signaling through its Calr-binding sequence
warrant further investigation.

Thrombospondin-1 Regulation by Endoplasmic
Reticulum Stress
Elevated TGF-β levels and dexamethasone are known factors
in the pathogenesis of glaucoma (Flugel-Koch et al., 2004;
Kirwan et al, 2005b). Chronically increased ER stress due to
aging, oxidative stress, and glucocorticoid (dexamethasone)
treatment also plays a role in glaucoma (Peters et al., 2015). ER
stress also increases TSP-1 expression in pulmonary tissues
subjected to intermittent hypoxia and TSP-1 plays an
important role in cardiac hypertrophy-mediated autophagy
through the PERK-ATF4 pathway, where recombinant NTD,
and to a lesser extent the CTD, co-immunoprecipitated with
PERK (Shi et al., 2020; Vanhoutte et al., 2021). Interestingly,
TSP-1 is induced in hypertrophic hearts, as are ER stress
proteins including Calr: induction of Calr by hypertrophy is
attenuated in Thbs1 -/- mice, suggesting that TSP-1 can
regulate expression of Calr, consistent with our unpublished
studies (Vanhoutte et al., 2021). Recent studies show that TSP-
1 also upregulates ER stress via increasing the ATF6-CHOP
axis in renal tubular epithelial cells under high glucose
conditions (Yue and Du, 2022): unfortunately, neither the
active domain of TSP-1 nor the expression of Calr was
investigated in these studies. Nonetheless, possible links
between TSP-1 signaling and ER stress in glaucoma would
be interesting to investigate.

Thrombospondin-1 Co-Receptors Calr/
LRP1 in Glaucoma
Little is known about regulation of the TSP-1 co-receptors,
Calr and LRP1, in glaucoma. Calr expression and its
localization to the cell surface are increased in ER stress. In

a fraction of glaucoma cases in which patients express myocilin
with mutations that affect protein folding, aggregation, and
retention in the ER [juvenile open-angle, ~4% of adult onset
primary open-angle (Kwon et al., 2009)], mutant myocilin
engages pro-glaucoma alterations in cell adhesion and
signaling and autophagy (Stone et al., 1997; Liu and
Vollrath, 2004; Yan et al., 2020; Sharma and Grover, 2021).
The Calr/calnexin chaperones bind to mutant myocilin:
chemical chaperones reduce mutant myocilin-Calr binding
and reduce ER stress induced cell death (Liu and Vollrath,
2004; Yam et al., 2007; Yan et al., 2020). As dexamethasone can
stimulate ER stress in glucocorticoid-induced glaucoma, it is
possible that cell surface Calr is also upregulated in this form of
glaucoma (Zode et al., 2014). Similarly, chronic conditions
associated with glaucoma, such as aging and oxidative stress
increase ER stress (Peters et al., 2015). Nonetheless, whether
ER stress induces expression of Calr on the cell surface of cells
important to TM, scleral, or LC remodeling, where it could
mediate signaling via TSP-1 ligation, remains unexplored.

There is evidence of extracellular release of Calr from on
cytotrophoblast cells under ER stress: given the role of
extracellular Calr in scarless wound repair, it would be
interesting to know if Calr is increased in the aqueous fluid
from glaucomatous TM (Pandya et al., 2020; Iwahashi et al.,
2021). Calr plays a role in mediating fibrotic TGF-β signaling
through ER-mediated calcium release and NFAT activation
and increased levels of Calr have been detected in the medial
layer of atherosclerotic rabbits, implicating ER and secreted
Calr in ECM remodeling (Gold et al., 2010; Van Duyn Graham
et al., 2010; Zimmerman et al., 2013; Owusu et al., 2018).

Similarly, there is little known about modulation of LRP1
activity (endocytosis, signaling) in glaucoma. As LRP1 is a
scavenger receptor that mediates endocytosis of TSP-1 and
also MMPs, it could play a role in regulating local levels of
these proteins. Furthermore, Calr and LRP1 act in concert to
signal clearance of apoptotic cells, independent of TSP-1 binding
to Calr, an activity that could mediate cellular clearance of
damaged TM cells to potentially increase aqueous outflow
(Ogden et al., 2001; Gardai et al., 2005; Obeid et al., 2007).
However, these TSP-1 independent roles have not been tested in
glaucoma and could be potentially important avenues of
investigation.

Localization of the N-Terminal Domain
Calr-Binding Sequence in the
Glaucomatous Milieu
It is possible that TSP-1 signaling through the NTD Calr-
binding sequence plays significant roles in glaucomatous ECM
remodeling. The NTD is susceptible to proteolysis by a variety
of enzymes, including ADAMTS1, neutrophil elastase, and
cathepsin G (Raugi et al., 1984; Rabhi-Sabile et al., 1996; Lee
et al., 2006). BMP-1 also cleaves TSP-1 and releases the
C-terminal region, which is associated with increased TGF-
β activity (Anastasi et al., 2020). Lee et al. (2006) reported the
presence of a TSP-1 fragment corresponding to the NTD, both
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in wound tissue and in wound fluids. The C-terminus
determines TSP-1 ECM localization, supporting the idea of
released soluble NTD (Adams et al., 2008). This is consistent
with our observations of the secreted hep I sequence both in
wound fluid and deposited into the wounds of mice with
engineered expression of the Calr-binding hep I sequence in
the model of the foreign body response described above
(Sweetwyne et al., 2010). In a situation of injury, one would
expect that the soluble fragment would be the predominant
form of TSP-1, although deposition into and release from the
provisional or early wound matrix remains a possibility. The
influence of “stiff” matrices as found in glaucomatous tissue
might also impact deposition and/or release of the TSP-1 NTD.

Thrombospondin-1/Calr/LRP1 Signaling
and Cross-Linked Actin Networks
Formation
Despite the role of the TSP-1 Calr binding sequence in
stimulating focal adhesion disassembly and re-organization of
actin-containing stress fibers, a possible role for TSP-1 in either
mediating or antagonizing cross-linked actin networks (CLAN)
formation in glaucomatous cells is unknown. The αvβ3 integrin is
critical for CLAN formation and fibronectin fibrillogenesis,
associated with increased cellular contractility, increased
intraocular pressure, and increased TGF-β2 signaling (Filla
et al., 2006; Filla et al., 2009; Filla et al., 2011; Filla et al.,
2021). Interestingly, the TSP-1 Calr binding sequence activates
many of the same pathways (PI3K, ERK, FAK) associated with
integrin signaling; however, TSP-1 induces dissociation of α-
actinin and vinculin from focal adhesions leading to dissociation
of actin stress fibers from focal adhesions without dissociation of
αvβ3 integrin clusters, paxillin, or talin (Murphy-Ullrich and
Hook, 1989; Greenwood and Murphy-Ullrich, 1998). In the
glaucomatous TM, stiffer ECMs are associated with increased
stress fibers and CLAN formation: although TSP-1 signaling

through Calr/LRP1 can increase collagen matrix, potentially
leading to a stiffer ECM, this could be counteracted by
induction of focal adhesion disassembly and loss of organized
stress fibers that would decrease contractility. It is possible that
short-term signaling through TSP-1/Calr/LRP1 would decrease
CLAN formation due to focal adhesion disassembly, but support
long-term increased CLAN formation due to a denser
collagen ECM.

DISCUSSION: GAPS AND OPPORTUNITIES

Here we have focused specifically on the roles of the TSP-1/Calr
binding sequence and its signaling in concert with LRP1 in
regulating focal adhesion disassembly and cell motility,
promotion of cell survival under de-adhesive conditions, and
collagen matrix assembly. The importance of these TSP-1
functions in TM, LC, and scleral remodeling in glaucoma has
been largely unexplored. It is not clear whether these functions
might contribute to the pathogenesis of glaucoma through
stimulation of cell migration, cell persistence, and collagen
deposition (Figure 3). The ability of the TSP-1/Calr/LRP1 axis
to promote collagen ECM assembly suggests ECM stiffness might
be increased via this pathway, which could increase pathologic
remodeling. However, the disruption of focal adhesion
connections to actin-containing stress fibers suggests that TSP-
1/Calr/LRP1 signaling would decrease cellular contractility and
be protective against glaucoma. Increased cell survival and
persistence of ECM-producing cells in response to injury is
associated with fibrotic remodeling, suggesting that TSP-1
induced anoikis resistance might increase survival of fibrosis
promoting cells, especially during migration (Thannickal and
Horowitz, 2006). Alternately, TM cell loss is characteristic of
glaucoma and TSP-1 promotion of cell survival might be
protective. Some think that TM cell loss is partially due to TM
cell migration out of the outflow tract to the Schlemm’s canal

FIGURE 3 | Possible roles of TSP-1/Calr/LRP1 signaling in glaucoma. The four major functions ascribed to TSP-1 signaling through the Calr/LRP1 receptor co-
complex and their cellular effects are designated. Potential beneficial or pathologic effects of these activities in glaucoma cell responses to injury and ECM remodeling are
indicated.
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lumen after injury, which potentially could be exacerbated by
TSP-1 signaling through Calr/LRP1 (Calthorpe et al., 1991; Hogg
et al., 1995; Zhou et al., 1999; Hogg et al., 2000). On the other
hand, TSP-1 signaling could attract stem cells to sites of injury or
surgical intervention and enhance repair (Kelley et al., 2009; Yun
et al., 2016).

Only direct studies in vitro and in relevant animal models
can address these questions. If data suggest that TSP-1
signaling through this pathway is deleterious, one could
deliver an antagonist peptide of the Calr TSP-1 binding
sequence (CRT19.36) (Sweetwyne et al., 2010). Alternately,
the hep I peptide (aa 17–35) could be used to mimic and
augment any beneficial TSP-1 effects. Similar approaches
using intraocular delivery of collagen mimetic peptides to
repair retinal ganglion cells have been shown to have
benefit in rodent models (McGrady et al., 2021; Ribeiro
et al., 2022).
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A Novel Technique Identifies
Valve-Like Pathways Entering and
Exiting Schlemm’s Canal in Macaca
nemestrina Primates With Similarities
to Human Pathways
Elizabeth A. Martin1* and Murray A. Johnstone2

1Department of Ophthalmology, Indiana University School of Medicine, Indianapolis, IN, United States, 2Department of
Ophthalmology, University of Washington School of Medicine, Seattle, WA, United States

Purpose: The aim of the study was 1) to describe a novel combination of techniques that
permit immunohistochemistry imaging of Schlemm’s canal inlet (SIV) and outlet (SOV)
valve-like structures, 2) to identify tissue-level SIV adhesive relationships linking the
trabecular meshwork (TM) to hinged collagen leaflets at the Schlemm’s canal (SC)
external wall, and 3) to determine whether the SIV lumen wall’s adhesive vascular
markers are similar to those of the SC inner wall endothelium.

Materials and Methods: Anterior segments of 16 M. nemestrina primates underwent
immunohistochemistry (IHC) labeling. We perfused fluorescent microspheres into 12 of the
eyes. Limbal tissues were divided into quadrants, viscoelastic introduced into SC, tissues
fixed, immunohistochemistry performed, radial segments cut, tissues clarified, and
confocal microscopy performed. Finally, we generated ImageJ 3D projections
encompassing the TM, SC, and distal pathways.

Results: IHC imaging identified 3D relationships between SIV, collector channel ostia,
collector channels (CC), SOV, and intrascleral channels. Imaging depth increased 176.9%,
following clarification (p < 0.0001). Imaging demonstrated CD31, collagen type 1 and 4 in
the walls of the SIV lumen and more distal pathways. In eight eyes, 384 segments were
examined, 447 SIV identified, and 15.4% contained microspheres.

Conclusion: Our technique’s imaging depth permitted the identification of SIV linkage
between the TM and SOV.We found comparable cell–cell adhesion molecules (CD31) and
basement membrane components in the SC inner wall and SIV lumen walls. Recent OCT
studies have suggested that SIV tensional relationships may control CC entrance
dimensions that regulate distal resistance. Cellular adhesive properties sustain SIV
tensional relationships. These SIV cell–cell and cell-basement membrane properties
warrant further study because abnormalities could be a factor in the IOP elevation of
glaucoma.

Keywords: cell adhesive mechanism, intraocular pressure (IOP), aqueous outflow and resistance, aqueous valves,
glaucoma, trabecular meshwork (TM), pulsatile aqueous outflow, cell junctions
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INTRODUCTION

Glaucoma is the second leading cause of blindness, estimated to
affect 60 million people worldwide (Quigley and Broman, 2006).
Intraocular pressure (IOP) is the only modifiable risk factor for
glaucoma (Broman et al., 2008; Coleman and Miglior, 2008). The
balance of aqueous humor production and outflow determines
IOP, and active regulation resides in the outflow side of the
system. The conventional aqueous humor outflow pathway
begins at the trabecular meshwork (TM) and then aqueous
humor enters Schlemm’s canal (SC), followed by the entry
into collector channels (CCs), leading to episcleral veins.

The TM contributes to outflow resistance, but it is not the only
region controlling resistance in the outflow system. Our glaucoma
patients demonstrate this point because if TMwas the only source
of resistance, a surgical goniotomy would be the definitive
treatment for glaucoma (Grover et al., 2018). Unfortunately,
SC-directed minimally invasive glaucoma surgery (MIGS)
procedures sometimes fail, requiring a more complex
assessment of resistance distal to the TM.

The TM attaches anteriorly to the Schwalbe’s line and
posteriorly to the scleral spur and the ciliary body. The force
of IOP causes the TM to move outward into SC, causing it to
assume a distended configuration (Johnstone and Grant, 1973;
Grierson and Lee, 1975). The IOP forces the TM outward into SC,
but the counterbalancing force of ciliary body tension and
elastance properties of the TM lamellae prevent collapse into
SC. The balanced forces thus serve to optimally position the TM
in three-dimensional (3D) space between the anterior chamber
and the canal (Kaufman and Bárány, 1976; Rohen et al., 1981;
Lütjen-Drecoll et al., 1988).

Tissue and Cell–Cell Adhesive
Relationships in the Outflow System
Studies in living primates exposed to physiologic pressures
demonstrate that cytoplasmic processes link the TM lamellae,
the juxtacanalicular region, and SC inner wall endothelium
together (Johnstone and Grant, 1973; Grierson and Lee, 1974;
Grierson and Lee, 1975; Grierson et al., 1978; Johnstone, 1979).
Similarly, cellular elements are present distal to the TM. SC inlet
valve-like structures (SIV) arise from the SC endothelium in a
funnel-like configuration and then merge into a cylindrical tube-
like region that attaches to the SC outer wall (Johnstone, 1974;
Johnstone et al., 2021). The cylindrical tube-like structure and its
dual attachment, from the internal wall to the external wall of SC,
becomes a functional valve-like system with relevant properties
documented in prior reports of humans and non-human
primates (Johnstone, 1974; Johnstone, 2004; Hariri et al., 2014;
Johnstone et al., 2022).

The SIV attachments link the SC inner wall and its attached
trabecular lamellae to hinged flaps at CC entrances (Johnstone,
1974; Smit and Johnstone, 2002; Johnstone, 2004; Hariri et al.,
2014; Xin et al., 2021). The hinged flaps adjacent to CC are a
component of septa, which are oriented circumferentially along
the SC external wall. The septa form the boundary between the SC
lumen and a more distal circumferentially oriented deep vascular

plexus (CDSP) adjacent to SC (Hariri et al., 2014; Johnstone et al.,
2016; Xin et al., 2016; Xin et al., 2017).

The hinged CC flaps respond to pressure changes and act as
SC outlet valve-like structures (SOV) (Hariri et al., 2014). The SIV
provide connections between the TM and SOV, resulting in
synchronous movement of the structures (Xin et al., 2017).
When the TM responds to IOP changes, the adhesive
attachments of the SIV at the tissue and cellular level can
open and close the CC entrances (Hariri et al., 2014; Xin
et al., 2016). The pressure-dependent tissue responses of these
outflow pathways demonstrate the importance of exploring distal
attachment mechanisms. MIGS procedures also require
knowledge of distal resistance to optimize surgical decisions,
making an improved understanding essential to optimal
glaucoma patient care (Richter and Coleman, 2016).

Extracellular and Cellular Adhesive
Mechanisms
Cellular–extracellular adhesions are possible pressure sensors
with a potential role in glaucoma, and integrin adhesive
junctions are the subject of intensive study (Filla et al., 2019).
During pressure-dependent extracellular matrix stretching, there
is potential to disrupt binding between fibronectin and α5β1
integrin. The disruption can alter signaling and change the 3D
architecture of the extracellular matrix (Faralli et al., 2019).

Cell–cell adhesion mechanisms are also highly relevant to
resolving pressure-related problems in glaucoma (Webber et al.,
2018). SCE tight junctions are well-characterized and contain
abundant VE-cadherin and components of adherens junctions;
occluding and gap junction formations require such junctional
components (Wallez and Huber, 2008). The endothelial cell–cell
attachment, PECAM (CD31), is another crucial multifunctional
adhesive and signaling molecule (Newman and Newman, 2003),
one involved in defining SCE as a vascular endothelium (Stamer
et al., 1998). The endothelial walls of the lumen of the SIV
spanning SC and their ability to control SOV depend on the
maintenance of optimized cell–cell adhesive attachments, so
establishing their composition is essential.

Schlemm’s Canal Dilation and Clarification:
Crucial Factors in Assessing Distal Outflow
Mechanisms
Dilation of SC is essential for assessing adhesive relationships
between the TM, SIV, and SOV. Canal dilation can be reliably
carried out by three techniques: 1) reversal of pressure gradients
in living primates followed by in vivo fixation (Johnstone and
Grant, 1973), 2) viscoelastic injection followed by fixation (Smit
and Johnstone, 2002), and 3) continuous infusion of BSS into SC
in fresh tissue during OCT imaging (Hariri et al., 2014).
Immunohistochemistry (IHC) used to characterize adhesive
constituents involves confocal microscopy (CFM), a technique
with a small field of view and a limited depth of field. Thin tissue
sections are often necessary because light scattering markedly
limits the ability of CFM to sample weakly emitting labels used in
IHC (Elliott, 2020). However, SIV geometric relationships and
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cell–cell adhesive molecule assessments require regional 3D
volumetric imaging.

Because limbal tissues are dense and opaque, light entering
and passing through specimens becomes scattered, reflected,
refracted, and absorbed. These factors reduce the intensity of
laser light and decrease the optical quality as increased
penetration into the tissue is attempted (Zucker et al., 1999).
Investigators report several techniques for increasing tissue
transparency to attain a greater imaging depth. Agents include
FocusClear, Scale, glycerol (Hama et al., 2011), and benzyl
alcohol–benzyl benzoate (BABB) (Gard, 1993). Studies have
not systematically compared the practicality of using these
agents in terms of rapidity of clarification, retention of the
IHC label, transmission properties, tissue shrinkage, and cost.

Study Goals
The purpose of this report was to describe tools that permit the
study of relationships and constituent properties of outflow
structures distal to the TM. Relationships dependent on the
adhesive properties of the cellular components are of
particular interest. Specific aims to study relationships include
combining the use of four techniques: 1) SC dilation with
viscoelastic, 2) clarification of the tissues for enhanced depth
of confocal imaging, 3) use of the cellular adhesion and basement
membrane molecule labels, CD31, collagen type 1 (Col Type 1),
and collagen type 4 (Col Type 4) to assess structural relationships,
composition, and connections of pathways distal to the TM, and
4) introduction of fluorescent tracers to assess the SIV lumen
patency and ability to transfer the fluid from the juxtacanalicular
region to SC and distal channels. Our goal was to determine
whether the development of this combination of techniques will
provide an approach for future more comprehensive studies of
cell–cell and cell–ECM adhesive mechanisms in the tissues distal
to the TM.

MATERIALS AND METHODS

Bilateral anterior segments of 16M. nemestrina primate eyes (two
for clarification studies, and 14 for microsphere perfusion) were
obtained. At necropsy, while still in vivo, the 12 o’clock limbal
position was marked with tissue dye to ensure identification of
individual quadrant orientation. We obtained the anterior
segments after a team did hemisection in the necropsy room.
Immediately after enucleation, the conjunctiva was removed, the
eyes were bisected in the anterior–posterior plane, and the
vitreous was removed with cellulose sponges, leaving the
crystalline lens intact.

Perfusion
The anterior segment was mounted on an organ culture perfusion
device, and a 30-g needle connected to PE 60 tubing was inserted
into the anterior chamber (AC). The other end of the cannula was
connected to a reservoir that provided initial control of IOP so
that later insertion of a larger needle did not excessively deform
the globe. The firm eye then permitted the insertion of two 23-
gauge needles. A fitting in the perfusion device led to the posterior

chamber, which was connected to another reservoir. The anterior
and posterior chambers were initially set to equal pressures of
24 mmHg. We perfused fluorescent microspheres (FMS) into the
anterior chamber by setting one reservoir 1 mm above and the
other 1 mm below the 24 mm mean pressure.

The reservoir relationships permitted the maintenance of
mean pressures approximating 24 mmHg while at the same
time permitting microsphere perfusion into the chamber. We
performed preliminary perfusions with various sizes of 0.02%
concentration of carboxylate-modified microspheres
(FluoSpheres™). Sphere sizes perfused were as follows: 15, 10,
8, 5, 2, 1µm, 500, and 200 nm. These preliminary studies
demonstrated that 1 μm and 500 nm MS provided optimal
filling of outflow system structures where FMS were found in
the TM, SIV, and distal outflow structures. Final perfusions were
with 1 µm (n = 5) or 500 nmMS (n = 3) for 25 min at a mean IOP
of 24 mmHg.

Preparation for Immunohistochemistry
Once the microsphere perfusion was complete, the anterior
segment was removed from the perfusion apparatus, the lens
was extracted, and the anterior segment was divided into four
labeled quadrants. Each quadrant was trimmed to include a 3-
mm long wedge centered on the limbus. The tips of 31 g needles
pinned the quadrants onto the surface of a layer of paraffin in
phosphate buffer-containing Petri dishes to provide stability for
further dissection. Quadrant stability permitted controlled, gentle
removal of the ciliary body and iris using forceps and Westcott
scissors. Special care was taken to cut the ciliary body–TM
connections to avoid stripping away the regions of the TM
normally attached to the ciliary body.

Viscoelastic Dilation of Schlemm’s Canal
and Segment Preparation
PE 60 tubing was heated and pulled to a small diameter, creating
infusion cannulas with an outside diameter of 150 µm. The
cannulas were inspected to ensure an open end and a steep
taper to provide occlusion of the canal at the insertion site. Next,
viscoelastic was mixed with 1% toluidine blue solution to make a
0.1% toluidine blue viscoelastic mixture. Tinted viscoelastic (VE)
was then loaded in a 3cc syringe, and the proximal end of the PE
60 tubing (diameter ID 0.76 mm × OD 1.22 mm) was attached to
the syringe, with the distal end tapered to 0.150 mm OD.

The distal end of the VE cannula was attached to a
micromanipulator clamped onto a ring stand. When visualizing
the cannula under the dissecting microscope, the micromanipulator
was used to insert the VE cannula into SC far enough to occlude the
canal opening and prevent VE reflux. Gentle, steady pressure was
applied to the VE cannula to introduce tinted VE into SC. Under the
dissecting microscope, it was possible to track the progressive
movement of tinted VE along the length of SC. Occasionally,
progression of VE along the canal stopped but was restored by
manipulating the cannula angle. After SC VE dilation, the quadrants
were fixed in 4% paraformaldehyde for 16 h. Each quadrant was
then returned to a Petri dish containing a base layer of paraffin and
an overlying layer of a phosphate buffer solution.
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Radial cuts were made in each quadrant to create
approximately 500-µm thick segments. We initiated clockwise
labeling of the segments as cuts were made to maintain relative
orientation. We then prescreened the segments under the
dissecting microscope and discarded those with a torn TM,
damage to SC by the cannula, or an inadequately dilated SC.

An essential adjunct for screening involved placing the
segments against a black background provided by an
underlying black tape in the Petri dish. We then shined
oblique light on the cornea. The illumination setup allows
light to travel from the cornea through the limbal tissue,
resulting in the SIV acting as a light pipe. The setup causes
the otherwise semitransparent, diaphanous appearance to
become readily visible against the background. The widely
dilated canal and lighting arrangement permitted recognition
of structural features and relationships distal to the TM,
including the transparent SIV, CC, hinged flaps, septa, and
the circumferential intrascleral channels. Segments deemed
suitable at the dissecting microscope were further screened
with a fluorescence microscope for the effectiveness of
immunohistochemistry labeling. All adequately labeled
segments with a dilated SC, radial orientation, and freedom
from disruption during preparation were included.

Immunohistochemistry
Segments were placed in a 24-well microplate and labeled with
the following primary antibodies: CD31 (mouse antihuman
CD31, endothelial cell; DAKO #M0823), Col Type 1 (rabbit
anticollagen type 1 pAb; Calbiochem, #234167), and Col type 4
(rabbit antihuman collagen type 4; Chemicon #AB748)
Table 1. Segments were also labeled with DAPI (stains
dsDNA; Life Technologies, #D1306). The segments were
first placed in PBS with sodium azide 0.02% and washed
three times for 10 min on an oscillating platform. Next,
segments were placed in 1% glycine for 1 h and then
washed in PBS three times for 10 min. The segments were
then placed in a blocking solution composed of 5% donkey
serum secondary host, 1% BSA, and 0.3% Triton X-100 for 1 h.
Two additional rinses were carried out with 1% BSA, 5%
donkey serum, and PBS and then incubated in primary
antibody for 48 h. After incubation, the segments were
rinsed seven times for 5 min and then placed in secondary
antibody for 2 h. Following secondary antibody incubation,
segments were rinsed seven times for 5 min each and then
placed in DAPI for 30 min. Finally, samples were rinsed three
times for 5 min each. All primary and secondary antibody
protocols were optimized with a dilution matrix, and
secondary controls were performed.

Imaging
After IHC was completed, but prior to clarification, each
sample was loaded into our laboratory-designed chambers
with multiple chamber heights. Height was chosen so that
our free-floating samples did not move. Imaging was
performed using a Zeiss LSM 510 META system using a
×20 dry objective and appropriate filter sets. The confocal
microscopy fluorescence signal was optimized at the surface of
each segment, an image was captured, and the initial confocal
depth was recorded. Next, we scrolled through the segment to
find the maximum confocal depth where an image of
acceptable quality remained attainable. Acceptable quality
was determined by the microscopist and defined as
fluorescence easily distinguishable in the image with
minimal noise in the background. The image was then
captured, and the depth was recorded. After clarification,
the segment was taken back to confocal imaging to repeat
the protocol.

Clarification
Determination of a practical clearing agent first involved
dehydration and then immersion in one of the three agents: 1)
glycerol with the immersion of segments in either of three
concentrations, 50, 70, or 100%, using PBS as the diluent; 2)
SCALE with three different protocols: a) segment immersion in
Scale A2-4 Murea, 10% glycerol, and 0.1% Triton X-100, b)
segment immersion in Scale-U2-4 Murea, 30% glycerol, and
0.1% Triton-X-100, and c) pulse/accelerated scale protocol,
Scale A2 × 2 days, ScaleB4 (8 Murea, and 0.1%Triton-X-100)
× 2 days, then back to Scale A2; and 3) immersion in a 1:2 ratio of
benzyl alcohol–benzyl benzoate (BABB). After evaluation, BABB
was chosen for further studies.

Once preclarification confocal imaging was complete, the
segments were clarified using a two-step protocol consisting
first of dehydration and second clarification. In the
dehydration step, the samples were incubated in 30% ethanol
for 15 min, moving progressively to 50, 70, 80, and 96%, each for
15 min. Finally, the segments were placed in 100% ethanol twice
for 20 min.

After dehydration, segments were placed in a 1:2 ratio of
BABB. The segments were then reimaged, first at the specimen
surface and second at the maximum depth that provided a
complete image—the reimaging permitted assessment of
improvements in label detection post clarification. Segments
had to be continually immersed in BABB for the entire
experimental interval to remain optically clear. Standard
ImageJ protocols optimized confocal image stacks and created
3D projections.

TABLE 1 | Antibody grid.

Primary antibody Dilution Secondary antibody Dilution

CD31, mouse antihuman CD31, endothelial cell; DAKO #M0823 1:20 Alexa Fluor 647 1:200
Collagen type I (rabbit anticollagen type 1 pAb; calbiochem, #234167) 1:40 Alexa Fluor 555 1:200
Collagen type IV (rabbit antihuman collagen type IV; chemicon #AB748) 1:20 Alexa Fluor 555 1:200
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Statistical Analysis
Descriptive statistics calculated the mean and standard deviations
(mean ± SDs). Significant differences were analyzed using a
paired two-tailed t-test. p < 0.05 was considered to be
statistically significant. Excel v16.55 was used for analysis.

RESULTS

Multiple Clarification
Techniques—Effectiveness Comparisons
Segments were stored in Eppendorf tubes in respective solutions
and maintained in a 4°C refrigerator. At 6 months, none of the

specimens in the glycerol or SCALE had cleared. Specimens in
BABB cleared within 1 day, and all the segments became
observably clear enough for evaluation.

Tissue Shrinkage Assessment With Benzyl
Alcohol–Benzyl Benzoate Clarification
Clarification-dependent segment dimension changes were
assessed by measuring 17 segments by light microscopy and
ImageJ. The cornea segments were measured just anterior to
the Schwalbe’s line. The mean segment width before clarification
was 999 ± 352 µm [Range (R) 454–1,484 µm], and after
clarification, it was 756 ± 234 µm (R- 338–1,177 µm). The

FIGURE 1 | Clarification increases fluorescence imaging depth. Comparison of pre- and post-clarification of confocal microscopy z-stack image depth, following
immunohistochemistry with merged channels of CD31 (red), Col type 4 (green), and DAPI (blue) (A,D). The surface of the segment is labeled with a Z-axis of 0 µm. Subtle
differences in composition noted in (A,D) are expected. We needed to position the segment in the well again after clarification. (B) Preclarification, the deepest practical
imaging depth with an identifiable outline of SC was at 56 μm. (C) Fluorescence was absent beyond 56 µm. (D) After clarification, the fluorescent image brightness
markedly improved. (E) Another image captured at B’s preclarification fluorescence depth limit is much brighter. Light passing along the lumen of SC permits retention of
CD31 and the Col type 4 signals outlining the entire lumen of SC. (F) Deepest Z-axis fluorescence viewing depth post clarification was 288 µm into the stack. DAPI
underwent marked signal attenuation as depth increased, whereas both the Col type 4 and CD31 signals appear undiminished. A Col type 4 signal is present within SC in
images (D,E). (G) Chart demonstrating the maximum imaged depth captured pre- and post-clarification. (H) Non-clarified and clarified segments compared with a light
microscope channel (Left Panel), light and fluorescence microscope channels (center panel), and CD31 channel only (right panel). After clarification, the actual tissue
becomes clear and transparent, which allows the fluorescent IHC label to be identified more clearly and deeply into the segment stack #38LSN10.
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average wedge width shrinkage at the corneal level was 242 ±
151 µm or 24.2% (p < 0.0001). The mean sclera segment width
was measured at the junction of ciliary body attachment to the
scleral spur. The mean scleral segment width before BABB was
733 ± 115 µm (R-506–948 µm), while after clarification, the mean
scleral segment width was 685 ± 107 µm (R-518–921 µm). The

change represents a decrease of 47.98 µm or 6.5% (p = 0.01). The
mean SC area for 11 segments before clarification was 35,294 ±
20,923 μm2 (R-9,544–81,422 μm2). After clarification, the SC area
was 29,423 ± 20,277 μm2 (R-7,462–79,247 μm2), representing a
decrease in the mean SC area of 5,871 ± 6,185 μm2 or 16.6%
(p = 0.01).

FIGURE 2 | Projections display Schlemm’s canal flap-like collagenous extensions at collector channels. (A–C) are 2D while (D–F) are 3D projections of a 129-µm
stack of merged CD31 (red) and Col type 1 (green) images. Viscodilation of Schlemm’s canal (SC), clarification, and deep stack projections characterize the organization
and relationships of tissues surrounding collector channels (CCs) and their ostia (CCO). Flap-like collagenous extensions (FLE) from the sclera wall protrude into SC. The
distal end of the FLE is not anchored, thus providing a hinged configuration. The FLE, CCO, and CC relationships are not easily conceptualized in the 2D images but
become evident in 3D projections. TM is a trabecular meshwork #39RST13.
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Imaging Depth Assessment With Benzyl
Alcohol–Benzyl Benzoate Clarification
Preclarification, the average imaging depth attained in the total of
18 BABB clarified segments was 94.7 ± 38.9 µm (R-
37.33–160.81 µm). Post clarification, the new average depth
was 218.2 ± 67.5 µm (R-105.75–334.2 µm). The average
increase in depth attained with clarification was 123.54 ±
82.95 µm or 176.9% (p < 0.0001), as illustrated in Figure 1.

Schlemm’s Canal and the Distal Outflow
Pathway Relationship Assessment After
Benzyl Alcohol–Benzyl Benzoate
Clarification
Confocal microscopy imaging depth increased after
clarification, providing a valuable increase in tissue
relationships while preserving the fluorescent IHC labels. The
increased imaging depth permitted regional 3D projections of
the TM, SC, and distal pathways. These 3D projections revealed
complex relationships. SIV were cylindrical structures spanning
SC that connected the SC inner wall endothelium and flap-like

collagenous septa at CC entrances. Some SIVs instead attached
directly to septa that divided SC from the CDSP. In Figure 2,
CD31 and Col type 1 labeling demonstrate a collector channel
ostium (CCO) and collector channel (CC) configuration at the
external wall involving a flap-like collagenous extension (FLE).
A circumferentially oriented intrascleral channel (ISC) was also
parallel but separated from the canal by a thin septum.

In Figure 3, a CCO has one wall of the ostia demarcated by a
flap-like extension (FLE) hinged to the sclera at one end and
unattached at the other. The flap or leaflet is free to move because
it is only connected at one end. The flap can respond to pressure-
dependent TM movement because of the TM-SIV-hinged flap
linkage. The merged confocal stack, imaged with native
fluorescence and a CD31 label, was 192 µm thick. At 28 µm
stack depth, a small CC entrance led to an appositionally
closed CCO, recognizable as a double-lined endothelial
structure (Figure 3A). At 62 µm stack depth, the CCO
connection to SC widened, and the CC was no longer
appositionally closed (Figure 3B). At 86 µm stack depth, the
CC separated from SC but remained open (Figure 3C). The
composite image of the stack revealed the funnel-shaped region of
an SIV attaching to a flap-like extension at a CCO (Figure 3D).

FIGURE 3 | Relationships of the trabecular meshwork and flap-like extensions at collector channels. (A–C) Merged confocal CD31 (red) and native fluorescence
(green) channel images demonstrate relationships of the trabecular meshwork (TM), Schlemm’s canal (SC), collector channels (CC), and flap-like extensions (FLE) at CC
ostia (CCO). Serial images demonstrate a funnel region (F) that becomes cylindrical, forming a SC inner wall valve-like structure (SIV) that attaches to a FLE at the SC
external wall. A CCO is visible and distal to the FLE, and a deep scleral plexus (CDSP) is seen. In (A,B), an SC area leading to an intrascleral channel (ISC) has two
individual endothelial cell layers in apposition (AP) consistent with a closed potential space. TM attachments to the scleral spur (SS) are visible (B,C). (D) 3D projection of
the 22 µm 2D region in (A–C) demonstrates the complex intrascleral vasculature of the SC and ISC connection #21L4-4.
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A confocal image projection in Figure 4 captures relationships
of the entire outflow system using vascular endothelial adhesive
(CD31) and collagen (Col type 4) labels. Structures captured
include the SIV arising from the SC inner wall and three
individual CC. The CC has lumen walls labeled with CD31,
the vascular endothelial marker, and are continuous with the
SC outer wall expressing the same endothelial label. Figure 4
projection also captures the convergence of three individual CC
lumen to enter a single, larger, and more distal radially oriented
vessel about 35 µm from the SC inner wall. Relationships between
SC, CCO, and CDSP are also apparent in Figures 5A–C labeled
with Col type 4 and CD31. Figures 5D–F are of the same CD31-
labeled tissue. The images trace SIV from the SC inner wall to a
CCO, CDSP, and more distal intrascleral channels, all luminal
components of a contiguous aqueous pathway. The SIV lumen
provides a continuous endothelial-lined pathway from the
juxtacanalicular region to the intrascleral channels.

Fluorescent Microsphere Perfusion and
Schlemm’s Canal Inlet Valve-Like
Structures Quantification
A preliminary study assessed the effect of the tracer size on the
ability to enter the TM and SIV. Fluorescent microspheres with

the diameters of 15, 10, and 8 µm were generally excluded from
entry into the TM and were absent in the SIV. Microspheres of
2, 1, 0.5, and 0.2 µm diameters were found in the SIV. Active
phagocytosis of 0.2 µm microspheres made interpretation of
results difficult. We found the optimal sphere diameter for
entry into the TM and SIV to be 1.0 and 0.5 µm. The two sizes
had a similarly complete entry into the TM, so we grouped data
from the two sizes for analysis.

The assessment of SIV distribution was limited to a subset of
data in which all four quadrants of eyes were available, as
summarized in the table as follows. There was a similar SIV
frequency in the superior (1.27/segment) vs. the inferior (1.24/
segment) hemispheres. However, the frequency of SIV-
containing microspheres was 9% in the superior and 18% in
the inferior hemispheres.

In addition to analyzing SIV distribution per quadrant in an
eye, as shown in Table 2, we also analyzed all eyes perfused
with microspheres, including those without all four quadrants
available. In this larger cohort, we analyzed 29 quadrants, in
which there were 384 segments. In this cohort, we identified
447 SIV providing an average of 1.16 SIV per segment. A total
of 447 SIVs were identified, and 69 or 15.4%, were found to
have spheres within them (Figure 6). Eye 26 and 46R had one
quadrant and two quadrants, respectively, available for the

FIGURE 4 | Clarification reveals Schlemm’s canal structure and collector channel relationships. (A) 112-µm thick confocal stack 3D projection of merged channels
of CD31 (red) and Col type 1 (green). Clarification permits the appreciation of complex connections of the trabecular meshwork (TM) and Schlemm’s canal (SC) inner wall
endothelium (SCE). SC inner wall valve-like structures (SIV) arise from SCE. The SIV attach to the SC external wall area (EXA) at collector channel ostia (CCO) that lead to
collector channels (CC). (B,C) Subset stack of (B) 48 µm and (C) 18 µm. CCOs at the external wall lead to three CC traversing the sclera that join a circumferentially
oriented intrascleral vessel. (A–D) SIV have a lumen apparent as voids in central sections of serial confocal image stacks (D) stack size is 42 µm. The SIV walls are labeled
with CD 31 and Col type 1-like SC inner wall and form a funnel (F) developing into a cylinder attached to the SC external wall confirmed with serial confocal stack images
#27L215.
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study because the other quadrants were used in unrelated
experiments.

Confocal microscopy of the clarified segments containing
microspheres helped characterize the complex SC cellular
relationships of SIV and SOV. In Figure 7/Supplementary
Video S1 and Figure 8, the endothelium lining the walls of
multiple SIV exhibit continuity with the SC inner wall
endothelium. The SIV and SC inner walls also exhibit
comparable CD31 vascular endothelial labeling. The SIV
traverse SC where their CD31-labeled endothelial cell walls
maintain continuity with cells of the external wall. Fluorescent
microspheres lie directly adjacent to the SC inner wall
endothelium in Figures 7–10. If SC’s inner wall was
immobile, no microspheres would be expected to be found

against the SC’s external wall. However, when SC inner wall
endothelial cells distend in response to the pressure associated
with the introduction of microsphere-containing fluid, the
microspheres will necessarily enter the area of the cells
newly undergoing deformation.

The SIVs are extensively filled with microspheres that can be
traced from the juxtacanalicular region to the funnel-shaped SIV
origins, then to their cylindrical portion, and finally to CC and
distal intrascleral channels. Figure 9/Supplementary Video S2
demonstrates the complex distal outflow relationships at the SC
external wall where an SIV joins the region of a CCO, creating an
SC outlet valve-like arrangement, the SOV. Figure 10/
Supplementary Video S3 demonstrates another image of an
SIV attaching to the FLE, creating an SOV.

FIGURE 5 | Schlemm’s canal inner and outer wall connections—conduits lined by the endothelium and basement membrane labels in two different specimens.
(A–C)Merged CD31 (red) and Col type 4 (green) confocal images. Schlemm’s canal (SC), SC endothelium (SCE), collector channels (CCs), collector channel ostia (CCO),
and relationship to flap-like extensions (FLE) are apparent. The funnel-shaped structure (F) develops into a cylindrical configuration to create a SC inner wall valve-like
conduit (SIV) extending from SCE across SC to an FLE at a CCO. The FLE originates from the external wall sclera with a hinged arrangement forming one wall of a
CCO. Notably, the cylindrical structure spanning SC approaches the external wall at the location where the CCO forms. (D–F) New specimen with confocal projection,
following CD 31 labeling, outlines vascular conduits, including an SIV arising from SCE, to join collector channels passing to more distal intrascleral channels. (F)CC exits
SC and travels distally to join an intrascleral channel (ISC), which runs circumferentially. T is a localized artifactual disruption of SIV continuity. (A–C) #37LSN715; (D–F)
#20RIN8.
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DISCUSSION

We reported a combination of techniques enabling the study
of relationships of outflow system structures distal to the TM.
These techniques included SC dilation with a viscoelastic,
clarification of the tissues for enhanced depth of imaging, the
use of the cellular adhesion molecule and basement
membrane labels CD31, Col type 1, and Col type 4, and
the introduction of fluorescent tracers that enter the distal
outflow system through SIV. We found the combined
techniques permit the use of IHC to explore cell–cell and
cell–basement membrane properties of the SIV, SOV, their
connections, and distal outflow system anatomic
relationships, which is not amenable to study by
traditional means.

TABLE 2 | Per quadrant analysis (only quadrants with all four segments examined
were included in this analysis. Additional segments were imaged in the study
but not included in the quadrant breakdown) SC inlet valve-like structures (SIV).

Quadrant Segment SIV SIV w/microsphere

SN 74 92 10
IN 101 124 20
IT 96 120 24
ST 68 89 7
Total 339 425 61

Quadrant SIV/segment % of SIV w/microsphere

SN 1.24 10
IN 1.23 16
IT 1.25 20
ST 1.31 8
Average 1.25 ± 0.04 13.50 ± 5.50

FIGURE 6 | Schlemm’s canal inner wall valve-like structure frequency and microsphere presence. (A) Eight primate eyes were perfused with 1 and 500 nm
fluorescent microspheres. The entire circumference of each eye was divided into 250–500 µm segments. The total number of Schlemm’s canal (SC) inner wall valve-like
structures (SIV) in each segment and those containing microspheres were recorded. The mean number of the SIV/segment was 1.16 ± 0.38. (B) Light microscopy
demonstrates the distribution of 1-µm fluorescent (green) microspheres in each quadrant in one eye. (C) Chart demonstrates the percentage of SIV with
microspheres compared to the total documented SIV in the four eyes. (D) Pie chart shows the total SIV in each quadrant. The chart also shows those with microspheres
in the four eyes where 360° of the SC circumference was examined. The microsphere distribution in SIV was similar in each quadrant.
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Technique-Dependent Requirements for
Imaging of Schlemm’s Canal Inlet
Valve-Like Structures and Schlemm’s Canal
Outlet Valve-Like Structures
SC is not a pipe-like structure forming a straight-walled conduit.
Instead, many endothelial-lined SIV projects from the SC inner
wall and then spans between the TM and SC external wall,
creating a highly complex geometry. In eyes fixed in hypotony
or at positive pressure, the SC lumen is narrow (Grierson and Lee,
1975), and the SIV course circumferentially in the canal lumen
(Johnstone, 1974; Johnstone, 2004; Johnstone et al., 2021). The
circumferential orientation of the SIV results in requiring as
many as 70 radially oriented 1- µm serial histologic sections to
capture their entire length (Johnstone and Drance, 1984);

laborious 3D reconstructions of serial images are then
necessary to appreciate SIV structural properties and
relationships (Johnstone, 2004).

The circumferential orientation of the SIV in SC and the
configuration of attachments to the SOV are complex and not
amenable to capture with 2D images of thin confocal sections.
However, the dilation of SC causes the SIV to change from a
circumferential to a more radial orientation. Even then, a
montage of five of the lowest power electron micrographs is

FIGURE 7 | Fluorescent microspheres in Schlemm’s canal inner wall
valve-like structures. (A,B) Merged CD31 (red), DAPI (blue), and 500-nm
fluorescent microsphere (green) channels. (A) Stack size is 40 μm and (B) is
43 µm. Schlemm’s canal (SC) inner wall endothelium forms a valve-like
structure (SIV). The SIV arise from the SC inner wall endothelium (SCE) that
forms the outer wall of the trabecular meshwork (TM). The funnel-shaped
configuration extends into SC to form a cylindrical conduit attaching to the SC
external wall at collector channels (CCs). The TM is filled with fluorescent
microspheres. The microspheres fill the juxtacanalicular region with the SIV
and the SIV connections with intrascleral channels (ISC) Supplementary
Video S1 (A) #43LST12; (B) #43LIT4.

FIGURE 8 | Perfused fluorescent microspheres enter the trabecular
meshwork and a Schlemm’s canal inlet valve-like structure originating from
Schlemm’s canal endothelium. (A)Merged CD31 (red), DAPI (blue), and 1-µm
fluorescent microsphere (green) channels. The stack size is 60 µm.
Schlemm’s canal (SC) inner wall endothelium forms a valve-like structure (SIV)
oriented circumferentially in SC, permitting identification of a cross section
through its diameter; fluorescent microspheres fill the SIV lumen. (B) Merged
CD31 (red) and 1-µm fluorescent microsphere (green) channels. The stack
size is 84 µm. The funnel-shaped configuration (F) at an SIV entrance extends
into SC to form a cylindrical conduit attaching to structures arising from the SC
external wall. The SIV contains microspheres, which were mademore obvious
in the inset image. A collector channel (CC) and its ostia (CCO) are apparent.
Fluorescent microspheres are present in the trabecular meshwork (TM) in both
(A) and (B) (A) #29RIN8; (B) #29RSN7.
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necessary to encompass the 2D dimensions of the TM, SIV, and
SOV relationships (Johnstone, 2004). The aforementioned
considerations make the characterization of the SIV
impractical with traditional techniques.

Dilation of SC with viscoelastic prior to fixation was necessary
to visualize and characterize SC, SIV, and SOV structure,
composition, and relationship. Clarification with BABB
permitted achieving greater imaging depth while retaining
fluorescence properties. Combining SC dilation, clarification,
and deep confocal imaging provided a global view of
structural relationships not available with traditional
approaches. The imaging depth permitted IHC and fluorescent
microsphere labels to trace the path from the juxtacanalicular
region through the SIV to the CC and intrascleral channels.

CD31 labeling indicated that the SIV walls are composed of an
endothelial cell lining surrounding a lumen. Tracers demonstrate
that the SIV lumen can function as a conduit for flow from the
juxtacanalicular region to SC. The studies also demonstrated the
structural continuity and comparable labeling properties of the

SC inner wall endothelium, the SIV, their attachments to the SC
external wall, the walls of the CDSP, and the more radially
oriented intrascleral channels.

Correlation of Study Results With Findings
From Other Imaging Modalities
This study used IHC and tracers to identify SIV, SOV, and
CDSP and ascribed functional significance to the entities. Such
assertions require corroboration, which is available using
evidence from multiple domains. Direct observation and
manipulation in the operating room and at the dissecting
microscope in human eyes, including published peer-
reviewed video evidence, document the SIV anatomy, ability
to distend rapidly, recoil, and alter CCO dimensions
(Johnstone et al., 2021). The videos illustrated that
investigators can confirm the SIV, septa, hinged flaps at
SOV, and CDSP presence and behavior with human eyes
and a dissecting microscope. Such direct observations

FIGURE 9 | Fluorescent microspheres entering and exiting Schlemm’s canal inlet valve-like structures. (A)Merged CD31 (red), DAPI (blue), and 500 nm fluorescent
microsphere (green) channels. Two Schlemm’s canal (SC) valve-like structures (SIV) attach to the external wall of SC. The complex distal attachment creates a valve-like
structure at the SC outlet (SOV). (B–D)SameSOV structure rotated around the Y-axis. (E–F)Merged IHC channels add the Nomarski view to better show the structure of
the SIV and their attachments to the distal wall of SC Supplementary Video S2 #43LIT12.
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require no assumptions and verify that the structures and their
behavior are a physical reality of the natural world (Johnstone
et al., 2021).

The SIV funnel shape arises from and is continuous with the
SC inner wall endothelium and provides a continuous vascular
endothelial-lined conduit to SC, as is documented with light
microscopy (Shabo and Maxwell, 1972; Johnstone, 1974; Smit
and Johnstone, 2002; Johnstone, 2004), SEM (Smit and
Johnstone, 2002; Johnstone, 2004; Hariri et al., 2014;
Johnstone et al., 2016; Carreon et al., 2017), and TEM
(Johnstone, 2004). Red cell tracer studies demonstrated the
presence of a lumen capable of carrying aqueous by light
microscopy (Shabo and Maxwell, 1972; Johnstone, 1974;
Johnstone, 2004) and TEM (Johnstone, 2004). Our current
study using CD31 labeling further documents the composition

and continuity of the SC inner wall endothelium, with the SIV
walls and the presence of an SIV lumen.

An estimate of the number of SIV/mm was made using
218.2 µm, the mean sample depth of a radial section along the
circumferential length of SC. The total SC length sampled in 384
segments was 83,788.8 µm, in which 447 SIVs were found,
suggesting the presence of one SIV every 187.4 µm, or 5.33
SIV/mm. With this SIV frequency, a NH primate eye with an
SC circumference of 33 mm (Li et al., 2012) would be estimated to
have 175.89 SIV/eye. Assuming NH primates and humans have a
similar SIV distribution, a human with a 38 mm SC
circumference (Li et al., 2012) could be estimated to have
202.5 SIV/eye.

A prior study found 2 SIV/mm in primate eyes, consistent
with ~ 60 SIV in the entire circumference of the eye (Smit and

FIGURE 10 | Conduit connects the juxtacanalicular region to collector channel ostia and its hinged flap. Merged CD31 (red), DAPI (blue), and 1-µm fluorescent
microsphere (green) channels. (A) This 3D stack is 15 µm. A funnel-shaped region of the inner wall of Schlemm’s canal (SC) narrows to form an SC inlet valve-like
structure (SIV). The SIV spans across SC and attaches to a septum (S) (double arrows). This septum has an unattached edge at a CC. In the cross section, it appears as a
flap-like extension (FLE). The FLE is hinged at its scleral attachment. In this preparation, the open configuration of the collector channel ostia (CCO) provides
communication between SC, CCO, SIV distal opening, and a circumferential deep scleral plexus (CDSP). The hinged flap can open or close, enabling it to function as a
SC outlet valve. Green fluorescent microspheres (indented arrowheads) are at the SC internal wall, aggregate in the juxtacanalicular region, and are present in the SIV
lumen. (B–D) represent the boxed area indicated in (A). Serial non-stacked Z-axis images reveal that the SIV contains a continuous lumen extending from the
juxtacanalicular region (JCR) across SC, passing directly through a septum where a distal opening (DO) enters the region of a (CCO). Asterisk indicates an outline of
parallel endothelial cells on the undersurface of a septum. TM—trabecular meshwork and (F)—funnel-shaped region Supplementary Video S3 #40RIT13.
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Johnstone, 2002). Our study found 5.33 SIV/mm or about 175.89
in the entire circumference of an eye. There is a marked difference
in the numbers, but imaging approaches differ. SIV can extend
long distances circumferentially within SC. Our study may have
been better able to detect the presence of SIV, but CFM
microscopy depth limitations reduce the ability to ensure
complete sampling of SC regions. In the prior study, we had a
global view of millimeter long regions of SC compared to the
218 µm of our study. In the current study, we may have
inadvertently counted the same SIV in two different segments,
resulting in an overestimate of the SIV frequency.

Previous tracer studies in living primates involved red blood
cells refluxed into SIV when EVP was raised above IOP. Pressure
reversal resulted in primate red blood cells entering the SIV distal
lumen and refluxing as far as the funnel region (Johnstone, 1974;

Johnstone, 2004). Red blood cells introduced into the anterior
chamber were found by light and transmission electron
microscopy to fill SIV funnel entrances, passed through the
cylindrical lumen, and reached as far as the SIV attachment to
the SC external wall (Johnstone, 2004).

Our study identified fluorescent microspheres in 15% of the
SIV. The microspheres in some segments filled the entire SIV
funnel region, much of the cylindrical area, their contiguous CCO
entrances, and more distal intrascleral channels. However, the
lack of more frequent filling warrants an explanation, which is
discussed under limitations.

Recent studies with high-resolution OCT (HR-OCT) have
documented the presence of SIV. Funnel-shaped regions are seen
that arise from SCE that then narrows to form a cylindrical or
tubular conduit with a lumen to form the SIV. HR-OCT further

FIGURE 11 | Depiction of the trabecular meshwork, Schlemm’s canal, and valve-like structure’s pressure-dependent relationships. Images (A,D,G) depict
intraocular pressure (IOP) below a homeostatic setpoint, (B,E,H) at the setpoint, and (C,F,I) above the setpoint. In this provisional model, aqueous passes through the
trabecular meshwork (TM) to the juxtacanalicular region (JCR) and then flows through Schlemm’s canal (SC) inlet valves (SIV) into the SC lumen at collector channel
entrances or ostia (CCO) present at the SC external wall (EW). An SC outlet valve (SOV) consists of a mobile flap-like septum between SC and a circumferentially
oriented deep intrascleral vascular plexus (CDSP). The SOV act as mobile flaps or leaflets at CCO. SIV connections to the TM provide a mechanism for pressure-
dependent TM motion to control CCO dimensions. The SIV are oriented circumferentially in SC so that an intraocular pressure (IOP) increase that forces the TM into SC
pulls the SOV open. The central column (B,E,H) depicts an IOP of 16 mm Hg as the optimal setpoint. An IOP of 14, below the setpoint, closes the CCO and SOV, while
an IOP of 18more widely opens them, providing amechanical IOP-dependent control mechanism. The proposedmodel is based on verifiable evidence of SIV, SOV, and
their motion in human eyes. However, the proposed regulatory mechanism is provisional, and its premises are subject to modification or rejection as new evidence
emerges Supplementary Video S4.
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demonstrates that the SIV cross the canal and connect to SC
external wall-hinged flaps at CCO and septa (Hariri et al., 2014;
Xin et al., 2016; Xin et al., 2021). HR-OCT shows that septa form
hinged flaps at CC that, together with CDSP, form an outer wall
valve-like arrangement (SOV) at CCO, as illustrated in Figure 11/
Supplementary Video S4.

The cylindrical SIV also undergo substantial elongation and
shortening in milliseconds as SC dimensions change in response
to changing pressure gradients (Hariri et al., 2014). The hinged
flaps or leaflets attached to the SIV are mobile, move
synchronously with the TM, and respond to pressure changes
in milliseconds (Hariri et al., 2014). Mobility of the septa results
in rapid pressure-dependent opening and closing of CDSP.
Microvascular casts with clarification further demonstrated the
CDSP adjacent to SC (Carreon et al., 2017; Johnstone et al., 2021).
There may be two subsets of SIV, one that connects directly to
hinged flaps at CCO and a second that attaches only to septa. The
subset issue requires further study because some SIV have a
lumen that passes directly through septa to the CDSP region. The
arrangement results in the lack of appearance of a flap at CCO
(Figure 10/Supplementary Video S4). The constellation of
evidence from multiple sources corroborates and provides a
framework for interpreting the current study’s findings.

Adhesive Relationship Implications of
Immunohistochemistry Findings
Rapid, substantial changes in axial dimensions of the SIV require
the individual cells composing the cylindrically shaped walls to
undergo substantial shortening and elongation in milliseconds in
response to pressure gradient changes. The rapid large
deformations in the SIV require robust cell–cell adhesive
junctions. Otherwise, the cell walls of the SIV lumen would
experience structural failure and separate. The SC inner wall
endothelium and SIV are subjected to different tensional forces.
Adhesion molecule distribution and the density can vary
substantially within a vasculature. Potential variations in the
adhesion molecule and cytoskeletal properties between the
SCIW endothelium and SIV are relevant because SIVs link the
TM and SOV. The currently described techniques allow exploring
adhesion complexes in the structures distal to SC under changing
pressure conditions.

The TM maintains connections to the SOV-hinged flaps
through the cytoskeleton and junctional adhesion properties of
the SIV. In studying resistance mechanisms, the SIV conduit
configuration and their connections provide a means of
controlling resistance at SOV. SIV connections make their
tissue and cellular adhesive properties relevant in explaining
normal outflow resistance. The functional behavior of the SC
inner wall endothelium, cell walls of the SIV, and adhesive
connections to the SOV are all dependent on optimized
cellular adhesive mechanisms that may become abnormal in
glaucoma (Webber et al., 2018).

Our current study supports the proposal that the balanced
IOP-TM/ciliary body forces result in a unified proximal and distal
outflow system maintained in a prestressed, tensionally
integrated configuration by IOP. The concept posits that every

cellular element experiences IOP-induced stress. The stress
results in the strain that induces cell deformation. The linked
IOP stress and resultant cellular strain convey instantaneous
pressure information to the cell cytoplasm and nucleus. This
massively parallel 3D information processing network can serve
to inform cellular processes that use mechanotransduction
mechanisms to maintain optimized cell adhesive properties
(Johnstone et al., 2021).

Schlemm’s Canal Outflow Resistance
System
With the use of fluorescent tracers, we found the SIV and SOV to
be coupled in a way that provides a continuous endothelial-lined
pathway for aqueous flow. TM–SIV–SOV connections permit
optimized TM elastance to maintain the septa and related SOV
apparatus poised in a configuration that responds to mean
pressures and oscillatory pressure gradient changes (Rohen
et al., 1981; Johnstone et al., 2021).

The aqueous outflow system may have dual pump-conduit
functions like the lymphatics. The linear motion of the TM can
serve to induce pulsatile flow by changing SC pressure gradients.
In addition, the linear pressure-dependent motion of the TM flow
can control CDSP dimensions where Poiseuille’s law governs
flow. The arrangement may permit the unified system to serve as
a fluidic control system acting as an on–off switch, a fluid
amplifier, or a fluidic logic gate with analogies in other
circulatory systems. Of interest, the intrascleral CDSP loops
have properties suggestive of the ability to act like Tesla valves
responsive to oscillatory pulsations (Nguyen et al., 2021).

There are several ways the SIV, SOV/CDSP arrangement may
function as a fluidic control system to regulate aqueous flow distal
to the TM. This SC outflow resistance system, or SCORS, may
provide an effective IOP regulatory mechanism, but additional
work is necessary to clarify the details of control mechanisms.
Resistance in the distal system at the level of the SIV and the
CDSP may explain why EVP pressure levels are not achieved and
why elevated IOP issues are not always resolved after MIGS
surgeries that target the TM (Parikh et al., 2016).

Limitations
Our tissue has acquired postmortem in primates of various ages
and therefore likely health stages at the discretion of our primate
center necropsy schedule. Because of this, we have no pre-existing
eye examinations or intraocular pressure data. These
confounding factors could have affected our study results.
Before death, we had no role in animal care and did not
administer any glaucoma-related drugs.

Our study has all the limitations of other ex vivo tracer studies
with an absence of ciliary body tone, normal EVP, or ocular
pulsations. Future studies can be carried out using in vivo fixation
of NH primate eyes to circumvent the limitation. Our current
study found 5.33 SIV/mm compared with 2.0 SIV/mm in a prior
study (Smit and Johnstone, 2002). The prior study was specifically
looking at tissue changes and results of viscocanalostomy. The
techniques of the study may have destroyed structures within SC
and thus may not be directly comparable to our current study. In
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addition, SIV can be oriented to span as far as 70 µm
circumferentially within SC. Our technique did not provide
the global view of the entire canal length afforded by the prior
study (Smit and Johnstone, 2002). This study may have
inadvertently double-counted some SIV present in more than
one segment. Further studies are warranted to improve the
frequency estimate.

Identification of only 15% of SIV with microspheres may also
result from study limitations. EVP, ciliary body tone, and
pulsatile flow are all likely to be determinates of normal SIV
filling but are absent in our study. Moreover, we left the
crystalline lens and ciliary muscle intact in our preparation.
The internal portion of our organ culture apparatus pressed
against the base of the ciliary body, while the external portion
compressed the sclera. The ciliary muscle may shift forward,
tending to move the scleral spur anteriorly and inward, resulting
in closure or collapse of the canal. We set our perfusion at
24 mmHg, above normal physiologic pressure to try and
encourage microsphere flow through the outflow system. In
future studies, it would be valuable to assess microsphere
passage using normal physiologic pressure. After perfusion, we
dilate SC with viscoelastic, so our IHC would not provide
information about the configuration at the time of perfusion.
Future studies will explore how the organ culture system affects
SC dimensions. Also, BABB was used to clarify the tissue, which
we showed to cause some tissue shrinkage and may alter the
dimensions and relationships of SC in our study.

After perfusion and prior to tissue fixation, we manually dilated
the canal with viscoelastic, causing a reversal of transtrabecular
pressure gradients, which is not typical of our habitual position.
However, during physiologic activities such as gymnastics and yoga,
SC fills with blood, and studies demonstrate that it undergoes
configuration changes similar to what we achieved with
viscoelastics (Weinreb et al., 1984; Friberg et al., 1987).

SUMMARY AND FUTURE DIRECTIONS

As previously mentioned, we highlighted SC dilation,
clarification, confocal microscopy, IHC, and fluorescent tracer
techniques to visualize the TM, SC, SIV, CC, CCO, and CDSP in a
minimally invasive manner that avoids separation of the inner
and outer SC walls. The combination of techniques allows us to
characterize the properties of individual structures, their
connections, and their interdependence.

The juxtacanalicular region of the TM has long been portrayed as
the location regulating IOP in normal subjects and the cause of
dysregulation in glaucoma. Our study supports recent evidence that
direct conduit-like pathways distal to the TM change dimensions in
response to pressure are tensionally integrated, experience
synchronous motion, and can provide a role in resistance
regulation. Future studies applying these imaging techniques in
human tissue are warranted. Future studies focusing on the distal
outflow system tissue, cell–cell, and cell–ECM adhesive mechanisms
may improve our fundamental understanding of resistance issues,
enabling advances in targeted glaucoma treatment.
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Arvcf Dependent Adherens Junction
Stability is Required to Prevent
Age-Related Cortical Cataracts
Jessica B. Martin1, Kenneth Herman1, Nathalie S. Houssin1, Wade Rich2, Matthew A. Reilly 2,3

and Timothy F. Plageman Jr. 1*

1College of Optometry, The Ohio State University, Columbus, OH, United States, 2Department of Biomedical Engineering,
College of Engineering, The Ohio State University, Columbus, OH, United States, 3Department of Ophthalmology and Visual
Science, College of Medicine, The Ohio State University, Columbus, OH, United States

The etiology of age-related cortical cataracts is not well understood but is speculated to be
related to alterations in cell adhesion and/or the changing mechanical stresses occurring in the
lens with time. The role of cell adhesion in maintaining lens transparency with age is difficult to
assess because of the developmental and physiological roles that well-characterized adhesion
proteins have in the lens. This report demonstrates that Arvcf, a member of the p120-catenin
subfamily of catenins that bind to the juxtamembrane domain of cadherins, is an essential fiber
cell protein that preserves lens transparency with age in mice. Nomajor developmental defects
are observed in the absence of Arvcf, however, cortical cataracts emerge in all animals
examined older than 6-months of age. While opacities are not obvious in young animals,
histological anomalies are observed in lenses at 4-weeks that include fiber cell separations,
regions of hexagonal lattice disorganization, and absence of immunolabeled membranes.
Compression analysis of whole lenses also revealed that Arvcf is required for their normal
biomechanical properties. Immunofluorescent labeling of control and Arvcf-deficient lens fiber
cells revealed a reduction in membrane localization of N-cadherin, β-catenin, and αN-catenin.
Furthermore, super-resolution imaging demonstrated that the reduction in protein membrane
localization is correlated with smaller cadherin nanoclusters. Additional characterization of lens
fiber cell morphology with electron microscopy and high resolution fluorescent imaging also
showed that the cellular protrusions of fiber cells are abnormally elongated with a reduction and
disorganization of cadherin complex protein localization. Together, these data demonstrate that
Arvcf is required to maintain transparency with age by mediating the stability of the N-cadherin
protein complex in adherens junctions.

Keywords: ARVCF, lens, fiber cell, adherens junction, N-cadherin, catenin, nanocluster, age-dependent cortical
cataracts

INTRODUCTION

The ability of the lens of the eye to focus a clear image on the retina depends on its transparency and
refractive properties. Age-related pathologies that affect this function are extremely common and
result from opacities that can occur in the center or nucleus of the lens (nuclear cataracts) and within
its outer margins or cortical region (cortical cataracts) (Beebe et al., 2010; Khairallah et al., 2015).
While age-related nuclear cataracts are caused by an accumulation of misfolded, chemically modified
and aggregated proteins that eventually overwhelm the lens’ physiological protective mechanisms to
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preserve transparency (Truscott and Friedrich, 2019), the etiology
of cortical cataracts is less understood. The bulk of the lens mass is
made up of extremely long arched lens fiber cells that extend from
the posterior end of the lens to its anterior margin where they
meet a cap of relatively flat lens epithelial cells (Bassnett et al.,
2011; Cvekl and Ashery-Padan, 2014). Cortical cataracts are
typified by an initial disruption to the structure of localized
groups of fiber cells near the lens equator which lie behind the
iris and are difficult to clinically detect. These disruptions are
characterized by opacities coincident with cellular breaks, folds,
and localized swelling, accumulations of intracellular
membranous vesicles, calcium ion deposition, and are
generally thought to be more damaging to lens fiber cells than
what occurs during age-related nuclear cataracts (Vrensen and
Willekens, 1990; Brown et al., 1993;Michael et al., 2008). Vision is
negatively affected when the opacities radiate along the length of
lens fiber cells anteriorly and/or posteriorly and enter the light
path. Eventually, the region of opacities and cellular disruption
can extend beyond the cortical regions and into the lens nucleus
further eroding vision (Beebe et al., 2010). Although the cellular
disruptions occurring during cortical cataracts are well
documented, the initiating factors underlying these events are
not well understood.

Given that opacities begin in the cortical region of the lens,
this location is a logical place to investigate the etiology of
cortical cataracts. One of the morphological attributes of lens
fiber cells within this region is the presence of a number of
cellular protrusions that interlock with their neighbors. These
protrusions can be found along the entire length of the fiber
cells both within the broad bicellular membrane regions
(referred to as ball-and-socket protrusions) and at the
confluence of three cells (called interlocking protrusions).
Furthermore, the interlocking protrusions emanate from
larger, higher-order undulations of the cell membrane with
puzzle-piece-like structures called paddles (Blankenship et al.,
2007). All of these structures are largely absent from in the
outer-most fiber cells but have increased size and abundance
along cells found deeper within the lens cortex (Bassnett et al.,
2011). The interlocking nature of these structures suggests they
may provide mechanical rigidity that may resist lens
deformation. Supporting this notion is the presence of a
high density of protein complexes with adhesive function
within these protrusions. Connexin proteins, the subunits of
gap junctions, have adhesive ability and are concentrated
within in ball and socket protrusions (Biswas et al., 2010;
Wang et al., 2016; Hu et al., 2017). Similarly, Aquaporin-0
provides adhesiveness between cells and are concentrated in
interlocking protrusions (Gonen et al., 2004; Lo et al., 2014;
Varadaraj and Kumari, 2018). Mutations in these genes are well
known to be associated with cases of congenital nuclear
cataracts in humans and animal models and have significant
disruptions of the lens fiber cell protrusion structures (Shiels
and Bassnett, 1996; Berthoud et al., 2014; Lo et al., 2014; Wang
et al., 2016; Sun et al., 2021). Many of the adhesive proteins that
make up the adherens junctional complex such as N-cadherin,
β-catenin, α-N-catenin, and Nectin-3 are also abundant in fiber
cells but localization of cadherin complex proteins to

protrusion structures in adult fiber cells has not been
demonstrated (Maisel and Atreya, 1990; Bagchi et al., 2002;
Lachke et al., 2012). These proteins are all required for normal
lens development or viability. As such, they also commonly
have significantly disrupted lens fiber cells from an early age
which hinders progress on determining their role in
protrusions or in age-related cataracts (Abe et al., 2004;
Smith et al., 2005; Cain et al., 2008; Pontoriero et al., 2009;
Lachke et al., 2012; Logan C. M. et al., 2017).

Althoughmany cadherin-complex proteins have been analyzed, a
role for the catenins among the p120-catenin subfamily have not yet
been investigated in a mature lens. This class of catenins stabilizes
cadherin complexes by binding to a cytosolic domain distinct from β-
catenin/plakoglobin and plakophilin and modulates cytoskeletal
architecture through the regulation of GTPase activity
(Anastasiadis and Reynolds, 2001; McCrea and Park, 2007; Menke
and Giehl, 2012). The core members of this subfamily include p120-
catenin, Arvcf (Armadillo gene deleted in velocardiofacial syndrome),
δ-catenin, and p0071, all of which, except for p0071, have been
detected in mature lens tissue (Straub et al., 2003; Jun et al., 2012;
Maddala andRao, 2017). Conditional ablation of p120-catenin causes
abnormalities in the shape of the embryonic lens placode, but a later
role was not determined (Lang et al., 2014). Mutations in the δ-
catenin encoding gene are associated with cortical cataracts and high
myopia in the human population, however loss of function studies for
this gene in animal models have not yet been performed (Li et al.,
2011; Jun et al., 2012). The human ARVCF gene derives its name
from its location within the critical region missing in Velo-cardio-
facial-syndrome (VCFS), a chromosomal disorder missing a portion
of chromosome 22 (Shprintzen, 2008). A large majority of patients
with VCFS (~70%) have one of several types of ocular abnormalities
that include retinal tortuosity, small optic discs, refractive errors,
microphthalmia, and occasionally cortical cataracts. (Beemer et al.,
1986; Mansour et al., 1987; Abel and O’Leary, 1997; Casteels et al.,
2008; Gokturk et al., 2016; Allegrini et al., 2017). However, an analysis
of the eyes of Arvcf deficient mice has not occurred.

In this study, the function of Arvcf was analyzed in the
mouse lens for the first time. It was observed that Arvcf is the
most widely expressed member of the p120-catenin subfamily
within the lens and Arvcf-deficient lenses develop age-related
cortical cataracts. To investigate what may lead to a loss of
transparency, conventional fluorescent- and high-resolution
confocal-microscopy were performed on lens tissue. A
significant reduction in N-cadherin, β-catenin, and α-N-
catenin localization to bicellular, lens fiber membranes
occurs in the absence of Arvcf. Collectively, the data
described herein demonstrate that the stabilization of the
cadherin complex within adherens junctions is essential for
maintaining the transparency of the lens with age.

RESULTS

Arvcf is an Abundant Catenin Expressed in
Lens Fiber Cells
Because the catenins of p120-catenin subfamily play a key role
in cell adhesion but have not been investigated in the adult
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lens, the localization of p120-catenin, Arvcf and δ-catenin
were examined. Immunolabeling histological cryosections of
juvenile mouse lenses (P7) revealed that p120-catenin is
strongly localized to the cell membranes of the youngest
elongating lens fiber cells and the lens epithelium (Figures
1A–C). However, its expression appears greatly reduced in
lens fiber cells located immediately adjacent to the outermost
lens fiber cells (Figure 1D) and is almost undetectable among
deeper fiber cells (Figure 1E). In contrast, δ-catenin is barely
detectable in the lens epithelium and superficial lens fiber cells
(Figures 1F–H). δ-catenin is strongly localized to the
tricellular junctions of cortical lens fiber cells (Figures
1I,J). Relatively strong Arvcf signal is detected in the
bicellular junctions of both lens epithelial cells and lens
fiber cells (Figures 1K–O). Developmental expression of
Arvcf is also detected as early as E11.5 throughout the lens
vesicle cell membranes (Figure 1Q) and continues throughout
development. Strong localization along the length of primary
fiber cell lateral membranes at E12.5 (Figure 1R) and
secondary fiber cells at E17.5 is also observed (Figure 1S).

Cortical Cataracts and Alterations to Lens
Properties Occur in Aged ArvcfMutantMice
Given the strong expression of Arvcf in lens fiber cells it was
hypothesized that it may be important for lens development and/
or transparency. To test this, a mouse line harboring a targeted
allele of Arvcf (Arvcftm1e(EUCOMM)Wtsi) was acquired from a
commercial repository and analyzed. The allele was designed
such that it disrupts endogenous RNA splicing by the insertion of
a lacZ/neomycin cassette that is flanked by a splice acceptor and
termination sequence 5’ of the first coding exon common to all
known transcripts (Supplementary Figure S1A). Homozygous
mice with two copies of the allele were generated and are usually
morphologically indistinguishable from heterozygous or wild-
type littermates but are born at a reduced Mendelian frequency
(60/340 or 17.6% vs. the Mendelian 25%). The prevalence of
heterozygous (189/340 or 55.6 vs. 50%) and wild-type (91/340 or
26.8 vs. 25%) mice are both slightly increased from expectations.
The exception to a normal appearance was that some
homozygous mice (10/60 or 16.7%) were noticeably runted at
frequencies greater than heterozygous (6/189 or 3.2%) and wild-

FIGURE 1 | Lens expression of p120-catenin subfamily proteins. (A–O) Immunofluorescent labeling of equatorially cryosectioned juvenile mouse lenses (P7) using
antibodies specific for p120-catenin (A–E) δ-catenin (F–J), and Arvcf (K–O). (P) Diagram of a portion of the lens indicating the plane of section and approximate location
within the lens for (A–O). Expression within the lens epithelium (B,G,L), the outermost elongating lens fiber cells near the fulcrum (C,H,M), the outermost cortical lens fiber
cells within 50 microns of the surface (D,I,N), and lens fiber cells 100 microns from the surface (E,J,O) is depicted. Note that p120-catenin and Arvcf but not δ-
catenin are localized to the junctions of lens epithelial cells and that δ-catenin and Arvcf are much stronger than p120-catenin in lens fiber cells. Arvcf is also localized
strongly to bicellular lens fiber cell junctions while δ-catenin appears restricted to lens fiber cell tricellular junctions. (Q–S) Immunofluorescent labeling of transversely
cryosectioned mouse embryos at the indicated ages immunofluorescently labeled for Arvcf (red). Blue signal for all panels represents Hoechst labeling of nuclei. A Plan-
Apochromat ×40/1.3 Oil objective with wide-field fluorescent microscope was utilized. Scalebars = 25 microns.
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FIGURE 2 | Arvcf is required to maintain lens transparency, refraction, and biomechanical properties. (A–B) Images of the eye of 9 month-old mice with the
indicated genotypes. The inset is a magnified region of the pupil. Note the presence of an anterior polar cataract is visible in (B). (C–P) Representative images of lenses
placed on a dark background that were extracted from the eyes of mice with the indicated genotype. The asterisks mark regions of the superficial lens that remain
transparent, the arrowheads indicate regions of cortical spoking, and the arrows indicate additional regions of cortical opacity within the initially transparent and
expanding region. The number on the bottom of each image are the number of animals examined at each age. Note that when opacities were observed they were always
bilateral. (Q–S) Compilation of several overlaid images taken of a single representative lens with the paths of several beams of light from a He/Ne laser aimed at several
positions along the equatorial axis. Note that the approximate location of several focal lengths are visible and that the arrow denotes that Arvcf mutant lenses have a
visibly longer focal length. When aimed at a region of opacity, the beam of light is blocked (S). (T) Diagram of the laser beam light path positional groups used for
quantitation of the focal length measurements. Measurements from each colored region were grouped together. (U) The graph depicts the mean focal lengths and
standard error for laser beam paths that were calculated from all of the measurements taken frommultiple positions (indicated by the colored regions in (T)). The asterisk
indicates a statistically significant difference from the Arvcf+/+ measurements p < 0.05 (Arvcf+/+: n = 11, Arvcf+/-: n = 18, Arvcf −/−n = 6). Scalebar = 500microns. (V))
Representative stereomicroscope images of 60-day old mouse Arvcf+/+ (top) and Arvcf −/− (bottom) lenses taken through a 45° mirror unloaded (left) or loaded with 10
coverslips (right). (X) The graph depicts the mean strain in the axial (E) or equatorial dimension following the addition of 1–10 coverslips placed on the anterior pole. The
error bars represent the standard error and the asterisks denote data points that are significantly different than the control (p < 0.05). Note that the Arvcf −/− lenses do not
deform as readily as the control in both dimensions. (Y) Graphs of the axial (top) and equatorial (bottom) dimensions of control (left) and mutant lenses (right) before
coverslips were added (pre) and 2 min following their removal (post). Note that after this time period the lenses have not returned to their pre-load dimensions. Each black
line depicts the change between two time points of the same lens from a single experiment.
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type mice (2/91 or 2.2%). To determine if homozygous animals
were dying embryonically due to major developmental
disruptions, embryos were collected from timed matings at
E15.5. However, all embryos observed appeared
morphologically normal, were present in Mendelian ratios,
and their eyes and lenses appeared to have relatively normal
morphology (Supplementary Figures S1C–F). It is yet unclear
why these animals are underrepresented at birth but it could be a
result of matriphagy before pups are observed.

Cataracts were not observed in young adult mice, however,
aged mice developed noticeable opacities (Figures 2A,B). To
examine the progression of these opacities, lenses were extracted
from mice at increasing ages and imaged with a dark background
(Figures 2C–P). Lenses from control and homozygous mice were
completely transparent at 2 months of age (Figures 2C,D) but by
5 months, opacities were observed that appeared similar to
clinical observations of cortical spoking in cortical cataracts
(Figures 2E,F; Supplementary Figures S2A,B, arrowheads).
These opacities were not present in heterozygous or wild-type
littermate control animals (Figures 2E,G,I,K,M,O), the outer
most lens fiber cells (Figures 2F,H,J, asterisks), or initially within
the lens nucleus. This phenotype was observed bilaterally in 100%
of allArvcf−/− animals older than 6 months (n = 11). Interestingly,
the region of opacity at 5 months appeared more deeply at 6 and
8 months (Figures 2H,J). Assuming that the opaque regions
remain opaque, this observation suggests that the newly
differentiating cells added to the lens during growth remained
transparent. However this expanding outer region eventually
acquired cloudy areas (Figures 2J,L, arrows) and became
opaque by 12 months of age (Figure 2N). The nucleus also
appears translucent by 12 months and by 20 months the entire
lens appears completely white, has a ruptured lens capsule, and
appeared to lose volume (Figure 2P). Additionally, opacities in
the anterior pole were observed that overlap with suture lines by
6 months that became more prominent at 8 months and
sometimes appeared as a whorl pattern (Figures 2H,J,L,
Supplementary Figure S2C). To determine if the refractive
ability of the lens is disturbed with the loss of Arvcf, 6 month
old lenses were extracted and a Helium-Neon laser was aimed at
the lens parallel to the visual axis at varying equatorial intervals
(Figures 2Q,R). A composite image compiled from several
individual images allowed the observation that the focal length
appears longer in Arvcf−/− lenses vs. Arvcf+/+ littermates (Figures
2Q,R, arrow). These focal length changes occur outside of the
regions of opacity which tend to block the laser rather than refract
its light path (Figure 2S). To quantify these changes, at least six
lenses per genotype (Arvcf+/+, Arvcf+/-, and Arvcf−/−) from
different animals were used in the laser assay. The equatorial
position of laser penetration was grouped into four equidistant
regions along the lens radius and the focal length measured
among laser lines from each group (Figure 2T). The average
focal length was found to be significantly different when
comparing Arvcf+/+ and Arvcf−/− lenses only when the laser
was aimed in the region between 50 and 75% of the lens
radius (Figure 2U, Supplementary Figure S2F). To test
whether Arvcf has any deficiencies in its mechanical
properties, the dimensions of dissected lenses from control

and mutant animals were measured following a mechanical
load (Figures 22V–W). Upon successive placement of
coverslips onto the anterior pole of the lens similar to
previously published experiments (Cheng et al., 2016a), we
observed that Arvcf deficient lenses from ~60 day old animals
surprisingly resisted deformation more than control animals.
This was observed in both the axial and equatorial dimensions
and was statistically significant when greater loads were placed
upon the lenses (Figure 2X). Although the lenses appeared stiffer
in the mutant animals, no significant changes in the ability of the
lenses to return toward their original dimensions after the
mechanical load was removed for 2 min (known as tissue
resiliency) were observed (Figure 2Y). While not significantly
different, the axial and equatorial dimensions of mutant lenses,
on average, were closer to their preload values after removing the
mechanical load (axial −3.6%; equatorial +1.2%) versus the
control lenses (axial −4.8%; equatorial +2.1%). Together these
data demonstrate that the loss in transparency and refractive
changes is preceded by alterations to the biomechanical
properties of the lens. The stiffening of tissue may be a
reflection of cellular changes that occur before lens opacities in
cortical cataracts.

Disruptions in Fiber Cell Junctions and
Reduced Localization of Adherens Junction
Proteins Occur in the Absence of Arvcf
Protein
To ascertain what cellular abnormalities may underlie these
opacities, histological staining of 1 month old lenses was
performed. Wheat germ agglutinin (WGA) labeling revealed
that the outermost, superficial lens fiber cells of Arvcf−/−

animals are similar in size and periodicity to cells from
Arvcf+/+ animals and are arranged in a hexagonal lattice
(Figures 3A,B). However, breaks along radial fiber cell
junctions are often observed in Arvcf−/− lenses (Figure 3B,
arrowheads). Deeper cortical and nuclear lens fiber cells
showed significantly more disruptions to the hexagonal lattice
and shape of cells (Figures 3C–F). Large spaces between cell
membranes are often observed in Arvcf−/− but not Arvcf+/+ lenses
that appear to be irregularly sized fiber cells. It is unclear whether
these are due to fusion events of two or more cells or are
abnormally swollen, but they do appear to be cellular and not
intracellular space or histological artifacts as cytoplasmic αB-
crystallin labeling is localized to these regions (Supplementary
Figure S3A). Strikingly, these lenses already have signs of cellular
disorganization at a time point months before cortical opacities
are readily observed suggesting that these disruptions in cellular
architecture are not initially a source of opacity.

The cellular disruptions and opacities are likely due to the
absence of any detectable Arvcf expression in these animals. Both
RT-PCR and western blotting assays were unable to detect
expression of Arvcf RNA and protein from Arvcf homozygous
mutant whole eyes, lenses, and brain tissue of 21 day old mice
(Figures 3G,H, Supplementary Figures S3B–D). In addition,
Arvcf was not detected following immunofluorescent labeling of
histological sections of lenses from Arvcf−/− animals (Figures
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3I–M). Arvcf antibody labeling is strong along both the shorter
bicellular junctions, orientated along the equatorial radius
(radial), and longer bicellular junctions, orientated parallel
with the equator (circumferential), in Arvcf+/+ lens fiber cells
(Figure 3K). Localization of detectable protein to both junctions
is reduced in Arvcf+/- lens fiber cell junctions (Figure 3L) and
completely absent from those of Arvcf−/− lens fiber cells
(Figure 3M). Protein expression also appears absent from

Arvcf−/− embryonic lenses during development
(Supplementary Figures S1G–I). Measuring the
immunofluorescent intensity along the radial and
circumferential fiber cell junctions from Arvcf+/+ Arvcf+/-

Arvcf−/− lenses revealed significant decreases in junction
localization corresponding to gene dosage (Figure 3N).

Because of the potential for compensatory increased
expression of other p120-catenin subfamily members in the

FIGURE 3 | Loss of Arvcf protein leads to disrupted lens fiber cells and an increase in p120-catenin localization. (A–F) WGA immunolabeled (white) equatorial
cryosections of 30 day old mouse lenses from animals with the indicated genotype. Magnified images of the boxed region are found to the right within each panel. (C,D)
are images taken ~300 microns from the lens surface and (E,F) are from near the lens nucleus. The yellow arrowheads point to examples of fiber cells that are often
observed separated from each other in Arvcf −/− lenses and the asterisks depict regions where either the membrane is not stained or possibly missing. (G) RNA
isolated from the eye and brain of animals with the indicated genotype was subjected to RT-PCR using primers specific to Gapdh and exons 3 and 4 of Arvcf. Exon 4 is
predicted to be absent from the transcript due to the insertion of a polyadenylation signal site within intron 4–5. (H) An Arvcf-specific antibody was utilized on western
blots from control, heterozygous, and homozygous lens and brain lysates. Left: A band near the predicted size of the longest isoform of Arvcf (105 kDa) was detected in
the lens and the brain of lysates from control animals. Right: Western blots with the Arvcf antibody of lens lysates from each genotype above an image of the same gel with
its total protein stained. (I–L) Images of equatorial cryosections of juvenile mouse lenses (P7) from Arvcf+/+ (I,K), Arvcf +/- or Arvcf −/− (L) animals immunofluorescently co-
labeled for Arvcf (red) and nuclei (blue) (I) or Arvcf (red) and N-cadherin (green). (N) Fluorescent signal intensity was measured along the junctions labeled radial or
circumferential as depicted in the diagram. The graph represents the normalized mean intensity of Arvcf signal along each junction orientation. Asterisks and # symbols
represent a significant difference from the control group (p < 0.05). A Plan-Apochromat ×40/1.3 Oil objective with wide-field fluorescent microscope was utilized. The
scalebar is 25 μm.
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absence of Arvcf, the expression of δ-catenin and p120-catenin
were examined by immunofluroescent labeling mutant lenses.
Within 4-week old mice, the localization of δ-catenin appears
unaffected by the loss of Arvcf and maintains its tricellular
localization pattern (Figures 4A,B). However, the localization
of p120-catenin in both the radial and circumferential bicellular
junctions appeared more intense (Figures 4C,D). This is not due
to differential labeling between experiments and was observed in
multiple lenses (Supplementary Figure S3E, n = 4). Upon
measuring their intensities, the tricellular junction intensity of
δ-catenin does not significantly vary betweenArvcf+/+ vs.Arvcf−/−
(Figure 4E) but a significant increase in junctional p120-catenin
was observed (Figure 4F). These results suggest that
compensatory, feedback mechanisms may exist to regulate

p120-catenin expression and/or localization but not δ-catenin
in response to loss of Arvcf function.

The p120-catenin subfamily of catenins are known to bind to
the juxtamembrane domain of cadherins and thought to increase
the stability of adherens junctions. Histological cryosections were
prepared from 4-week old animals to visualize whether a
reduction in membrane localization of identified proteins in
lens fiber cells is observed in the absence of Arvcf (Figure 4).
N-cadherin localization to radial and circumferential junctions
appears reduced, particularly along the longer, circumferential
junctions (Figures 4G,H). Quantification of immunofluorescent
intensity confirmed this observation (Figure 4I). Interestingly,
the tricellular localization of N-cadherin appears retained
(Figure 4H), possibly because δ-catenin functions similarly to

FIGURE 4 | Arvcf is required for adherens junction protein membrane localization. (A–D) Equatorial cryosections of juvenile mouse lenses (P7) from Arvcf+/+ (A,C)
or Arvcf −/− (B,D) animals immunofluorescently labeled for δ-catenin (A–B) or p120-catenin (C–D). Magnified views of the lens fiber cells within ~50 μmof the lens surface
from (A–D) are displayed in the panels immediately to the right. (E–F) The graphs represent the mean and standard error of tricellular fluorescent intensity of δ-catenin (E)
or the bicellular junctional intensity of p120-catenin (F). The asterisks/# symbols represent statistically significant differences between the control and experimental
gropus (p < 0.05). (G–O) Equatorial cryosections of juvenile (P30) day old lenses from Arvcf+/+ (G,J,M) or Arvcf −/− (H,K,N)mice were immunofluorescently labeled with
antibodies specific for N-cadherin (G–H), β-catenin (J–K), and αN-catenin (M–N). Magnified views of the lens fiber cells within ~50 μmof the lens surface are depicted to
the right. The graphs in (I,L,O) represent the mean and standard error of junctional measurements taken as shown for Figure 3N. The asterisks/# symbols represents a
statistically significant difference from the control group (p < 0.05). A Plan-Apochromat ×40/1.3 Oil objective with wide-field fluorescent microscope was utilized.
Scalebar = 25 microns.
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Arvcf and is still present in Arvcf−/− lenses. Likewise, β-catenin
(Figures 4J–L) and α-N-catenin (Figures 4M–O) are also
reduced in the membranes of Arvcf−/− lens fiber cells to a
significant degree and appear retained in the tricellular
junctions. This result suggests their association with the
adherens junctional complex in lens fiber cells is at least
partially dependent on Arvcf.

Cadherin Nanoclusters are Reduced in Size
and Density in the Absence of Arvcf
The p120-catenin subfamily of catenins strengthen the cadherin
complex through facilitating the clustering of cadherin
monomers into structures called cadherin nanoclusters (Yap
et al., 1998; Ishiyama et al., 2010; Yap et al., 2015). These
nanoclusters have historically been referred to as spotty or

FIGURE 5 | Arvcf is required for organization of N-cadherin and β-catenin in pAJs. (A–B)Whole lens fiber cells immunofluorescently co-labeled for Arvcf (blue) and
N-cadherin (green). The squared region in A is the region magnified in panel (B). The arrows represent N-cadherin nanoclusters that appear to be overlapping with Arvcf
protein. Note that this is a common occurrence. (C–F) Whole lens fiber cells from Arvcf+/+ (C–D) or Arvcf −/− (E–F) mice immunofluorescently co-labeled for β-catenin
(blue) and N-cadherin (green) and imaged when focused on a z-plane within the bicellular membrane of two neighboring cells (C,E) or focused on a z-plane through
the cytoplasm of a single fiber cell ~1.8 μm from the membrane (D,F). Note that the cytoplasmic signal is relatively low in control but greater in the mutant lens fiber cells.
(G–J) Magnified regions outlined by the squared areas in (C–F) showing both the overlapping and individual signals. (K–P) Attributes including the density (K,N), total
area coverage (L,O), and individual size (M,P) of N-cadherin (K–M) and β-catenin (N–P) puncta were quantified from immunofluorescently labeled Arvcf+/+ and Arvcf −/−

fiber cells and their means and standard error are depicted in the corresponding graphs. The asterisks symbols represents a statistically significant difference from the
control group (p < 0.05). A Plan-Apochromat ×63/1.40 oil objective was utilized with a Zeiss Airyscan equipped microscope. All scalebars represent 2 microns.
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punctate adherens junctions (pAJs) and are observed in lens fiber
cells with electron microscopy (Lo, 1988; Niessen and Gottardi,
2008). Recent super-resolution, light microscopy studies have
demonstrated that cadherin nanoclusters vary in size and range in
diameter from approximately 50–60 nm at the smallest
organizational size to as large as 1–2 microns (Yap et al.,
2015). Utilizing high-resolution microscopy (Airyscan) to
image the broader, circumferentially orientated junctions
following immunolabeling of cortical lens fiber cells,
demonstrated that Arvcf signal appears as puncta that are
often in close association with N-cadherin puncta and appear
approximately ~150 nm in size (Figures 5A,B, white arrows).
This supports a role for Arvcf in the stabilization of these
nanocluster structures. To determine if these structures are
affected by the loss of Arvcf, whole fiber cells dissected from
the cortical region of the lens from 1month old mice were imaged
following immunofluorescent labeling with N-cadherin and β-
catenin antibodies (Figures 5C–J). Upon focusing on a plane
parallel to the bicellular junctions of control lens fiber cells,
N-cadherin and β-catenin labeling appeared as discrete puncta
along the entire lateral membrane surface (Figures 5C,G). The
puncta appear reduced in intensity and are more diffuse in
appearance when observed at the level of the cytoplasm where
junctions are not present (Figures 5D,I), which may be indicative
of endocytosed (N-cadherin) or adherens junction dissociated (β-
catenin) protein. The contrast between the immunolabeling of
junctional and cytoplasmic regions is also well defined in the
z-stack projections (Figure C′ and D’). When imaging Arvcf-
deficient lens fiber cells the difference between the bicellular
junctional plane and cytoplasmic planes are difficult to discern
from each other in either the x-y or z projection planes possibly
because of destabilized cadherin leads to more cadherin
endocytosis and accumulation of N-cadherin/β-catenin within
the cytoplasm (Figures 5E,F,H,J). The size of the bicellular
junctional puncta in Arvcf-deficient lens fiber cells also appear
smaller (Figure 5E vs. Figure 5F). Quantifying the size and
density of the junctional puncta of lens fiber cells from each
phenotype revealed that while the density of individual puncta is
not significantly different (Figures 5K,N), the area of individual
N-cadherin and β-catenin puncta (Figures 5M,P) and the
percentage of the total area occupied by either N-cadherin
(Figure 5L) or β-catenin (Figure 5O) are significantly
reduced. Utilizing the average area of puncta and assuming
that the puncta are roughly circular, the calculated diameter of
N-cadherin puncta are approximately ~155 nm in diameter in
control cells and are reduced to ~124 nm in the absence of Arvcf.
These data suggest that Arvcf is required to maintain the size of
cadherin nanocluster complexes of lens fiber cell bicellular
membranes and may be indicative of a reduction in cell adhesion.

Lens Fiber Cell Morphology is Disrupted in
the Absence of Arvcf due to Reduced
Adherens Junction Proteins
In addition to their localization to bicellular junctions, high-resolution
imaging also revealed that Arvcf and N-cadherin are strongly
localized to the base of and along the lateral sides of the

interlocking protrusions (Figures 6A,B). Interestingly, the
observed signal appears largely absent from the broad sides of the
interlocking protrusions (Figure 6B, asterisks) suggesting that
cadherin-based junctional complexes are formed solely along the
protrusion margins. Strikingly, the normally intense and continuous
tricellular junctional signal of N-cadherin and β-catenin near the
protrusion bases of cortical lens fiber cells (Figure 6C) appears in an
intermittent pattern in the absence ofArvcf. (Figure 6D, arrowheads).
Furthermore, N-cadherin and β-catenin are rarely observed at the
margins of interlocking protrusions and no longer appear to delineate
their margins (Figure 6C vs. Figure 6D). Because this observation
could be due to the absence of protrusions, scanning electron
microscopy was performed on 1month-old lenses from control
and Arvcf deficient mice. While the Arvcf mutant lenses have an
abundance of interlocking protrusions that is similar to control lenses
in the absence of Arvcf (Figure 6E vs. Figure 6F), they are often
misshapen and elongated in several regions of varying depths
(Figures 6G,I,K vs. Figures 6H,J,L and Supplementary Figures
S4A,B). Furthermore, well-defined paddle structures are difficult to
distinguish unlike in control lenses (Figures 6E,K,M, asterisks).
Older, cataractous lenses display an exacerbated interlocking
protrusion phenotype and possess extremely long interlocking
protrusions that curl up within the spaces between fiber cells
(Figures 6M–O vs. Figures 6N–P). Therefore, the inability of
N-cadherin/β-catenin to define the protrusion boundaries is not
due to their absence but instead due to their extreme
mislocalization within them. To characterize this mislocalization,
super-resolution images of individual protrusions
immunofluorescently labeled with N-cadherin or β-catenin were
collected and processed for comparison between genotypes
(Figures 7A,B,G,H). Because individual protrusions from Arvcf
deficient lens fiber cells are difficult to identify from N-cadherin
or β-catenin localization alone (Figures 7B,H), co-labeling with
Aquaporin-0 was utilized to locate them (Supplementary Figure
S4C). The fluorescent intensity of every pixel from 10 to 16 aligned,
morphologically similar individual interlocking protrusion images
was quantified and compared with the pixels at the same position of
other images (Supplementary Figure S4C). The average pixel
intensity at each position was quantified and used to generate an
“average image” for each genotype (Figures 7C,D,I,J).When the fold
change at each pixel was determined and represented as a heat map
image it indicated that changes were greatest along the borders of the
protrusions (Figures 7E,K). Statistically significant differences were
also represented as a heat map and found at the protrusion apices
(Figures 7F,L) and along the lateral boarder (Figure 7L). Differences
in fluorescent intensity are also visualized with more conventional
line graphs (Figures 7M–P). Together these data demonstrate that
N-cadherin and β-catenin require Arvcf to localize to the margins of
interlocking protrusions.

DISCUSSION

Arvcf Deficient Lenses are a Model for
Age-dependent Cortical Cataracts
The development of age-related cortical cataracts and loss of
cadherin-associated proteins in fiber cell membranes observed in
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the absence of Arvcf is a significant finding because it demonstrates
that this type of cataract can be caused by a reduction in adherens
junction mediated adhesion. This information has not yet come to
light likely because loss of function analyses in mice focused on
proteins with adhesive function have severe lens defects or die
prematurely. Conditional ablation of N-cadherin, the dominant
cadherin in lens fiber cells, disrupts secondary lens fiber cell
elongation leading to a severely disorganized lens (Pontoriero
et al., 2009; Logan CM. et al., 2017; Logan C. M. et al., 2017).
Lens-specific removal of β-catenin similarly causes significant
disruptions to lens fiber cells during development (Cain et al.,
2008). It is possible that lens specific removal of other genes
encoding cadherin-complex proteins expressed in the lens fibers

such as α-N-catenin, p120-catenin, δ-catenin and/or afadin may
also cause age-related cortical cataracts however these
experiments have yet to be reported (Jun et al., 2012; Lachke
et al., 2012; Lang et al., 2014; Maddala and Rao, 2017).
Aquaporin-0 and Connexin 50 deficient mice also have lens
fiber cell adhesive function, but the cataracts that occur in these
models are nuclear, present at an early age, and are likely related
to ion and water transport functions of the proteins (White
et al., 1998; Shiels et al., 2001; Kumari et al., 2013; Hu et al.,
2017; Gu et al., 2019; Varadaraj and Kumari, 2019). Thus, the
Arvcf mutant model is ideal for determining what occurs
downstream of cell adhesion failure to cause opacities and
will be the subject of future investigation.

FIGURE 6 | Arvcf is required for lens fiber cell interlocking protrusion morphology. (A–B)Whole lens fiber cells immunofluorescently co-labeled for Arvcf (blue) and
N-cadherin (green). The box in A is magnified in (B). The asterisks mark interlocking protrusions with lateral margins that are enriched for both Arvcf and N-cadherin. A
Plan-Apochromatic CS2 ×100/1.4 oil objective was utilized with a Leica TCS SP8 STED equipped microscope. (C–D) Whole lens fiber cells immunofluorescently co-
labeled for β-catenin (blue) and N-cadherin (green). The box in C is magnified in (D). The arrowheads mark regions of discontinuous signal of both β-catenin and
N-cadherin in Arvcf −/− fiber cells (D). Also note that interlocking protrusions are not well defined by β-catenin and N-cadherin in Arvcf −/− fiber cells. A Plan-Apochromat
×63/1.40 oil objective was utilized with a Zeiss Airyscan equipped microscope. (E–P) SEM images of lens fiber cells from 1 month old (E–N) and 7 month old (M–P)
Arvcf+/+ and Arvcf −/− lenses located at the indicated depths from the lens surface. Note that while N-cadherin/β-catenin do not delineate interlocking protrusion borders,
they are still present in abundance but are often elongated and misshapen. Asterisks mark regions where the characteristic paddle structures appear missing. Lens fiber
cells in (M–N) are shaded to view morphology. Scalebars in (E–F) = 10 microns, (G–P) = 1 micron.
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p120-Catenin May Genetically Compensate
for Arvcf
Arvcf does not appear to be a required component of adherens
junctions during secondary lens fiber cell differentiation at the
embryonic or even at young adult stages due to the absence of an
embryonic phenotype and transparency of the lens within
superficial fiber cells. This could be due to genetic
compensation from p120-catenin, which is the paralog with
the greatest sequence similarity to Arvcf and is expressed in
primary and secondary lens fiber cells during development (data
not shown) (Pieters et al., 2012). Because p120-catenin and Arvcf
function similarly, p120-catenin is likely sufficient for N-cadherin
retention within adherens junctions during development. The
upregulation of p120-catenin in fiber cells in the absence of Arvcf
may also suggest why opacity occurs in a specific region
(~100–150 microns from the surface). The outermost cells
where p120-catenin is highest may have sufficient stabilization
of the cadherin complex to maintain adhesive contact and
transparency. Because the p120-catenin upregulation appears
restricted to only the cortical region of the lens, it does not
explain why the central lens remains transparent. The
development of opacities may be related to age-related
changes in lens fiber cell mechanics where interfaces between
the stiffer, more central regions and comparatively softer lens
cortex may be subject natural breaks or slippage between regions
as has been previously proposed (Fisher, 1973; Pau, 2006; Michael
et al., 2008). The hydrostatic pressure gradient between central
and more peripheral lens fiber cells may also contribute to
mechanical environment differences and influence where
opacity occurs (Gao et al., 2011).

Requirement for Arvcf in the Organization of
Punctate Adherens Junctions in Juvenile
Lens Fiber Cells
The use of super-resolution fluorescent microscopy has also
enabled this study to probe the consequences of Arvcf
deficiency on pAJ organization in the junctions juvenile lens
fiber cells. With this technique we observed that the N-cadherin/
Arvcf-residing adherens junctions are organized in clusters that
are on the order of ~150 nm, making them smaller than and
distinct from larger microclusters found in places such as the
apical adherens junctional complex (Yap et al., 2015). Because
Airyscan imaging has a lower end resolution capability of
~140 nm, it is possible that these structures are a
concentration of smaller order nanoclusters which can be as
small as 50–60 nm in size (Quang et al., 2013; Huff, 2015; Wu
et al., 2015). Thus, the smaller structures we observe could be due
to fewer nanocluster subunits that fail to congregate together or
that they are simply smaller whole nanocluster subunits that
consist of fewer N-cadherin/β-catenin molecules. Nanoclusters of
cadherin molecules can form in the absence of adhesion and it
remains possible that some of these structures we observe are
non-adherent (Wu et al., 2015). However transmission electron
microscopy (TEM) has revealed that the spotty/pAJ of lens fiber
cells from several species appear to be approximately
~100–200 nm in size suggesting that these structures are
indeed adherent (Lo, 1988; Lo et al., 1997). These data also
support the possibility that the smaller nanoclusters we
observe are likely due to smaller adhesion sites rather than
fewer smaller nanoclusters. While the absence of Arvcf
appears to diminish the size of these nanoclusters it is

FIGURE 7 | Arvcf is required for N-cadherin/β-catenin localization within interlocking protrusions. (A–L) Representative individual images of similarly sized,
interlocking protrusions from Arvcf+/+ (A,G) and Arvcf −/− (B,H) lenses immunofluorescently labeled with N-cadherin (A–B) or β-catenin (G–H)were aligned and used to
measure the fluorescent intensity of each pixel. The mean intensity for each pixel was calculated and used to generate an artificial image that represents the average
signal intensity for N-cadherin (C–D) or β-catenin (I–J) in Arvcf+/+ (C,I) and Arvcf −/− (D,J) fiber cell interlocking protrusion. (E,K) represent an artificial image where
the fold change at each pixel position is indicated by a heatmap. Regions where Arvcf+/+ interlocking protrusions havemore signal than Arvcf −/− protrusions have warmer
(redder) colors and regions where differences are less pronounced have cooler colors (bluer). (F,L) represent an artificial image indicating where statistically significant
differences in pixel intensity are located. Note that the tips of interlocking protrusions have the greatest and statistically significant differences (p < 0.05). (M–P) The mean
intensity and standard error of pixels from individual interlocking protrusion images along the lines drawn parallel to the distal-proximal or left-right axes from each
experimental group are depicted in the graphs. Note the depressed N-cadherin and β-catenin intensity along both axes Arvcf −/− protrusions. All images were taken with
a Plan-Apochromat ×63/1.40 oil objective and a Zeiss Airyscan equipped microscope was utilized.

Frontiers in Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 84012911

Martin et al. Lens Specific Functions for Arvcf

255

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


important to note that they are still present. Given that the p120-
catenin can stabilize cadherins by binding to the juxtamembrane
domain and masking the endocytosis signal, it is unclear why
these cadherin nanoclusters persist in the absence of homologous
Arvcf (Xiao et al., 2005; Miyashita and Ozawa, 2007). It is possible
that Arvcf is necessary for some but not all N-cadherin retention
and that additional proteins that have previously been implicated
in protecting N-cadherin from endocytosis, such as β-catenin or
NMDAR, can serve this role (Tai et al., 2007; Chen and Tai,
2017).

Arvcf Dependent Morphology of Lens Fiber
Cell Interlocking Protrusions
Another consequence of Arvcf deficiency is the disruption of
N-cadherin and β-catenin localization within interlocking
protrusions of lens fiber cells. Along with distortions of their
shape and the abundance of Arvcf protein normally observed
suggest that Arvcf stabilization of adherens junctions is integral to
their function. These protrusions likely prevent fiber cells from
sliding past each other via their interlocking nature but also likely
provide stability through the creation of a large amount of surface
area for adherens junction protein complexes to reside as well.
Our observations of N-cadherin within the lateral domains of
interlocking protrusions stands in contrast to previously
published data where it appeared absent (Cheng et al., 2016b).
However, we observe a similar absence when individual lens fiber
cells have been pulled from their neighbors and imaged
individually (Supplementary Figure S4) and it is likely that
the cadherin complexes can be pulled out of the membrane
when dissected in this manner. While this occurs most of the
time, we have observed paired N-cadherin localization along the
protrusion membrane on occasion when fiber cells become
separated from each other (Supplementary Figure S4).
Furthermore, pAJ-like structures have also been observed via
TEM between interlocking protrusions and the pocket of
neighboring cells supporting the presence of N-cadherin (and
Arvcf) containing adherens junctional complexes in protrusion
membranes (Biswas et al., 2010; Biswas et al., 2016). Adherens
junction complex formation within these structures may also be
important for stabilizing the membrane to allow optimal function
for aquaporin-mediated water transport. Because water/ion
movements are extremely important for lens physiological
mechanisms that protect it from oxidative damage and
preserve transparency it is possible that Arvcf deficiency may
result in cortical cataracts via a disruption to these protective
mechanisms.

The lack of adhesion complexes within interlocking
protrusions may also be the reason for the disrupted
organization and shape of deeper cortical lens fiber cells. The
cellular separations we observed along the radial junctions may be
easily explained as a direct result of reduced adhesion and
therefore could be more prone to separation. The radial
regions may be particularly sensitive to this because it is where
the interlocking protrusions are concentrated. The abnormal
elongation of interlocking protrusions could also be a direct
effect of reduced adhesion. These lens structures have been

morphologically and molecularly compared to dendritic spines
of neurons (Frederikse et al., 2012) Reduced N-cadherin or α-N-
catenin function cause spine elongation due to reduced adhesion
(Togashi et al., 2002; Abe et al., 2004; Xie et al., 2008). Therefore
loss of Arvcf in lens fiber cells may mimic what occurs in the
absence of adhesion in neurons and cause remodeling of the
protrusion structures. Part of this mechanisms may include the
ability of members of the p120-catenin subfamily to regulate Rho-
GTPases and actin dynamics in many contexts including during
dendritic spine morphogenesis (Elia et al., 2006; Arikkath et al.,
2009). Elongation of interlocking protrusions in lens fiber cells
could therefore be due to an increase in actin polymerization that
is dependent or independent of reduced adhesion. Interestingly,
these elongation phenotypes, as well as the presence of swollen
fiber cells are similar to what is observed in Aquaporin-0 knock
out mice (Lo et al., 2014). The shared phenotypes could be due to
Aquaporin-0’s adhesive or water transport functions and
determining whether Aquaporin-0 function is related to Arvcf
is a worthy avenue of investigation.

Arvcf-dependent Biomechanical Properties
of the Lens
Although adhesion is likely reduced between lens fiber cells of
Arvcf deficient lenses, it is somewhat surprising that they are
stiffer. It is reasonable to speculate that if fiber cells have a
reduction in the protein complexes that adhere cells to one
another then the tissue may be predisposed to deform more.
However, the increased stiffness observed here in lenses from 60-
day old mice demonstrates that Arvcf-dependent adhesion alone
is not a major contributor to lens tissue stiffness at this age.
Similar to our results, lenses from 2.5 months- to 4 month-old
aquaporin-0 deficient mice have an increased capacity to resist
deformation (Kumari et al., 2015; Gu et al., 2019). It is possible
that the increase in stiffness for both models indicate a shared
mechanism, especially given the observations from this study and
others (Logan C. M. et al., 2017; Maddala and Rao, 2017).
Alternatively, increased stiffness in Arvcf deficient lenses may
also be related to the Rho-GTPase regulatory function of the
p120-catenin subfamily (Fang et al., 2004; Anastasiadis, 2007).
Loss of Arvcf may cause disrupt Rho-GTPase-dependent actin-
cytoskeleton regulation and cause a stabilizing network of F-actin
to polymerize. Intermediate filament and tropomodulin knock-
out mice have lenses with decreased stiffness (Fudge et al., 2011;
Gokhin et al., 2012) making it plausible that altering the actin
cytoskeleton may result in tissue stiffening. Identifying the
underlying mechanisms behind why the biomechanics of the
lens is altered in this mouse model may ultimately facilitate an
understanding of the etiology of age-related cortical cataracts.

Together, these data demonstrate that Arvcf is required to
maintain transparency with age through the stabilization of the
N-cadherin containing adherens junctions between lens fiber
cells. By serving as a model of age-dependent cortical
cataracts, further analysis of Arvcf-deficient mice has the
potential to provide new information on the development of
cortical cataracts with age. Furthermore, this study may indicate
that the stability of the adherens junctional complex could be a
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biomarker of the aging process that predisposes it for cataract
formation. It is speculated that loss/reduction of adherens
junctions between fiber cells may induce opacities by
disrupting ion and water transport, the architecture of the
cytoskeleton, and/or the biomechanical properties of the lens.

MATERIALS AND METHODS

Arvcf Mouse Model Generation and
Maintenance
The Arvcf targeted mouse line, Arvcftm1e(EUCOMM)Wtsi, was
purchased from the European Mouse Model Archive (EMMA
ID 04548). The line was generated from the insertion of a lacZ/
Neomycin cassette (L1L2_gt0) to generate an ES cell clone
(EUCOMM EPD0102_1_D06) which targeted the Arvcf locus
on chromosome 16 at position 18396535 between exons 3 and 4
of the longest Arvcf transcript (Supplementary Figure S1A). The
3′ loxP site was not preserved during targeting preventing this
allele from having conditional potential. Genotyping was
performed utilizing the cassette flanking primers 5′-GCTGAC
CTAACCATGGTTACG (for) and 5′-CAAGACAAGTCCATC
TGGACC (rev) and the targeting cassette residing primer 5′CAA
CGGGTTCTTCTGTTAGTCC (p3) to yield a 564 nucleotide
and/or a 430 nucleotide band in a 1% agarose gel with PCR
using Dream Taq (Thermofisher) and the following protocol:
95°C for 5 min (94°C for 30 s, 65°C for 45 s, 72°C for 45 s,
35cycles) 72°C for 60 s (Supplementary Figure S1B).

Laser Refraction Experiments
The refraction chamber was made from a clear acrylic box with a
¾” hole drilled in its side and a 1” disc of optical glass (Thorlabs:
WG11050) glued to the outside. The mouse lenses were placed
upon a pedestal made from a glass cloning cylinder and a piece of
plastic glued to the top creating a small hole for the lens to rest on
its equatorial side. A 0.8 mW, 632.8 nm helium/neon laser
(Thorlabs: HNLS008L) was mounted on a vertically
articulating platform and aimed through a Plano Convex Lens
(Thorlabs: LA1131) which focused the beam parallel to the light
axis of the mouse lens tissue. The chamber was flooded with
phosphate-buffered saline (PBS) mixed with a small amount of
powdered milk to increase the turbidity of the solution. Images of
no fewer than 6 lenses dissected from at least 5 different animals
and the surrounding media were taken following incremental
raising (13–17 increments) of the platform-mounted laser such
that the beam could be imaged across the equatorial plane of the
lens. Measurements of focal lengths and the position of the beam
within the lens were performed using Zen software (Zeiss).
ANOVA analysis was used to determine whether statistical
differences were observed between genotypes followed by post-
hoc t-tests.

RT-PCR and Western Blot Analysis
RNA was extracted from whole eyes and cerebellar brain tissue
using commercially available kits (RNeasy/Qiagen) and used to
prepare cDNA (Verso cDNA synthesis kit/Thermo Fisher). PCR
was performed utilizing Arvcf {5′-GCTGCTGGCACCCTGGTC

AT (for) and 5′-GTCTCAGTCCGCCGGGTTGTA (rev)} and
Gapdh {5′-CATCACTGCCACCCAGAAGACTG (for) and 5′-
ATGCCAGTGAGCTTCCCGTTCAG (rev)} specific primers,
Dream Taq (Thermofisher) and the following protocol: 95°C
for 5 min (94°C for 30 s, 60°C for 60 s, 72°C for 30 s, 39 cycles)
72°C for 60 s to yield a 364 (Arvcf) or 110 (Gapdh) basepair band
in a 1% agarose gel. Western blotting of lens or brain lysates was
performed by extracting protein from two lenses or 1 cerebellar
hemisphere per experimental group by first homogenizing the
tissue in 1 × PBS pH 7.0 100 mMEGTAwith an electric handheld
homogenizer for 2 min, centrifuged (30 min 17000 × g at 4°C) and
the pellet washed in homogenization buffer with 50 mMDTT and
recentrifuged for (15 min 17000 × g at 4°C). RIPA buffer (200 μl/
Pierce) mixed with 2 μl of protease inhibitors (HALT protease
inhibitor cocktail/Thermo Fisher) was used to resuspend the
pellet and incubated for 45 min at 4°C with gentle agitation.
The lysate was centrifuged again (15 min 17000 × g at 4°C) and
the lysate used in SDS-PAGE analysis using 12% precast TGX
Stain-Free polyacrylamide gels (Bio Rad) which allows for total
protein in the gel and/or blot to be visualized with UV light and is
more reliable than antibody-based housekeeping gene loading
controls (Rivero-Gutierrez et al., 2014). Arvcf (Bethyl
Laboratories, A303-310A) and β-catenin specific antibodies (1:
500, BD biosciences, BDB610153) were utilized at 1:1,000
dilution on blots and detected with HRP conjugated secondary
antibodies, Clarity ECL (Bio Rad) reagent, and a ChemiDoc
imager (Bio Rad).

Immunofluorescent Labeling and Imaging
Mouse embryo and lens tissue was fixed in 4% (embryos, whole
lenses) or 2% (dissected cortical lens fiber cells) paraformaldehyde.
For histological sections, tissue was embedded in OCT medium
(Tissue-Tek) following 15 and 30% sucrose infiltration and a cryostat
used to generate 10–20 μm sections. Dissected cortical lens fiber cells
were prepared in a manner similar previously published methods
(Cheng et al., 2016b). The staining protocols used were similar to
those previously described (Houssin et al., 2020). The following
primary antibodies were utilized followed by a combination of
Alexa Fluor secondary antibodies conjugated with 488, 568, 594,
or 647 fluorophores (Invitrogen). Antibodies: Arvcf (1:500 for
sections; 1:250 for whole lens fiber cells, Thermofisher, PA5-
64129), N-cadherin (1:500 BD Biosciences, 610,921), αN-catenin
(1:250, ABclonal A15269), δ-catenin (1:500, Thermofisher, PA5-
53275), p120-catenin (1:200, BD Biosciences, BDB610133), β-
catenin (1:500, BD biosciences, BDB610153), β-catenin (1:200,
GeneTex, GTX101435), Aquaporin-0 (1:200, Alpha Diagnostics
International, AQP01-A), αB-crystallin (1:500, DSHB, CPTC-
CRYAB-3). Fluorescently labeled Hoechst 33,342 (1:1,000; Sigma,
B-2261) or wheat germ agglutinin (1:200, Life Technologies,
W32464/W11262) were also utilized to label nuclei or fiber cell
membranes (respectively). Glass-slide mounted samples were
coverslipped with Fluoro-gel medium (Electron Microscopy
Sciences) and imaged with a Zeiss Axio observer inverted
microscope equipped with a fluorescent light source and
×40 Plan-Apochromat objective or equipped with an LSM900
Airyscan 2 super-resolution confocal system and ×63 Plan
Apochromat objective.
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Nanocluster Analysis
20 4 × 4 μm regions were extracted from images taken from an
Airyscan equipped confocal microscope with a plan-apochromat
×63/1.40 oil immersion objective focused within the plane of the
lateral membrane of lens fiber cells co-immunolabeled for
N-cadherin and β-catenin. Images of fiber cells from at least
three different lenses were used. Utilizing ImageJ, each region
underwent autothresholding with the “moments” algorithm
followed by using the analyze particles function to measure
nanocluster attributes. Two-tailed, homoscedastic t-tests were
used to determine statistical significance. The area of a circle
formula was used to derive the approximate diameter of
individual spots using the mean area of fluorescent signal.

Quantitation of Immunofluorescent Signal
For all quantitative measurements, the conditions used for image
acquisition were carefully selected to ensure a lack of pixel
saturation and uniformity among experimental groups.

Cryosections
Radial and circumferential fluorescent intensity measurements
was performed with ImageJ by tracing a line on top of the radial
junctions and determining the mean intensity of pixels along the
line. The location of the circumferential junctions were inferred
from the geometry of the radial junctions and a straight line was
drawn between radial points in the approximate location. While
the circumferential junctional can be wavy, when a line is drawn
between radial points it captures most of the signal and is not
significantly different than manually tracing (data not shown).
This was performed in order to overcome the lack of signal that
rises above background which is sometimes observed upon IF
staining of Arvcf−/− sections. Tricellular junctional signal was
measured using the ellipse tool in ImageJ that encircled a region
limited to the tricellular membrane. Values were subjected to
normalization by calculating the ratio with non-specific signal for
each image. Measurements were made from sections from at least
3 images from at least 3 distinct animals. Images were taken
10–50 μm from the lens surface and a range of 500–700
measurements was made for each experimental group (from
50 to 60 cells/image). Two-tailed, homoscedastic t-tests were
used to determine statistical significance.

Whole Lens Fiber Cells
Cropped regions of individual protrusions of similar size were
extracted from larger Airyscan images such that the central, distal
tip of signal within protrusions were at the same position. Due to
disorganized signal of N-cadherin/β-catenin, protrusions of
Arvcf−/− protrusions were co-labeled with an aquaporin-0
antibody which delineated their position (Supplementary
Figure S4C). Fluorescent intensity of each pixel from the
extracted regions was determined with the image to text
function in ImageJ and compared with the pixels at the same
x-y coordinate of the other images using Microsoft Excel. Once
the mean intensity for each pixel was determined images were
generated by importing a text file of the means using the import
text image tool. The same procedure was used to generate an
image using a text file containing the fold change between

genotypes or a modified p-value from t-tests. The p-value was
converted to a logarithmic value using the formula (Log10 (1/
p-value)) Therefore, the smaller the p-value, the greater the pixel
intensity. Intensity values of 0 were assigned to pixels that were
not less than 0.05.

Scanning Electron Microscopy
Lenses were fixed in 2.5% glutaraldehyde/0.1 M PBS pH7.4,
bisected in half, incubated at 4C for 72 h, rinsed, dehydrated
with a series of increasing EtOH concentrations, and dried with a
critical point drier. The samples were mounted onto double-sided
carbon tape on SEM stubs and underwent gold/palladium sputter
coating. Samples were examined using 5 kV with a FEI Nova
NanoSEM instrument.

Lens Compression Tests
Lens biomechanics were tested using procedures similar to
those previously described (Cheng et al., 2016a). In brief, a 45o

angled mirror was used in combination with an acrylic
chamber filled with PBS and stereomicroscope to view an
immobilized mouse lens from the equatorial side as glass
coverslips were placed on the anterior side. Images were
taken 45 s following the addition of each successive
coverslips (10 maximum). The axial and equatorial widths
were measured with Zen 2.0 and the mean strain ((ε =
measured length-original length)/original length) was
determined for each mechanical load. 8-9 lenses from at
least 4 different animals were utilized per genotype. Two-
tailed, homoscedastic t-tests determined statistical
significance. Axial and equatorial length measurements were
taken of a subset of compressed lenses (n = 5–8) 2 min
following the removal of compressive load to determine lens
resilience. The percent difference between the pre-load and
post-load measurements ((post-load-pre-load)/pre-load) were
reported.
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Supplementary Figure S1 | (A) Diagram of the elements inserted into the Arvcf
locus as a result of gene targeting. The gray boxes indicate the exons and the blue
half arrows indicate the approximate location of genotyping primers used to identify
the targeted allele. (B) Representative results from genotyping following PCR
amplification. (C) The table represents the number of embryos with the indicated
genotypes collected from timed matings of heterozygous crossings. (D–I)
Imunofluorescent labeling of F-actin and nuclei (D–F) or Arvcf and nuclei (G–I) of
transverse cryosections lenses from embryos with the indicated genotype. Note that
no obvious ocular phenotype is observed in Arvcf null embryos despite the absence
of detectable protein. Scale bars = 50microns.

Supplementary Figure S2(A–B) | Images of lenses dissected from control (A) or
Arvcf null lenses (B–C). The arrowheads demonstrate regions of cortical spoking.
The white lines in B represent a transparent region that is superficial to the opaque
region. (C) A higher magnification of an Arvcf−/− lens with a disruption at the anterior
pole that occurs along a suture line. (D–E) Examples of lenses at the indicated ages
dissected from control or Arvcf−/− animals that have been placed on an electron
microscopy grid (D) or an ink-printer generated grid (E). (F) Box and whisker plots
that describe the quantitative data depicted in Figure 2. The line within each box
represents the median value, the boxes span the first and third quartiles, the x
symbol represents the mean, the whiskers represent the range of all values not
considered outliers, and the circles represent the outlier values that are outside
1.5 times the interquartile range.

Supplementary Figure S3(A) | A histological equatorial cryosection of a control
and Arvcf-deficient lens was immunolabeled for αB-crystallin andWGA. The image is

focused on a region near the lens nucleus where significant disruptions in fiber cell
occur. The asterisks mark unusually large cells that are bounded by membrane (red)
but filled with crystallin-containing cytoplasm (green). Note that this indicates that
these regions are not intercellular breaks but rather abnormally large regions of
cytoplasm. (B) The entire polyacrylamide gel following SDS-PAGE of lysates from
control and Arvcf mutant lens lysates labeled for total protein lysate found in
Figure 3H is on the left. On the right is the entire western blot of the
polyacrylamide gel depicted to the left that has been immunolabeled for Arvcf
protein. (C–D) Examples of additional western blots demonstrating the reduction of
Arvcf protein in Arvcf −/− lens lysates. The white hatched boxes in D are magnified in
panel (C) (E) Equatorial histological sections of control and Arvcf mutant lens fiber
cells found within 50microns of the surface co-immunolabeled with p120-catenin
(green) and β-catenin (red). Note that p120-catenin is not strongly localized to lens
fiber cell membranes in control lenses but is more apparent in the lens fiber cell
membranes of mutant lenses. (F–J) Box and whisker plots that describe the
quantitative data depicted in Figures 4, 5. The line within each box represents
the median value, the boxes span the first and third quartiles, the x symbol
represents the mean, the whiskers represent the range of all values not
considered outliers, and the circles represent the outlier values that are outside
1.5 times the interquartile range. Scale bars = 10 microns.

Supplementary Figure S4(A–B) | Lower and higher magnification SEM images of a
whole bisected lens or a small region of the lens approximately 100 microns from the
surface from control (A) or Arvcf deficient lenses (B). In panels A′ and B′ a single lens
fiber cell was pseudocolored green to visualize their elongated nature. The scale bars in
A and B = 300 microns and the scale bars in A′ and B’ = 5 microns. (C) Image of an
individual interlocking protrusion from an Arvcf−/− lens immunofluorescently co-labeled
with antibodies specific for β-catenin (green C”) or aquaporin-0 (blue C′). The diagram
to the right indicates the strategy for comparing immunofluorescent images of
individual protrusions. The numbers represent individual pixels labeled by position.
The pixels at the same location (those that have the same position number) were
compared among each protrusion image by quantifying the mean. These means were
used to generate the average image in Figures 7C,D,I,J and used to perform the
subsequent statistical analyses. (D) A single wild-type lens fiber cell
immunofluorescently labeled with an N-cadherin and aquaporin-0 antibody. Note
that this lens fiber cell was prepared by pulling individual fiber cells apart. (E)Magnified
images of the regions indicated by boxes in panel (D). Yellow asterisks mark cellular
protrusion outlines that lie on the surface of lens fiber cells. These outlines are well
delineated by both N-cadherin and Aqp0 localization and are thought to correspond to
the “pocket” of an interlocking protrusion from a neighboring cell. Note that these are
typically outlined well and are unaffected by dissection. This stands in contrast to the
protrusions that extend into space following manual dissection (arrowheads). These
are readily visualized by Aqp0 localization but not N-cadherin. (F) A group of wild-type
lens fiber cells immunofluorescently labeled for Arvcf and N-cadherin were imaged
without dissecting them fromeachother but have a slight separation. The yellowboxed
regions are magnified in the small panels to the right. Note that N-cadherin appears to
have a similar localization pattern to their neighboring cells along the margins of paddle
regions. This also apparent in interlocking protrusions (bottom right panel, asterisks).
Scalebars in (D–F) = 2000 nm.
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Toll-Like Receptor 4 Signaling in the
Trabecular Meshwork
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Primary open-angle glaucoma is one of the leading causes of blindness worldwide. With
limited therapeutics targeting the pathogenesis at the trabecular meshwork (TM), there is a
great need for identifying potential new targets. Recent evidence has implicated Toll-like
receptor 4 (TLR4) and it is signaling pathway in augmenting the effects of transforming
growth factor beta-2 (TGFβ2) and downstream extracellular matrix production. In this
review, we examine the role of TLR4 signaling in the trabecular meshwork and the interplay
between endogenous activators of TLR4 (damage-associated molecular patterns
(DAMPs)), extracellular matrix (ECM), and the effect on intraocular pressure

Keywords: trabecular meshwork, TLR4, ECM, intraocular pressure, glaucoma

INTRODUCTION

Glaucoma is a progressive neurodegenerative disease and is the second leading cause of blindness
worldwide, affecting over sixty million people (Kingman, 2004; Quigley and Broman, 2006). Primary
open-angle glaucoma (POAG) is the most common form of the glaucoma’s and affects
approximately fifty-two million people worldwide and more than 2.5 million in the
United States (Friedman et al., 2004; Weinreb and Khaw, 2004; Weinreb et al., 2014; Lu et al.,
2017; Zhang et al., 2021). Current therapies are supportive, with the aim to reduce intraocular
pressure (IOP), a primary risk factor for glaucoma progression. IOP homeostasis is maintained by
the rate at which aqueous humor (AH) is secreted by the ciliary epithelium, and how efficiently it is
drained through the outflow pathways in the iridocorneal angle of the eye. Most of the outflow of AH
drains through the conventional route of drainage, which is made up of the trabecular meshwork
(TM) and Schlemm’s canal (Tamm, 2009). The TM is well known to be a critical tissue in AH
drainage and imparts a normal resistance to AH outflow that becomes abnormally increased in
glaucoma. The TM is a porous structure consisting of a series of fenestrated beams and sheets of
extracellular matrix (ECM) covered with endothelial-like TM cells (Hogan et al., 1971; Vranka et al.,
2015). The ECM of the TM is important in forming a fluid flow pathway for AH drainage (Gong
et al., 1996; Morrison and Acott, 2003). Genes that are broadly categorized as regulating cell signaling
comprise the highest percentage of genes that are upregulated in the TM when their homeostatic
state is altered, such as during changes in IOP (Vittitow and Borrás, 2004). The ability of the TM to
respond to the dynamic changes in IOP in a homeostatic state relies on the ECM remodeling
capabilities of the TM (Keller et al., 2009). When this ability becomes impaired, IOP rises and can
eventually lead to vision loss. While current drug and surgical interventions are in use, their efficacy
is not always guaranteed or long lasting. Additionally, many of the current therapeutics aim to
decrease the production of aqueous humor and are not able to target the key site of drainage
impairment in glaucoma, which is the TM.While progress has beenmade in increasing the efficiency
of humor drainage through the outflow pathway, such as with prostaglandins and Rho-kinase
inhibitors, these therapies address only a small fraction of the mechanisms used by the TM to exert its
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function and thus more treatment options are needed. Therefore,
much effort is being conducted into understanding the molecular
pathways of the TM and how they are altered during glaucoma.

Increases in outflow resistance through the TM can be
contributed to multiple factors, such as actin cytoskeletal
rearrangement in the TM and changes to the inner wall
endothelium of Schlemm’s canal (Stamer and Acott, 2012;
Vahabikashi et al., 2019). Additionally, the ECM composition
of the outer most layer of the TM, the juxtacanalicular tissue
(JCT), as well as the inner layers of the TM plays a key role in the
regulation of IOP and there is also a great deal of evidence that
there are changes to the ECM of the TM in glaucoma. Increased
deposition of ECM proteins in the TM, increased AH outflow
resistance, and increased IOP are all associated with POAG
(Rohen and Witmer, 1972; Lütjen-Drecoll, 1999). Matrix
stiffness is a critical component to a tissue’s function as it can
be perceived by cells and cause intracellular responses such as
intracellular signals to control gene transcription, protein
expression, and cell behavior. The matrix stiffness is also
dependent on the type of ECM proteins present as well as the
morphology and organization of the ECM itself. The
glaucomatous TM has increased deposition of fibronectin and
fine fibrillar material (Lütjen-Drecoll et al., 1986; Babizhayev and
Brodskaya, 1993; Rohen et al., 1993). This demonstrates that the
ECM architecture of the TM is important in regulating aqueous
humor outflow and IOP.

ASSOCIATION OF TOLL-LIKE RECEPTOR
4 WITH GLAUCOMA

Glaucoma is a complex disease and is well known to have genetic
heterogeneity with multiple chromosomal loci linked to the
disease. However, the complex molecular mechanisms leading
to disease pathology are not fully understood. Here we review the
role of toll-like receptor 4 (TLR4) in the development of
glaucomatous trabecular meshwork damage. In human
glaucomatous donor eyes several toll-like receptors, including
TLR4, have been shown to have upregulated expression in the
retina after IOP elevation (Luo et al., 2010; Rieck, 2013).
Additionally, TLR4 polymorphisms are indicated to be
involved with slower responses to infection, reduced
autoimmunity, and glaucoma (Arbour et al., 2000; Radstake
et al., 2004). Specifically, association of TLR4 gene
polymorphisms have been identified in Chinese and Japanese
cohorts with POAG, normal-tension, and exfoliation glaucoma
(Shibuya et al., 2008; Chen et al., 2012; Takano et al., 2012). These
data suggest that TLR4 may have a significant role in the cellular
pathogenesis of multiple types of glaucoma.

TOLL-LIKE RECEPTOR 4 SIGNALING

Toll-like receptors (TLRs) play a significant role in the detection
of pathogen associated molecular patterns (PAMPs) and damage
associated molecular patterns (DAMPs) (Miller et al., 2015).
Functional TLRs 1-10 have been identified in humans and

TLRs 1-13 in murine species (Szabo et al., 2006; Yarovinsky,
2014; Nie et al., 2018). Humans have a nonfunctional TLR11 and
do not express TLR12 and 13. Unlike TLR3, 7, 8, and 9 which are
found in endosomes, TLR4, like TLR1, 2, 5, 6, and 10 are found in
the cell membrane. Like most receptors, TLRs require
homodimerization or heterodimerization of receptors to
activate transcription factors that ultimately lead to the
production of chemokines and cytokines. Ultimately, all
mammalian TLRs have an extracellular domain that contains
leucine-rich domains and an intracellular domain that activates a
signaling cascade leading to nuclear factor-kappa beta (NF-κB)
activation and translocation to the nucleus (Medzhitov et al.,
1997; Chaudhary et al., 1998; Medzhitov et al., 1998; Rock et al.,
1998; Chow et al., 1999; Janeway and Medzhitov, 1999; Yang
et al., 2000).

TLR4 was first identified as the receptor for lipopolysaccharide
(LPS) and was shown to play a vital role in innate immunity
(Poltorak et al., 1998). Activation of TLR4 by LPS occurs when
the ligand LPS binds to circulating LPS-binding protein (LBP).
The LPS bound to LBP binds to TLR4, forming the LPS-TLR4
receptor complex. Once TLR4 is activated, downstream adaptor
molecules bind to the Toll/Interleukin-1 receptor (TIR) domain
of TLR4. TLR4 requires four adaptor molecules to transduce
signals from its TIR domain, with a key adapter being myeloid
differentiation factor 88 (MyD88). Signal transduction initiation
leads to the activation of NF-κB (Kawai and Akira, 2010). Once
activated, NF-κB moves into the nucleus where it initiates both
pro-fibrotic and pro-inflammatory gene transcription, such as
fibronectin (FN1), interleukin 1 (IL-1), and tumor necrosis factor
alpha (TNF-α). TLR4 can also activate the MyD88-independent
signaling pathway following endocytosis. This mechanism of
endocytosis of LPS bound TLR4 and its degradation through
the ubiquitin pathway is one of the negative regulatory
mechanisms in the LPS induced TLR4 pathway, and the
purpose of this internalization is to limit the receptor
expression and the signaling of the pro-inflammatory
MyD88 dependent pathway.

In addition to the classical activation by exogenous LPS,
TLR4 can also be activated by endogenous ligands known as
damage-associated molecular patterns (DAMPs) (Figure 1).
DAMPs are formed in situ because of cell damage, cell injury,
and remolding of the ECM (Miyake, 2007; Piccinini and
Midwood, 2010). DAMPs can upregulate as well as amplify
fibrotic responses in diseases such as renal and hepatic
fibrosis, lesional skin and lung in scleroderma patients, as well
as in Tlr4mutant mice, and augment TGFβ-1 signaling (Poltorak
et al., 1998; Seki et al., 2007; Pulskens et al., 2010; Campbell et al.,
2011; Bhattacharyya et al., 2013). Endogenous DAMP ligands in
the TM can include cellular fibronectin containing the EDA
isoform (FN-EDA), high-mobility group box (HMGB)-1, low
molecular weight hyaluronic acid (LMWHA), and others
(Piccinini and Midwood, 2010; Bhattacharyya et al., 2013).
The specific interaction between TLR4 and each of these
DAMPs is not completely understood. It is known that
HMGB1 binds TLR4 and then signals through adaptor
molecules via the Toll/IL-1 receptor-domain to MyD88, IRAK,
TRAF and finally to NF-κB (Yang et al., 2010). Specifically, how
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hyaluronic acid and TLR4 interact is still not known, but it is
known that this interaction requires the co-receptors MD2 and
CD14 (Jiang et al., 2011). In patients with POAG, high molecular
weight hyaluronic acid has been shown to be depleted in the TM;
however, the amount of low molecular weight hyaluronic acid in
the TM of POAG patients remains to be elucidated (Knepper
et al., 1996). An extracellular matrix protein responsible for
persistence organ fibrosis known as Tenascin-C directly works
with TLR4 and this interaction leads to the activation of NF-κB
(Bhattacharyya et al., 2016; Zuliani-Alvarez et al., 2017). Like
HMGB-1, FN-EDA also activates TLR4 leading to NF-κB
activation. However, whether the signaling pathway is
exclusively through the MyD88-dependent pathway is still not
known.

Evidence continues to surface that links DAMP activated
TLR4 signaling to the regulation and production of ECM
proteins in hepatic fibrosis and to TM damage and ocular
hypertension (Seki et al., 2007; Bhattacharyya et al., 2013;
Hernandez et al., 2017). Regarding fibrosis, specific SNP
alleles in TLR4 have been shown to have an overall
protective effect and be associated with a delayed progression
of fibrosis in liver disease (Huang et al., 2007; Li et al., 2009). As
mentioned, DAMPs can activate TLR4 and in doing so, they
augment TGFβ signaling and downstream fibrotic responses
(Bhattacharyya et al., 2013; Hernandez et al., 2017). DAMPs
have also been shown to control the inflammatory and

downstream fibrotic response in ischemic wounds when they
bind TLR4 (Brancato et al., 2013). TLR4 activation also
downregulates the TGFβ pseudoreceptor known as BMP and
the activin membrane-bound inhibitor (BAMBI). Bone
morphogenic proteins (BMPs) are a group of growth factors
that are involved in regulating the ECM and importantly, BMPs
can lower ECM deposition caused by TGFβ2 activation
(Fuchshofer et al., 2007). BAMBI functions to inhibit TGFβ
as well as BMP and activin signaling (Seki et al., 2007; Yan et al.,
2009; Bhattacharyya et al., 2013). It is known that BAMBI
functions to inhibit TGFβ signaling by cooperating with
SMAD7 and impairing SMAD3 activation, while knockdown
of Bambi expression enhances TGFβ signaling (Yan et al., 2009).
In addition, BAMBI can interact directly with either BMP
receptors or TGFβ receptors to antagonize downstream
signaling (Lin et al., 2006). We have shown that when Bambi
is conditionally knocked down in the TM, IOP becomes elevated
in mice (Hernandez et al., 2018). Downregulation of Bambi by
TLR4 is controlled by the NFκB-dependent signaling pathway
(Seki et al., 2007; Guo and Friedman, 2010; Yang and Seki,
2012). Activation of TLR4 therefore downregulates Bambi
resulting in unopposed TGFβ signaling and fibrogenesis. This
leads to an upregulation and subsequent accumulation of
DAMPs, creating a feed-forward loop and further
amplification and continuation of the fibrotic response via
TGFβ signaling.

FIGURE 1 | TLR4 activation in the trabecular meshwork. In primary open-angle glaucoma, damage to the TM and inner wall of Schlemm’s canal (SC) endothelium
prevents sufficient aqueous humor outflow leading to elevated IOP. Damage associated molecular patterns (DAMPs) such as cellular fibronectin containing EDA isoform
(cFN-EDA) are produced from TM tissue damage and excess TGFβ2 signaling and can activate TLR4 leading to Nuclear Factor-Kappa Beta (NF-κB) activation and
downregulation of BMP and Activin Membrane Bound Inhibitor (BAMBI) expression.
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CROSSTALK OF TGFβ2–TLR4 SIGNALING

TGFβ2 is a profibrotic cytokine that when in its bioactivated form
upregulates ECM proteins, some of which are FN, elastin, and
several forms of collagens. In a healthy eye, TGFβ2 is the
predominant isoform of TGFβ. TGFβ is known to induce
various growth factors, such as connective tissue growth factor
(CTGF) and fibroblast growth factors (FGFs) (Saika, 2006) and
helps maintain tissue homeostasis in the TM regulating ECM
synthesis, deposition, and degradation (Sethi et al., 2011b).
Importantly, these factors have roles in restoration of normal
tissue following injury. In addition to its ability to influence
ECM remodeling, TGFβ is also known to affect multiple cellular
processes, from cell growth to apoptosis (Chen and Ten Dijke,
2016). However, uninhibited and increased TGFβ2 signaling can
lead to deleterious effects. Elevated TGFβ2 signaling results in
damage to the ECM of the TM and increased stiffness of the TM
(Russell and Johnson, 2012; Vranka et al., 2018). TGFβ2 is highly
elevated in the aqueous humor of glaucoma patients and plays a
vital role in the development of POAG (Tripathi et al., 1994; Inatani
et al., 2001; Ochiai and Ochiai, 2002; Ozcan et al., 2004). We and
others have shown that treatment of TM cells with TGFβ2 induces
cross-linking of the ECM as well as alteration in the composition of
the ECM (Welge-Lüssen et al., 1999; Fleenor et al., 2006;

Fuchshofer et al., 2007; Wordinger et al., 2007; Sethi et al.,
2011a; Tovar-Vidales et al., 2011; Hernandez et al., 2017). In
anterior segment perfusion organ culture models the addition of
TGFβ2 elevates IOP and overexpression of TGFβ2 in mouse eyes
causes ocular hypertension (Gottanka et al., 2004; Shepard et al.,
2010; Hernandez et al., 2017). In human TM cells, TGFβ2 signals
through the canonical SMAD and non-SMAD pathways and also
alters the ECM (Sethi et al., 2011a; Tovar-Vidales et al., 2011; Zode
et al., 2011). Specifically, TGFβ2 causes phosphorylation of a
SMAD signaling complex. This complex then moves into the
nucleus, leading to the induction of pro-fibrotic gene
transcription, which causes an increase in the production of
fibrotic factors, such as the various ECM components in the
TM. For ocular hypertension to occur in mice, TGFβ2 signaling
through the canonical SMADpathway is essential (McDowell et al.,
2013). Taken together, this indicates that the effects of
TGFβ2 signaling are a major component in the development of
ocular hypertension and that TGFβ2 regulates the expression of
ECM proteins in the TM. Our group has shown that there is
crosstalk between the TGFβ2 and TLR4 signaling pathways in the
TM and that this crosstalk is contributing to glaucomatous ocular
hypertension (Figure 2) (Hernandez et al., 2017). Although
studies in the TM have focused primarily on the canonical
SMAD-dependent TGFβ2 signaling pathway in the context of

FIGURE 2 | TLR4 and TGFβ2 signaling crosstalk. (A) The trabecular meshwork under homeostasis expresses basal levels of extracellular matrix proteins and BMP
and Activin Membrane Bound Inhibitor (BAMBI), which inhibits endogenous TGFβ2 signaling. (B) Bioactivated TGFβ2 leads to the expression of DAMPs, including cFN-
EDA and LMW Hyaluronic acid, which activate TLR4 and lead to subsequent NF-κB activation. Phosphorylated NF-κB lowers the expression of BAMBI, which in turn,
leads to uninhibited TGFβ2 signaling.
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TGFβ2-TLR4 signaling crosstalk, work in other tissues has
indicated that TLR4 activation can also effect non-canonical
TGFβ pathways as well (McKeown-Longo and Higgins, 2017).
However, whether changes in the TGFβ2 pathway occur first to
induce crosstalk or if TLR4 induction first occurs to facilitate
crosstalk between the pathways, is still not completely clear. It is
known that increased TGFβ2 levels in glaucoma may be due to
epigenetics (Bermudez et al., 2016), suggesting that it is the
increased TGFβ signaling that occurs first leading to production
of excess ECM and DAMPs, which would then activate
TLR4 leading to a feedforward signaling loop.

As mentioned, TGFβ2 signaling increases the production of
ECM proteins, including FN. We and others have identified FN, a
dimeric multidomain ECM glycoprotein, to be elevated in
glaucomatous TM tissues and aqueous humor (Faralli et al.,
2009; Hernandez et al., 2017). Fibronectin functions as a
regulator of cellular processes, directs and maintains tissue
organization and ECM composition, directs ECM-ECM and
ECM-cell interactions, and regulates activity of growth factors
and proteins associated with ECM remodeling. The multi-
domain dimer is composed of type I, type II, and type III
domains with over twenty alternatively spliced isoforms. FN is
composed of either cellular FN or plasma FN isoforms. Cellular FN
has multiple isoforms generated by alternative processing of a
single primary transcript at three domains: extra domain A (EDA),
extra domain B (EDB), and the type III homologies connecting
segment (White et al., 2008). The expression of FN-EDA is
upregulated as a response to tissue injury, repair, or remodeling,
and during disease states (Kuhn et al., 1989; Muro et al., 2003). The
FN-EDA isoform is elevated in glaucomatous TM tissue compared
to normal TM tissue and amplifies the response of TGFβ2 in
primary TM cells in culture (Medina-Ortiz et al., 2013; Hernandez
et al., 2017). Importantly, FN-EDA acts as an endogenous ligand
(DAMP) for TLR4 (Okamura et al., 2001). We have identified FN-
EDA as an important regulator of pathogenic TLR4 and
TGFβ2 signaling in the TM (Hernandez et al., 2017; Roberts
et al., 2020). Importantly, the consequence of the continuous
activation of TLR4 due to this endogenous ligand is the
subsequent uninhibited TGFβ2 signaling and an amplification
of the fibrotic response in the TM. The activation of TLR4 is
known to be dependent on the expression of MD-2 and other
TLR4 accessory proteins (Yang et al., 2000; Okamura et al., 2001).
The α4β1 integrin has been identified to function as a TLR4-
coreceptor to initiate a FN-EDA dependent response in fibroblasts
and it is known that FN-EDA contains integrin α4β1 binding sites
(Liao et al., 2002; Kelsh-Lasher et al., 2017). Studies on pathogen-
initiated TLR4 signaling suggest that adhesion receptors may play
important roles in the regulation of the TLR4-mediated fibrotic
response to tissue damage, so this may be a route that FN-EDA
utilizes to elicit a TLR4 mediated response in TM cells (Gianni
et al., 2012; Ling et al., 2014; Casiraghi et al., 2016).

TLR4 SIGNALING IN THE TM

Recently, utilizing a selective inhibitor of TLR4 signaling,
TAK-242, we showed TGFβ2 induced ECM production in the

TM was inhibited (Hernandez et al., 2017). Notably, FN-EDA
amplified TGFβ2 ECM deposition and TAK-242 blocked this
effect. To evaluate the role of FN-EDA in the development of
ocular hypertension, we utilized an adenovirus vector to
overexpress bioactivated TGFβ2 in the TM of mice
containing a constitutively active FN-EDA isoform or in
FN-EDA null mice, with or without mutation in Tlr4.
Here we found that TGFβ2-induced ocular hypertension
and ECM production is dependent on both EDA and Tlr4,
and in mice constitutively expressing FN-EDA the effects of
TGFβ2 are amplified (Roberts et al., 2020). To further evaluate
the link between the TGFβ2–TLR4 pathway in the TM, we
focused our attention on the role of Bambi, which is known to
be downregulated via NF-kB signaling after TLR4 activation.
We demonstrated that conditional knock-out of Bambi in the
TM resulted in increased ECM deposition and development of
ocular hypertension, likely due to uninhibited
TGFβ2 signaling. In addition, we also tested the role of
NF-κB, an upstream regulator of Bambi expression, in
TGFβ2-induced ocular hypertension and found that
mutation in the p50 subunit of NF-κB prevented TGFβ2-
induced ocular hypertension (Hernandez et al., 2020). These
data suggest that TGFβ2-TLR4 signaling crosstalk is
important in the development of ocular hypertension and
ECM changes in the TM.

We have also examined ways to attenuate the downstream
fibrotic signaling initiated by TGFβ2–TLR4 signaling crosstalk.
Since NF-κB is necessary for this fibrotic response, we examined
how a suppressor of NF-κB signaling, A20, may be able to rescue
the effects of TGFβ2 and TLR4 activators, such as FN-EDA,
within the TM. Previous work showed that A20 is
downregulated in human TM cells that expressed
constitutively active α5β3 integrin (Filla et al., 2021). The
activation of this integrin is suggested to contribute to the
fibrotic-like changes observed in POAG, therefore A20’s
diminished presence may be contributing to the increased
fibrotic response seen in the glaucomatous TM. Expression
changes in A20 have also been shown in the retina of
glaucomatous human donor eyes (Yang et al., 2011). We
showed that TGFβ2 causes a decrease in the expression of
A20 in TM cells, while at the same time increasing
expression of ECM proteins such as FN (Mzyk et al., 2022).
Overexpression of A20 in human TM cells attenuated the
amount of FN expressed in TM cells after stimulation with
either TGFβ2, LPS, or FN-EDA (Mzyk et al., 2022). These data
suggest that A20 is a novel molecular target that inhibits the
pathological ECM changes in the glaucomatous TM.

CONCLUSION

This review summarizes the involvement of the TGFβ2-TLR4
signaling pathways in augmenting the pathogenesis of ocular
hypertension at the trabecular meshwork. The TLR4 pathway is
a fibroinflammatory pathway that can modulate the function of
the TM, specifically by altering the TM’s rate of deposition of
ECM, leading to the impairment of aqueous humor outflow and
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the progression of glaucoma. Identification of additional
DAMPs and regulators of TLR4 signaling may allow us to
identify potential therapeutic targets for POAG. Further
investigation of TGFβ2-TLR4 crosstalk in the TM will help
to explain the mechanisms involved in the development of
glaucomatous TM damage.
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Trabecular meshwork (TM) tissue is subjected to constant mechanical stress

due to the ocular pulse created by the cardiac cycle. This brings about

alterations in the membrane lipids and associated cell–cell adhesion and

cell–extracellular matrix (ECM) interactions, triggering intracellular signaling

responses to counter mechanical insults. A loss of such response can lead to

elevated intraocular pressure (IOP), a major risk factor for primary open-angle

glaucoma. This study is aimed to understand the changes in signaling responses

by TM subjected to mechanical stretch. We utilized multiomics to perform an

unbiased mRNA sequencing to identify changes in transcripts, mass

spectrometry- (MS-) based quantitative proteomics for protein changes, and

multiple reaction monitoring (MRM) profiling-based MS and high-performance

liquid chromatography (HPLC-) based MS to characterize the lipid changes. We

performed pathway analysis to obtain an integrated map of TM response to

mechanical stretch. The human TM cells subjected to mechanical stretch

demonstrated an upregulation of protein quality control, oxidative damage

response, pro-autophagic signal, induction of anti-apoptotic, and survival

signaling. We propose that mechanical stretch-induced lipid signaling via

increased ceramide and sphingomyelin potentially contributes to increased

TM stiffness through actin-cytoskeleton reorganization and profibrotic

response. Interestingly, increased phospholipids and diacylglycerol due to

mechanical stretch potentially enable cell membrane remodeling and

changes in signaling pathways to alter cellular contractility. Overall, we

propose the mechanistic interplay of macromolecules to bring about a

concerted cellular response in TM cells to achieve mechanotransduction

and IOP regulation when TM cells undergo mechanical stretch.
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Introduction

Glaucoma is an aging disease that causes irreversible

blindness worldwide, affecting ~80 million people across the

globe (Tham et al., 2014; Susanna et al., 2015). Primary open-

angle glaucoma (POAG) is the most common form of glaucoma,

affecting over 57.5 million people worldwide (Allison et al.,

2020). Elevated intraocular pressure (IOP) is the principal and

sole treatable risk factor in POAG (Weinreb et al., 2016), which is

regulated by aqueous humor (AH) production and drainage.

The conventional aqueous humor (AH) outflow pathway

comprises trabecular meshwork (TM), juxtacanalicular

connective tissue (JCT), and Schlemm’s canal (SC), which

ends in the collector channels and aqueous veins (Johnstone

et al., 2021). This drainage structure aids in the removal of 60%–

80% of AH in humans (Hann and Fautsch, 2015). The TM tissue

comprises beams of endothelial-type cells fenestrated by

extracellular matrix (ECM) and is highly contractile,

exhibiting a smooth muscle-like property (Pattabiraman and

Toris, 2016). The TM is constantly stretched due to the ocular

pulse created by the cardiac cycle, blinking, and eye movement

inducing physiological changes in IOP (Johnstone, 2004a; Xin

et al., 2017). The IOP is regulated due to the passage of AH across

the TM-SC via the transcellular and/or paracellular flow (Raviola

and Raviola, 1981; Johnson and Erickson, 2000). Though ECM

imparts the resistance to fluid flow via the TM outflow pathway,

it is not completely believed to be the only mechanistic

impedance to AH drainage (Acott and Kelley, 2008;

Pattabiraman and Toris, 2016; Acott et al., 2021; Johnstone

et al., 2021). The distention and contraction phenomenon of

TM-SC tissues is regulated by the elastic properties of the tissue

(Stumpff and Wiederholt, 2000; Wiederholt et al., 2000). For the

efficient function of TM, the elastic nature of the TM must be

maintained. Additionally, in metabolically active tissues such as

TM and SC (Reina-Torres et al., 2020), acute stress should induce

protective measures to maintain tissue homeostasis. Failure to

achieve homeostasis can lead to decreased AH flow and increased

AH retention leading to elevated IOP. In fact, mechanistic

evidence points out that experimental elevation of IOP can

drive the cells toward an increased contractile phenotype by

activating Rho GTPases, which is known to increase resistance to

AH drainage (Pattabiraman et al., 2015a; Pattabiraman et al.,

2015b). In glaucoma, the TM has a greater stiffness, and the

elastic nature of the TM-SC is compromised (Last et al., 2011; Xin

et al., 2016; Wang et al., 2017; Vahabikashi et al., 2019). The

cardiac cycle sets up the pulsatile motion of the TM (Johnstone,

2004b). A loss of mechanosensation or transduction of such

pulsatile mechanical stress can aid in TM stiffness, which in turn

affects the pulsatile motion of the TM. A recent study using

phase-sensitive optical coherence tomography (PhS-OCT)

showed that the eyes with POAG had a significantly lower

maximum velocity of the pulsatile motion and the motion

amplitude of the TM compared to the healthy eye (Gao et al.,

2020). This can be attributed to the increased stiffness and less

elasticity of TM tissue. Thus, indicating a direct relationship

between the mechanical stress on TM, TM elasticity, TM

stiffness, and regulation of AH drainage.

A well-accepted model to study the mechanical stress on TM

is the usage of cyclic mechanical stretch (CMS) (Matsuo et al.,

1996; Liton et al., 2005; Vittal et al., 2005; Luna et al., 2009; Ramos

et al., 2009; Youngblood et al., 2020). Studies have tested the

effects of CMS on the changes in specific genes, proteins, and

metabolites, including prostaglandins (Matsuo et al., 1996),

matrix metalloproteases (Okada et al., 1998; Bradley et al.,

2001; Keller et al., 2007), oculomedin (Sato et al., 1999),

transforming growth factor beta-1 (TGF-β1) (Liton et al.,

2005), and lysophosphatidic acid (Ho et al., 2018), as well as

unbiased gene expression (Luna et al., 2009) and RNA

sequencing studies (Youngblood et al., 2020). These studies

show effective changes of TM under stretch in the processes,

including calcium influx (Lakk et al., 2021), induction of

autophagy (Shim et al., 2020; Shim et al., 2021), changes in

actin networks (Duffy and O’Reilly, 2018), and upregulation of

tyrosine phosphorylation of ECM protein in the TM (Maddala

et al., 2017). Besides these studies toward understanding the

response by TM subjected to CMS, studies involving global

analysis of protein and lipid changes have not been

performed, and an integrated analysis to investigate the

underlying response mechanisms in TM subjected to

mechanical stress is unavailable. Toward addressing the above

lacunae in the field, we utilized a multiomics approach to better

understand the physiological and pathological relevance of

changes in the levels of RNA, proteins, and lipids exerted by

CMS by combining mRNA sequencing, proteomics, and

lipidomic analysis.

Material and methods

Materials

Reagents, antibodies, and materials
The reagents, antibodies, and materials used in this study

were purchased as follows: Life Technologies (Austin, TX,

United States)—TRIzolTM LS Reagent (10296028); Zymo

Research (Irvine, CA, United States)—Direct-zolTM RNA

MiniPrep (R2050S); primary antibodies: Novus Biologicals

LLC (Centennial, CO, United States)—anti-MKL2 (NBP1-
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46209) and anti-SREBP2 (NBP1-54446); Santa Cruz

Biotechnology, (Dallas, TX, USA)—anti-HMGCS1 (sc-

166763), anti-PAI-1 (sc-5297), anti-COL1A2 (sc-393573), and

anti-GAPDH (sc-25778); rabbit anti-laminin HB-4 (anti-

laminin-1 sera recognizing the total laminin including α1, β1,
and γ1) (LeMosy et al., 1996) (gift from Dr. Harold Erickson,

Duke University). Secondary antibodies conjugated with

horseradish peroxidase (Jackson Immuno Research, West

Grove, USA)—Donkey anti-mouse IgG (715-035-150) and

anti-rabbit IgG (715-035-144). Cell Signaling Technology

(Danvers, MA, United States) RIPA Buffer (9806S). GE

Healthcare (Chicago, IL, United States)—nitrocellulose

membrane (10600003).

Primary trabecular meshwork cell culture

Primary human TM (HTM) cells were cultured from TM

tissue isolated from the leftover donor corneal rings after they

had been used for corneal transplantation at the Indiana

University Clinical Service, Indianapolis, as described

previously (Keller et al., 2018). HIPPA compliance guidelines

have been adhered to for the use of human tissues. The usage of

donor tissues was exempt from the DHHS regulation and the IRB

protocol (1911117637), approved by the Indiana University

School of Medicine IRB review board. The age, race, and sex

of the donors were obtained from eye banks, which provided the

corneas (Supplementary Figure S1). Briefly, TM tissue extracted

from the corneal ring was chopped into fine pieces and placed in

a 2% gelatin-coated 6-well tissue culture plate sandwiched by a

coverslip. The tissues were grown in OptiMEM (Gibco, #31985-

070), containing 20% FBS and penicillin-streptomycin-

glutamine solution (Gibco, #10378-016). The expanded

population of HTM cells was sub-cultured after 1–2 weeks in

DMEM, containing 10% FBS and characterized by the detection

of dexamethasone-induced myocilin (Supplementary Figure S1)

using rabbit anti-myocilin antibody (generously provided by Dr.

Daniel Stamer, Duke University).

Cyclic mechanical stretch

Up to four biological replicates of HTM cells were seeded

(~40,000 cells/well) in collagen-coated plates (BioFlex plates,

BF-3001C Flexcell International, Burlington, NC,

United States) after counting using a hemocytometer.

Once cells attain 90% confluency, cells were serum-starved

for 3 h. Plates were placed on a Flexcell FX-6000 Tension

System (Flexcell International, NC, USA). The cells were

subjected to CMS at 0.69 Hz frequency with 15% stretching

as published earlier (Luna et al., 2009; Shim et al., 2020;

Youngblood et al., 2020) for 8 h for mRNA sequencing (HTM

lines 1–4) and 24 h for proteomics and lipidomic analyses

(HTM lines 1, 2, and 4). Control cells were cultured in the

same conditions but were not subjected to CMS.

mRNA sequencing

Sample preparation for mRNA sequencing
Post CMS, the cells were washed with 1XPBS and collected

and homogenized in TRI reagent. The total RNA was extracted

and purified using Direct-zolTM RNA MiniPrep kit following the

manufacturer’s protocol.

KAPA mRNA HyperPrep method for mRNA
sequencing

Purified total RNA was first evaluated for its quantity and

quality using Agilent Bioanalyzer 2100. For RNA quality, a RIN

number of 7 or higher was utilized. One hundred nanograms of

total RNA were used for preparing a cDNA library that includes

mRNA purification/enrichment, RNA fragmentation, cDNA

synthesis, ligation of index adaptors, and RNA amplification

by following the KAPA mRNA Hyper Prep Kit Technical Data

Sheet, KR1352—v4.17 (Roche Diagnostics, Basel, Switzerland).

Each resulting indexed library was quantified, its quality was

assessed by Qubit and Agilent Bioanalyzer, and multiple libraries

were pooled in equal molarity. The pooled libraries were then

denatured and neutralized before loading to NovaSeq

6000 sequencer at 300 pM final concentration for 100 b

paired-end sequencing (Illumina, Inc.). Approximately

30–40 M reads per library were generated. A Phred quality

score (Q score) was used to measure the sequencing quality.

More than 90% of the sequencing reads reached Q30 (99.9% base

call accuracy).

Mapping QC and data analysis
The sequencing data were first assessed using FastQC

(Babraham Bioinformatics, Cambridge, United Kingdom) for

quality control. Then, all sequenced libraries were mapped to the

human genome (hg38) using STAR RNA-seq aligner (v.2.5)

(Dobin et al., 2013) with the following parameter:

“--outSAMmapqUnique 60.” The reads distribution across the

genome was assessed using bamutils (from NGSUtils v.0.5.9)

(Breese and Liu, 2013). Uniquely mapped sequencing reads were

assigned to hg38 refGene genes using feature Counts (from

subread v.1.5.1) (Liao et al., 2014) with the following

parameters: “-s 2 –p–Q 10.” Differential expression analysis

was performed using edgeR (Robinson et al., 2010),

(McCarthy et al., 2012). Counts were normalized to counts

per million reads (CPM) for each sample. Data were

examined by Multidimensional Scaling in the edgeR package

(Robinson et al., 2010) to detect outliers. The data were

normalized using the TMM (trimmed mean of M values)

method. False discovery rates (FDR) were calculated using the

Benjamini & Hochberg method (Benjamini and Hochberg, 1995)
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within edgeR. All raw and processed data are available via Gene

expression omnibus (GEO).

The GEO accession: GSE195756

Proteomics

Sample preparation for proteomics
Cell pelletswere lysed in 8Murea (Bio-RadLaboratories Inc., CA,

United States, 161-0731), 100 mM Tris-HCl, pH 8.5 (Sigma-Aldrich,

St. Louis, MO, United States, 10812846001) by sonication in 1.5 ml

Micro Tubes (TPX Plastic for Sonication fromDiagende Inc.) using a

Bioruptor® sonication system (Diagenode Inc., New Jersey,

United States, B01020001) with 30 s/30 s on/off cycles for 15 min

in awater bath at 4°C.After subsequent centrifugation at 14,000 rcf for

20 min, protein concentrations were determined by Bradford protein

assay (BioRad, Hercules, 5000006). A 20 µg equivalent of protein

from each sample was reduced with 5mM tris(2-carboxyethyl)

phosphine hydrochloride (TCEP, Sigma-Aldrich, C4706) for

30min at room temperature, and the resulting free cysteine thiols

were alkylated with 10mM chloroacetamide (CAA, Sigma-Aldrich,

C0267) for 30 min at room temperature in the dark. Samples were

diluted with 50mMTris HCl, pH 8.5, to a final urea concentration of

2M for Trypsin/Lys-C based overnight protein digestion at 37°C (1:

100 protease: substrate ratio, mass spectrometry grade, Promega

Corporation, Madison, WI, V5072).

Peptide purification and labeling
Digestions were acidified with trifluoracetic acid (TFA, 0.5% v/

v) and desalted on Sep-Pak® Vac cartridges (WatersTM, Milford,

Massachusetts, United States, WAT054955) with a wash of 1 ml

0.1% TFA followed by elution in 70% acetonitrile 0.1% formic acid

(FA). Peptides were dried by speed vacuum and resuspended in

29 µL of 50 mM triethylammonium bicarbonate. Peptide

concentrations were checked by Pierce Quantitative colorimetric

assay (Thermo Fisher Scientific, Waltham, Massachusetts,

United States, 23275). The same amount of peptide from each

sample was then labeled for 2 hours at room temperature with

0.2 mg of Tandem Mass Tag reagent (Thermo Fisher Scientific,

TMT™ Isobaric Label Reagent Set, 90309, lot no. VI307195B).

Labeling reactions were quenched by adding 0.3% hydroxylamine

(v/v) to the reaction mixtures at room temperature for 15 min.

Labeled peptides were then mixed and dried by speed vacuum.

High pH basic fractionation
For high pH basic fractionation, peptides were reconstituted

in 0.1% TFA and fractionated using methodology and reagents

from Pierce™ High pH reversed-phase peptide fractionation kit

(8 fractions, ThermoFisher, A32993).

Nano-LC-MS/MS analysis
Nano-LC-MS/MS analyses were performed on an EASY-nLC

HPLC system (SCR:014993, Thermo Fisher Scientific) coupled to

Orbitrap Exploris 480™mass spectrometer (Thermo Fisher Scientific)

with a FAIMS pro interface. About 1/8 of each global peptide fraction

and 1/4 of each phosphopeptide fraction were loaded onto a reversed-

phase EasySpray™ C18 column (2 μm, 100 �A, 75 μm × 25 cm,

Thermo Scientific, ES902A) at 400 nl/min. Peptides were eluted

from 4%–30% with mobile phase B (mobile phases A: 0.1% FA,

water; B: 0.1% FA, 80% acetonitrile (Thermo Fisher Scientific,

LS122500) over 160min, 30%–80% B over 10 min, and dropping

from 80%–10% B over the final 10min. The mass spectrometer was

operated in positive ion mode with a 4 s cycle time data-dependent

acquisition method with advanced peak determination. The FAIMS

CV was maintained at −50 V. Precursor scans (m/z 375-1600) were

done with an orbitrap resolution of 60,000, RF lens% 40, maximum

inject time 50ms, normalized AGC target 300%, and MS2 intensity

threshold of 5e4, including charges of 2–6 for fragmentation with 60 s

dynamic exclusion. MS2 scans were performed with a quadrupole

isolation window of 0.7 m/z, 35% HCD CE, 45,000 resolution, 200%

normalized AGC target, auto maximum IT, and fixed first mass of

110m/z.

Data analysis
The resulting RAW files were analyzed in Proteome

Discover™ 2.4 (Thermo Fisher Scientific) with a Homo

sapiens UniProt FASTA (last modified 021517) plus common

contaminants. SEQUEST HT searches were conducted with a

maximum number of two missed cleavages, precursor mass

tolerance of 10 ppm, and a fragment mass tolerance of

0.02 Da. Static modifications used for the search were as

follows: 1) carbamidomethylation on cysteine (C) residues, 2)

TMT6plex label on N-peptide N-termini, and 3) TMT6plex label

on lysine (K) residues. Dynamic modifications used for the

search were oxidation of methionines and acetylation, Met-

loss, or Met-loss plus acetylation of protein N-termini. The

percolator false discovery rate was set to a strict setting of

0.01 and a relaxed setting of 0.050. In the consensus

workflow, peptides were normalized by total peptide amount

with no scaling. Co-isolation of 50% and average reporter ion S/N

10 were used as thresholds for quantification. Resulting

normalized abundance values for each sample type,

abundance ratio and log2(abundance ratio) values

(Supplementary Figure S2), and respective p-values (ANOVA)

from Proteome Discover™ were exported to Microsoft Excel. All

raw and processed data are available via ProteomeXchange.

Project accession: PXD031347

Project DOI: 10.6019/PXD031347

Lipidomics

Cellular lipid extraction and multiple reaction
monitoring profiling-based MS for lipidomics

Samples represented by pellets containing around

50,000 cells were processed using the Bligh and Dyer protocol
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(Bligh and Dyer, 1959). Immediately after stretch, the cell lysis

was achieved by adding 200 μl of ultrapure water and repeated

pipetting for 1 minute. After that, 550 μl of methanol and 250 μl

of chloroform were added, and the samples were incubated for

15 min at 4°C. Then, 250 μl of ultrapure water and 250 μl of

chloroform were added, causing the solution to become biphasic.

Phase separation was improved by centrifugation at 10,000 rpm

for 5 min. The bottom phase (lipid extract) was then transferred

to a clean microtube, and the extracts were dried using a

SpeedVac centrifuge. Dried lipid extracts were diluted in 5 μl

of chloroform and 45 μl of injection solvent (acetonitrile/

methanol/ammonium acetate 300 mM 3:6.65:0.35 [v/v]) to

obtain a stock solution. The stock solution was diluted ten

times into injection solvent spiked with 0.1 ng/μl of

EquiSPLASH Lipidomics (Avanti Polar Lipids, AL,

United States #330731) for sample injection. The MRM-

profiling methods and instrumentation used have been

recently described in previous reports (de Lima et al., 2018)

(Dipali et al., 2019) (Suárez-Trujillo et al., 2020) (Clyde-

Brockway et al., 2021). In summary, data acquisition was

performed using flow injection (no chromatographic

separation) from 8 μl of the diluted lipid extract stock solution

delivered using a micro-autosampler (G1377A) to the ESI source

of an Agilent 6410 triple quadrupole mass spectrometer (Agilent

Technologies, Santa Clara, CA, United States). A capillary pump

was connected to the autosampler and operated at a flow rate of

7 μl/min and a pressure of 100 bar. The capillary voltage on the

instrument was 5 kV, and the gas flow was 5.1 L/min at 300°C.

The MS data obtained from these methods were processed using

an in-house script to obtain a list of MRM transitions with their

respective sum of absolute ion intensities over the

acquisition time.

Cell culture media lipid extraction and high-
performance liquid chromatography-mass
spectrometry

For extracellular lipid analysis, control and stretched HTM

cell culture media were collected (around 6 ml), and the speed

vacuum was concentrated (SpeedVac DNA 130, Thermo Fisher

Scientific) to generate the pellets. The lipids were extracted

using the Bligh& Dyer protocol as described above (Bligh and

Dyer, 1959). Lipid samples were eluted using reverse phase

liquid chromatography with a Hypersil Gold C18 column

(particle size 1.9 uM, 150 × 2.1 mm ID, Thermo Fisher

Scientific). The column was used with the Vanquish

Horizon UHPLC System (Thermo Fisher Scientific)

equipped with an autosampler and binary pump

combination. The HPLC system was coupled to a

Q-Exactive mass spectrometer (Thermo Fisher Scientific) for

high-resolution mass spectrometry analysis. The column

temperature was 55°C, and the injection volume was 8 μl. A

gradient of 30 min with a flow rate of 0.260 ml/min was run

from 10% to 100% solvent B. Solvent A was a 50:50 ratio of

acetonitrile:water +0.1% FA + 5 mM ammonium formate, and

Solvent B was 88:10:2 ratio of isopropanol:acetonitrile:water

+0.1% formic acid + 5 mM ammonium formate. A heated

electrospray ionization (HESI) source was used as an

ionization method and coupled to the Q-Exactive

instrument. The conditions for the HESI were as follows:

spray voltage was 4.00 kV for positive mode and 2.50 kV for

negative mode. The heated capillary temperature was set to

325°C and the auxiliary heater to 275°C. The sheath gas flow

rate was set to 35 units and the aux gas flow rate to 15 units. The

S-lens RF level was 70. The resolution for the full scan was set to

70,000 at a mass range of 250–1,200 m/z. The automatic gain

control target was 1 × 10̂6, and the maximum injection time

(IT) was 240 ms. The data-dependent acquisition had a

resolution of 17,500 and an AGC target of 1 × 10̂5 with a

maximum IT of 50 ms. The isolation window was 1.0 m/z, and

the collision energies were set to 20, 30, and 40 eV.

Raw files from the mass spectrometer were analyzed for lipid

identification using LipidSearch software version 4.2. The

following parameters were used for identification: parent and

product search tolerance of 5 ppm. Filters were set at the top

rank, main isomer peak, and FA priority, with an m-score

threshold of 5.0 and a c-score threshold of 2.0. Quantification

was set with an m/z tolerance of 5 ppm and retention time

tolerance of 0.5 min. The following adducts were allowed in

positive mode: [M + H]+, [M + NH4]+, [M + 2H]2+, and [M −

H]−, [M − 2H]2−, [M − CH3] − in negative mode. All lipid

classes were selected for search except for glycoglycerolipids and

derivatized lipids.

All potential lipid matches for each sample were aligned

together for the positive and negative modes. All technical

replicates were aligned together. The retention time set for the

alignment was 0.1 min, with top-ranked filtered and main isomer

peak selected. All peaks with the same annotated lipid species

were merged in the result.

Lipidomics data analysis
Statistical analysis was performed utilizing MetaboAnalyst

5.0 (http://www.metaboanalyst.ca/). Data on the relative

amounts were auto-scaled to obtain a normal distribution and

evaluated by principal component analysis (PCA) to find the

directions that best explain the variance in the dataset, cluster

analysis/heatmap to visualize the concentration values in the data

table, and paired t-test to compare different lipid classes content

in control and stretched TM cells/media. Informative lipids were

analyzed according to class, fatty acyl residue chain length, and

unsaturation level.

Data integration analysis

The RNA-seq, proteomics, and lipidomics data were

integrated based on the differentially expressed genes and
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proteins and regulated lipid classes. The common up- and

downregulated genes were matched with the proteins using

gene names. For pathway analysis, comparison between

differentially expressed genes and proteins based on pathways

involving cytoskeleton organization (actin- and tubulin-related),

ECM organization, apoptosis, oxidative stress (redox), lipid

metabolism, autophagy, and proteostasis (chaperones and

protein quality control) were filtered. These were fed on

STRING search (https://string-db.org/) to obtain predicted

interaction maps for each pathway. Lipid classes known to be

involved in the regulation of the pathway mentioned above were

compared with differentially expressed genes and proteins.

Western blotting

The cell lysates containing total protein were prepared using

1X RIPA buffer composed of 50 mMTris-HCl (pH 7.2), 150 mM

NaCl, 1% NP-40, 0.1% SDS, 1 mM EDTA, and 1 mM PMSF with

protease and phosphatase inhibitors and then sonicated. The

protein concentration was determined using Bradford Assay

Reagent. A total of 25–40 μg of the protein sample was mixed

with 4X Laemmli buffer and separated on 8%–10% SDS

polyacrylamide gel. Following the gel run, the proteins were

transferred to a 0.45 µM pore size nitrocellulose membrane.

Ponceau S staining of the membrane was performed to

document protein loading after transfer. Membranes were

blocked in either 5% non-fat dry milk or 5% BSA in Tris-

buffered saline with 0.1% Tween for 2 h, followed by

respective primary antibodies overnight at 4°C (~16 h) and

then horseradish peroxidase-conjugated secondary antibodies

(Jackson Immuno Research). The blots were washed with 1X

TBST, and the immunoreactivity was detected using Western

Lightning Plus Enhanced Chemiluminescence (ECL) Substrate

(Perkin Elmer, Shelton, United States) and imaged in a

ChemiDoc MP imaging system (Bio-Rad). Blots were stripped

using mild stripping buffer if required to reprobe for the loading

control and multiple proteins within the same molecular weight

range. Data were normalized to GAPDH. Semi-quantitative

analyses and fold changes were calculated from the band

intensities measured using ImageJ software.

Statistical analysis

All data are presented as the mean ± standard error of the

mean (SEM) of biological replicates of four independent

observations for RNA-seq and three independent observations

for proteomics and lipidomics mass spectrometry analysis. For

immunoblotting, four independent biological replicates were

used. GraphPad Prism 8 was used to generate graphs.

Quantitative data were analyzed by the student’s paired t-test.

p-value ≤ 0.050 was considered statistically significant.

Results

Differential expression of genes in TM
subjected to CMS

Primary HTM cells from four biological replicates were

subjected to CMS for 8 h to evaluate the effects of mechanical

stress on the gene expression profile in TM. We focused on the

8 h window because the estimated median mRNA half-life in

human cells is approximately 10 h (Yang et al., 2003). ThemRNA

sequencing analysis identified 14,942 transcripts. Based on the

statistical significance (p ≤ 0.050) and false discovery rate

(FDR) < 6%, 211 genes were identified to be differentially

expressed. A systematic evaluation of the RNA-seq data is

shown in Figure 1. The volcano plot (Figure 1A) with all

genes significantly modulated due to CMS—red dots represent

downregulated genes, blue dots represent upregulated genes, and

grey dots represent the unchanged genes—compared to the

controls. Among them, based on absolute log2(fold change),

148 genes were upregulated (≥0.3 log2FC), and 63 genes were

downregulated (≤0.3 log2FC) (Supplementary Table S1) in HTM

cells subjected to CMS. Figure 1B represents the heatmap of the

top 20 upregulated and downregulated genes. The PCA

correlation matrix (Figure 1C, left), scree plot representing

eigenvalues (proportion of variance) (Figure 1C middle), and

the elbow nature of the graph indicating PCA worked well on the

data and 2D PCA loading plots for the top two components are

shown in Figure 1C (right). The top 20 upregulated genes are

provided in Table 1.

Interestingly, the most upregulated gene under CMS was

mutS homolog 4 (MSH4) (2.54-log2FC, 5.83-FC), which is

involved in meiotic recombination (Kneitz et al., 2000) and

protein ubiquitination pathway (Xu and Her, 2013). Several

stress-related genes were differentially expressed: a) heat shock

protein 70 family (Radons, 2016), HSPA5 (0.60-log2FC; 1.51-

FC), HSPA1B (0.92-log2FC; 1.90-FC); b) DnaJ/heat shock

protein 40 family, DNAJA1 (0.46-log2FC; 1.37-FC), DNAJB1

(0.45-log2FC; 1.36-FC), DNAJB9 (0.76-log2FC; 1.70-FC); c) heat

shock protein family H (Hsp110) member 1 (HSPH1) (0.73-

log2FC; 1.66-FC); d) heat shock protein family B (small) member

8 (HSPB8) (0.43-log2FC; 1.35-FC); and e) co-chaperone for

HSP90 cysteine and histidine-rich domain containing 1

(CHORDC1) (0.66-log2FC; 1.583-FC) were upregulated

significantly. Under CMS, there was significant upregulation

of actin-cytoskeleton associated genes including SLIT-ROBO

rho GTPase-activating protein 1 (SRGAP1) (0.39-log2FC;

1.31-FC), spectrin-β chain, non-erythrocytic 5 (SPTBN5)

(1.40-log2FC; 2.64-FC), formin-like 2 (FMNL2) (0.38-log2FC;

1.30-FC), and RAS like proto-oncogene A (RalA) (0.43-log2FC;

1.348-FC). Additionally, both frizzled receptor class, FZD4 (0.65-

log2FC; 1.57-FC) and FZD8 (1.04-log2FC; 2.06-FC) genes, were

upregulated, which are involved in Wnt/β-catenin canonical

signaling pathway (Gurney et al., 2012). On the contrary,
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Dickkopf WNT signaling pathway inhibitor 1 (DKK1) gene, a

Wnt signaling inhibitor (Semënov et al., 2008), was also increased

(0.54-log2FC; 1.45-FC), indicating a homeostatic transcriptional

control of Wnt signaling when TM is under mechanical stress.

Further, looking at genes involved in ECM and fibrosis

regulation, sphingosine kinase (SphK1) (0.83-log2FC; 1.78-

FC), a rate-limiting enzyme in the synthesis of profibrotic

sphingosine-1-phosphate (S1P) (Fyrst and Saba, 2010) was

augmented, and countering fibrosis increased in membrane-

type metalloprotease 16 (MMP16) (0.36-log2FC; 1.29-FC)

involved in ECM degradation and Mothers against

decapentaplegic homolog 7 (Smad7) (0.5-log2FC; 1.42-FC), a

negative regulator of the transforming growth factor β and

fibrosis (Zhu et al., 2011).

Intriguingly, we found that genes involved in transmembrane

transport were upregulated: a) calcium ion transport (solute

carrier family 8 member A2) (SLC8A2) (2.1-log2FC; 4.43-FC);

b) myo-inositol transport (solute carrier family 5 member 3)

(SLC5A3) (0.81-log2FC; 1.76-FC); c) amino-acid transport

(solute carrier family 38 member 2) (SLC38A2) (0.59-log2FC;

1.50-FC); d) glycine transport (solute carrier family 6 member 9)

(SLC6A9) (0.58-log2FC; 1.50-FC); and e) acetyl-coenzyme A

transporter (solute carrier family 33 member 1) (SLC33A1)

(0.39-log2FC; 1.32-FC). These proteins aid in ions, solutes,

and metabolites across the biological membranes (Sahoo et al.,

2014). Among the upregulated mRNA, three non-coding

RNA—LOC284344 (1.32-log2FC; 2.50-FC), LOC100379224

(0.56-log2FC; 1.47-FC), and LOC646762 (0.47-log2FC; 1.39-

FC) —and two uncharacterized protein-coding

RNA—LOC100130705 (1.23-log2FC; 2.34-FC) (predicted

protein, ATP6V1FNB, UniProtKB, A0A1B0GUX0) and

C11orf94 (1.61-log2FC; 3.06-FC) (UniProtKB - C9JXX5)—

were found. The network map of all the upregulated genes in

TM subjected to CMS is provided inSupplementary Figure S3.

Gene ontology enrichment analysis for upregulated genes in

TM under CMS based on its molecular function and the

biological process performed using ShinyGO v0.75 (Ge et al.,

2020) are given in Table 2 and Supplementary Table S2,

respectively. Based on molecular functions, most of the

upregulated genes were associated with membrane transporter

FIGURE 1
Transcriptomics analysis of RNA-seq data. (A) Volcano plot of all genes significantly regulated by cyclic mechanical stress. (B) Heatmaps of the
top 20 upregulated (left) and top 20 downregulated (right) transcripts abundances based on Log2 FPKM (fragments per kilobase of transcript per
million mapped reads). (C) PCA on the correlation matrix (left), scree plot representing the eigenvalues and the proportion of variance accounted for
by the principal components (middle), and 2D PCA loading plots for the top 2 (PC1 and PC2) components (right).
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(eight genes), protein ubiquitination (nine genes), transcription

repression (eight genes), stress-response (six genes), chaperone

activity (five genes), and SMAD binding (four genes) (Table 2).

Pathway enrichment analysis of genes based on their biological

process (Supplementary Table S2) demonstrated genes that were

upregulated and involved in transmembrane signaling, signal

transduction, responders to stimuli such as stress, and the SMAD

signaling pathway.

On examining the 63 downregulated genes, we found that the

coiled-coil domain containing 65 (CCDC65) gene (−1.629-

log2FC; −3.09-FC) was the most significantly downregulated.

Table 3 shows the top 20 downregulated genes.We found that the

only stress-response gene that was downregulated was DnaJ heat

shock protein family (Hsp40) member B5 (DNAJB5) (−0.71-

log2FC; −1.64-FC). Other notable downregulated genes included

the pro-apoptotic gene thioredoxin interacting protein (TXNIP)

(−0.57-log2FC; −1.49-FC), rho family interacting cell

polarization regulator 2 (RIPOR2), and a negative regulator of

small GTPase Rho (−1.23-log2FC; −2.34-FC). Neural crest cells

are progenitors of TM (Kaiser-Kupfer, 1989), and the expression

TABLE 1 Top 20 upregulated genes.

Gene symbol Description Fold change log2FC p-value

MSH4 mutS homolog 4 5.827 2.543 4.8E-10

SLC8A2 Solute carrier family 8 member A2 4.425 2.146 4.5E-05

AADACP1 Arylacetamide deacetylase pseudogene 1 4.347 2.120 2.1E-06

C9orf152 Chromosome 9 open reading frame 152 4.081 2.029 2.0E-04

HSPE1-MOB4 HSPE1-MOB4 readthrough 3.702 1.888 2.8E-05

NRIR Negative regulator of interferon response 3.351 1.745 3.6E-07

C11orf94 Chromosome 11 open reading frame 94 3.059 1.613 7.6E-05

HIST1H1E H1.4 Linker Histone, cluster member 3.022 1.595 2.3E-05

ATP6V1C2 ATPase H+ transporting V1 subunit C2 2.955 1.563 1.1E-04

SLCO4A1 Solute carrier organic anion transporter family member 4A1 2.940 1.556 4.9E-11

SPTBN5 Spectrin beta, non-erythrocytic 5 2.637 1.399 6.1E-06

FBXW10 F-box and WD repeat domain containing 10 2.618 1.389 2.4E-05

HRK Harakiri, BCL2 interacting protein 2.609 1.383 7.1E-04

LSMEM1 Leucine rich single-pass membrane protein 1 2.560 1.356 2.0E-05

LOC284344 Uncharacterized LOC284344 2.497 1.320 1.2E-04

SLCO5A1 Solute carrier organic anion transporter family member 5A1 2.444 1.289 8.0E-06

FAM222A Family with sequence similarity 222 member A 2.424 1.277 3.0E-04

C9 Complement C9 2.387 1.255 3.3E-04

NPPA-AS1 NPPA antisense RNA 1 2.379 1.250 2.8E-04

LOC100130705 ATP6V1F neighbor 2.338 1.225 3.9E-08

Top 20 genes significantly upregulated in TM subjected to CMS with FDR < 6% and log2FC ≥ 0.3. Columns (left to right) show the gene symbol, gene description, fold change, log2FC

determined by mRNA sequencing analysis, and calculated p-value, where p < 0.050 was statistically significant.

TABLE 2 Pathway enrichment analysis for upregulated genes using ShinyGO based on molecular function.

Pathway Genes

Active and secondary ion transmembrane transporter activity SLCO4A1 SLC8A2 SLCO5A1 SLC33A1 SLC5A3 SLC38A2 SLC6A9

Organic anion transmembrane transporter activity SLCO4A1 SLC38A2 SLCO5A1 ABCC5 SLC33A1 SLC6A9

Neutral amino acid:sodium symporter activity SLC38A2 SLC6A9

Ubiquitin protein ligase binding TRAF1 HSPA1B TRIB1 RALA HEL-S-89n DNAJA1 SMAD7 FZD4 FZD8

Heat shock protein binding HSPA5 DNAJB1 HSPA1B DNAJA1 DNAJB9 CHORDC1

DNA-binding transcription repressor activity ZBTB1 ZBTB2 BHLHB2 SKIL JDP2 HES1 E2F7 HEY1

Chaperone binding DNAJB1 DNAJA1 HES1 DNAJB9 HSPA5

SMAD binding SMAD7 PMEPA1 SKIL LDLRAD4

Columns (left to right) show the pathways and genes involved in the given pathway in TM subjected to CMS, based on molecular function using ShinyGO pathway enrichment analysis.
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of keratin 19 (KRT19), a neural crest marker (Lignell et al., 2017),

was downregulated (−0.79-log2FC; −1.72-FC) due to CMS.

Hyaluronidase-1, an enzyme degrading hyaluronan in the

ECM, was downregulated significantly (−0.85-log2FC;

−1.80-FC). Tight junction adhesion molecule claudin 11

(CLDN11) (−0.74-log2FC; −1.67-FC) and cell adhesion

molecule vascular cell adhesion molecule 1 (VCAM1) (−0.52-

log2FC; −1.44-FC) were decreased significantly indicating a

potential loss of the cell–cell contact and communication in

TM endothelial cells (Cerutti and Ridley, 2017).

Interestingly, two lipid metabolism-related genes, including

carnitine palmitoyltransferase 2 (CPT2) (−0.51-log2FC; −1.42-

FC) and short-chain specific acyl-CoA dehydrogenase (ACADS)

(−0.62-log2FC; −1.53-FC), which are involved in fatty acid

beta-oxidation (Houten and Wanders, 2010), went down

significantly. Pathway enrichment analysis for downregulated

genes was performed using the ShinyGO v0.75 (Ge et al., 2020)

tool based on their molecular function (Table 4). Based on the

molecular functions, our results indicate that CMS on TM

negatively regulated the cellular metabolic process at the

TABLE 3 Top 20 downregulated genes.

Gene symbol Description Fold change log2FC p-value

CCDC65 Coiled-coil domain containing 65 −3.093 −1.629 1.80E-04

GMNC Geminin coiled-coil domain containing −3.023 −1.596 5.371E-05

OXCT1-AS1 OXCT1 antisense RNA 1 −2.876 −1.524 2.02E-04

PLIN4 Perilipin 4 −2.761 −1.465 0.0003009

LINC01006 Long intergenic non-protein coding RNA 1006 −2.691 −1.428 0.0003568

RIPOR2 RHO family interacting cell polarization regulator 2 −2.339 −1.226 4.23E-04

HRCT1 Histidine-rich carboxyl terminus 1 −2.163 −1.113 0.0007467

LINC00957 Long intergenic non-protein coding RNA 957 −2.142 −1.099 5.14E-04

ECHDC3 Enoyl-CoA hydratase domain containing 3 −2.079 −1.056 1.24E-07

ESPNL Espin-like −1.998 −0.998 0.0001494

FAHD2CP Fumarylacetoacetate hydrolase domain containing 2C, pseudogene −1.899 −0.925 1.86E-04

SEMA4G Semaphorin 4G −1.892 −0.920 2.50E-05

SLC7A14 Solute carrier family 7 member 14 −1.868 −0.902 5.99E-04

USP27X-AS1 USP27X antisense RNA 1 (head to head) −1.845 −0.883 0.0001952

SLC16A14 Solute carrier family 16 member 14 −1.844 −0.883 1.36E-07

HYAL1 Hyaluronidase 1 −1.798 −0.847 9.25E-05

RAP2C-AS1 RAP2C antisense RNA 1 −1.752 −0.809 1.94E-05

KRT19 Keratin 19 −1.723 −0.785 6.72E-06

SMIM10L2B Small integral membrane protein 10 like 2B −1.676 −0.745 0.0002565

CLDN11 Claudin 11 −1.667 −0.737 7.94E-07

Top 20 genes significantly downregulated in TM subjected to CMS with FDR<6% and log2FC ≤ −0.3. Columns (left to right) show the gene symbol, gene description, fold change, log2FC

determined by mRNA sequencing analysis, and calculated p-value, where p < 0.050 was statistically significant.

TABLE 4 Pathway enrichment analysis for downregulated genes using ShinyGO based on molecular function.

Pathway Genes

Beta-Alanine metabolism ALDH3A1 ALDH3B1 ACADS

Histidine metabolism ALDH3A1 ALDH3B1

Phenylalanine metabolism ALDH3A1 ALDH3B1

Peroxisome CRAT IDH2 PEX11B

Metabolic pathways ALDH3A1 ALDH3B1 FECH GCNT1 HYAL1 IDH2 ACADS MPI PLCD1 ETNK2

AGE-RAGE signaling pathway in diabetic complications PLCD1 CCL2 VCAM1

Tyrosine metabolism ALDH3A1 ALDH3B1

Fatty acid degradation CPT2 ACADS

Columns (left to right) show the pathways and genes involved in the given pathway in TM subjected to CMS, based on molecular function using ShinyGO pathway enrichment analysis.
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transcription levels. A network map of downregulated genes in

TM subjected to CMS is provided in Supplementary Figure S4.

The original mRNA sequencing data files are available at GEO

under the GEO accession: GSE195756.

Differential expression of proteins in TM
subjected to CMS

For proteomics analysis, TM cells were subjected to CMS for

24 h. The time provided for stretch and examination of protein

changes was based on published data (Chen et al., 2016). The

published study suggested a median half-life of a protein of

around 9 h out of the 804 proteins traced for half-life.

Nevertheless, roughly 272 proteins had a half-life ranging

between 10 and 36 h (Chen et al., 2016). Therefore, we

decided to examine protein changes after 24 h of CM using a

TMT-based LC/MS-MS proteomics approach. In total,

4,758 proteins were detected. Further, based on FDR ≤5% and

statistical significance (p ≤ 0.050), 147 proteins were significantly

upregulated and 66 were significantly downregulated. Based on

mean ± 2σ of log2 ≥ 0.3 of confidence fold change limits

(Supplementary Figure S2), 10 proteins were upregulated and

29 proteins were downregulated. Further, using the criteria

mean ± 2σ of log2 < 0.3–0.1, 82 proteins were upregulated

and 17 proteins were downregulated in TM under CMS

(Supplementary Table S3). The list of top 10 upregulated

proteins is provided in Table 5.

The most significantly upregulated protein was

methyltransferase-like protein 13 (METTL13) (0.91-log2FC;

1.879-FC), which catalyzes protein methylation of elongation

factor 1-alpha (Jakobsson et al., 2018), indicating a potential

increase in protein synthesis (Jakobsson et al., 2017; Jakobsson

et al., 2018). Many proteins that bind to and/or are associated

with actin cytoskeleton organization were upregulated. Among

them, the significant ones were a) ataxin-3 (0.34-log2FC; 1.26-

FC), which is involved in cytoskeletal organization and cell

survival (Rodrigues et al., 2010), and b) MKL/myocardin-like

protein 2 (MKL2) which was upregulated (0.32-log2FC; 1.25-FC),

a coactivator that binds to transcriptional factor serum response

factor (SRF), is regulated by activation of Rho GTPase, and

induces genes involved in myogenic differentiation, actin

cytoskeletal organization, focal adhesion assembly, and tissue

fibrosis (Pipes et al., 2006; Pattabiraman and Rao, 2010;

Pattabiraman et al., 2014; Xu et al., 2015). Other upregulated

cytoskeleton-related and ECM proteins were cytoskeleton

binding protein thymosin beta 4 (TMSB4X) (0.13-log2FC;

1.10-FC) (Xue et al., 2014) and tropomodulin-3 (TMOD3)

(0.14-log2FC; 1.11-FC) involved in F-actin stabilization

(Parreno and Fowler, 2018), collagen 1A2 (COL1A2), which is

a part of a large molecule type I collagen (0.14-log2FC; 1.10-FC),

pro-fibrotic mothers against decapentaplegic homolog 3

(SMAD3) (0.11-log2FC; 1.08-FC) (Flanders, 2004), and

laminin subunit gamma-1 (0.09-log2FC; 0.09-FC), though it

did not fall under our stringency criteria for consideration

(log2FC > 0.1). Mechanical stress on TM triggered

upregulation of anti-apoptotic proteins such as DnaJ homolog

subfamily A member 1 (DNAJA1) (0.46-log2FC; 1.12-FC)

significantly and the death domain-associated protein 6

(DAXX) (0.14-log2FC; 1.10-FC) and tax1-binding protein 1

(TAX1BP1) (0.12-log2FC; 1.08-FC). Additionally, nuclear

receptor-binding factor 2 (NRBF2) (0.35-log2FC; 1.27-FC) and

maturation- gamma-aminobutyric acid receptor-associated

protein-like 1 (GABARAPL2) (0.21-log2FC; 1.16-FC)—

proteins involved in autophagosome formation (Behrends

et al., 2010; Birgisdottir et al., 2019)—were upregulated.

Interestingly, mechanical stretching of TM upregulated

proteins was associated with cholesterol biosynthesis.

Hydroxymethylglutaryl-CoA synthase (HMGCS1) (0.21-

log2FC; 1.16-FC), isopentenyl-diphosphate delta isomerase 1

(IDI1) (0.12-log2FC; 1.08-FC), and squalene synthase (FDFT1)

(0.33-log2FC; 1.26-FC) were all upregulated in TM subjected to

TABLE 5 Top 10 upregulated cellular proteins.

Gene symbol Accession Description Fold change log2FC p-value

METTL13 Q8N6R0 Methyltransferase-like protein 13 1.879 0.910 0.035

SFSWAP Q12872 Splicing factor, suppressor of white-apricot homolog 1.399 0.480 0.031

FAM8A1 Q9UBU6 Protein FAM8A1 1.324 0.410 0.050

SLC38A2 Q96QD8 Sodium-coupled neutral amino acid transporter 2 1.308 0.390 0.038

GATAD2B Q8WXI9 Transcriptional repressor p66-beta 1.312 0.390 0.018

SNRNP27 Q8WVK2 U4/U6.U5 small nuclear ribonucleoprotein 27 kDa protein 1.3 0.380 0.012

NRBF2 Q96F24 Nuclear receptor-binding factor 2 1.272 0.350 0.007

ATXN3 P54252 Ataxin-3 1.263 0.340 0.014

FDFT1 P37268 Squalene synthase 1.256 0.330 0.044

MKL2 Q9ULH7 MKL/myocardin-like protein 2 1.249 0.320 0.020

Top 10 proteins upregulated in TM subjected to CMS with FDR ≤ 5% and log2FC ≥ 0.3. Columns (left to right) show the gene symbol, UniProt accession number, protein description, fold

change, log2FC determined by global proteomic analysis, and calculated p-value, where p < 0.050 was statistically significant.
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CMS, thus indicating the modulation of membrane rigidity,

exocytosis, and mechanotransduction (Najafinobar et al., 2016;

Lakk et al., 2021) under mechanical stress. Pathway enrichment

of upregulated proteins by ShinyGO analysis (Ge et al., 2020)

based on molecular function and biological process are given in

Table 6 and Supplementary Table S4, respectively. The

molecular functions of most of the upregulated proteins in

TM subjected to CMS were strongly associated with RNA

binding and/or involved in post-translational modifications.

Network analysis by STRING shows a map of upregulated

proteins whose biological functions are interlinked

(Supplementary Figure S5).

We further performed a confirmatory immunoblotting

analysis of TM cells subjected to CMS for selected proteins

upregulated in proteomics. Figure 2A shows significant

increase in the expression of ECM proteins such as COL1A2

(n = 4, p = 0.0048) and total laminin (n = 4, p = 0.003) and MKL2

(n = 4, p = 0.049), a coactivator of SRF and a regulator of actin

TABLE 6 Pathway enrichment analysis for upregulated cellular proteins using ShinyGO based on molecular function.

Pathway Proteins

RNA binding BCLAF1 STAU2 CCAR1 DAZAP1 PUM3 DDX18 FUS PUS7 EIF3D
ZC3H14 RBM3 HNRNPUL1 MRPL27 EFTUD2 RPL24 RBM25 G3BP2 EIF3H ZFP36L2 LARP4 RPL29 HNRNPF
TMSB4X NELFE DDX3X NAP1L4 HNRNPH1 MRPS18A SFSWAP SMARCE1 PHAX

Single-stranded RNA binding DAZAP1 ZC3H14 LARP4 HNRNPF DDX3X HNRNPH1

Poly-purine tract binding DAZAP1 ZC3H14 LARP4 DDX3X

Nucleic acid binding BCLAF1 STAU2 CCAR1 DAZAP1 SMARCE1 PUM3 DDX18 FUS PUS7 EIF3D
ZC3H14 RBM3 HNRNPUL1 MRPL27 EFTUD2 RPL24 RBM25 G3BP2 EIF3H ZFP36L2 LARP4 RPL29 HNRNPF
TMSB4X NELFE DDX3X GATAD2B NAP1L4 HNRNPH1 MRPS18A SMAD3 SFSWAP PHAX SNRNP27

Poly(A) binding ZC3H14 LARP4 DDX3X

Isomerase activity IDI1 PUS7 GLCE GNE PPIH HMGCS1

Cadherin binding MICALL1 RPL24 USP8 TMOD3 STX5 RPL29 MRTFB DDX3X

Ubiquitin protein ligase binding GABARAPL2 GABARAPL1 ATXN3 DNAJA1 NDUFS2 SMAD3 DAXX

Ubiquitin binding BUB3 NEDD4 SMAD3 TAB2

Nuclear receptor binding SMARCE1 FUS SMAD3 DAXX

Tat protein binding DNAJA1 GABARAPL1

RNA polymerase II-specific DNA-binding
transcription factor binding

SMARCE1 FUS DNAJA1 GABARAPL1 SMAD3 DAXX

RNA stem-loop binding DDX3X DAZAP1

Transcription coactivator activity CCAR1 MRTFB FUS DAXX NCOA4 SMARCE1

Columns (left to right) show the pathways and proteins involved in the given pathway in TM subjected to CMS, based on molecular function using ShinyGO pathway enrichment analysis.

FIGURE 2
Immunoblot analysis for ECM and fibrosis-related proteins and proteins involved in cholesterol biosynthesis. (A) Confirmatory analysis for
protein expression changes in HTMcells subjected to CMS for 24 h. COL1A2, total laminin, MKL2, and PAI-1 showed a significant upregulation at 24 h
of CMS (ST) compared to unstretched control (CTL). (B)Confirmatory analysis for proteins involved in cholesterol biosynthesis in HTM cells subjected
to CMS for 24 h. HMGCS1 and n-SREBP2 showed a significant upregulation at 24 h of CMS (ST) compared to unstretched control (CTL). The
results were based on immunoblot analysis with subsequent densitometric analysis. GAPDH was immunoblotted as the loading control. Circles and
boxes in the histograms represent sample numbers for CTL and ST, respectively. Values represent mean ± SEM, where n = 4 (biological replicates).
*p ≤ 0.050 was considered significant.
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polymerization, in TM cells subjected to CMS (ST) compared to

control (CTL). Though there was no significant change in

plasminogen activator inhibitor-1 (PAI-1) expression in

proteomic analysis, we found it to be significantly increasing

(n = 4, p = 0.007) in immunoblotting (Figure 2A), suggesting an

increase in fibrogenic response (Ghosh and Vaughan, 2012) in

TM subjected to CMS. Additionally, investigating cholesterol

biosynthesis, our data from immunoblotting support the

proteomics data in demonstrating a significant increase in

HMGCS1 (n = 4, p = 0.030) (Figure 2B). The production of

HMGCS is controlled by the activation of a transcription factor

sterol regulatory element-binding protein 2 (SREBP2), a master

regulator of cholesterol biosynthesis (Madison, 2016). Upon

activation, SREBP traffics from ER to Golgi and gets cleaved,

and the cleaved N-terminal protein moves into the nucleus to

initiate the transcription by binding to the sterol response

element (SRE) (Madison, 2016). In TM subjected to CMS, on

examining the active form of SREBP2 (nSREBP2) by

immunoblotting, we identified a significant increase (n = 4,

p = 0.048) (Figure 2B), indicating a direct relationship

between mechanical stress on inducing cholesterol synthesis.

Among the downregulated proteins, the coiled-coil domain-

containing proteins, namely, CCDC113 (−0.95-log2FC; 0.52-FC)

and CCDC170 (−0.91-log2FC; 0.53-FC), a component of

centriole satellite and protein involved in microtubule

organization and stabilization, respectively, were the most

downregulated (Table 7). Intriguingly, CCDC113 was

downregulated at mRNA and protein levels.

Collagen alpha-2(IV) chain (COL4A2), one of the most

abundant type IV collagens involved in the formation of the

basement membrane, was downregulated (−0.15-log2FC;

0.90-FC). Actin binding Nesprin-2 (−0.77-log2FC; 0.59-

FC) (Dawe et al., 2009) and the dedicator of cytokinesis

protein 2 (DOCK2) (−0.76-log2FC; 0.59-FC), which is

involved in activating Rho family of GTPases (Laurin and

Côté, 2014), were downregulated significantly. Pro-apoptotic

protein, CASP8-associated protein 2 (CASP8AP2), was

downregulated (−0.77-log2FC; 0.59-FC). Though proteins

involved in autophagosome formation and maturation

were upregulated, we found that autophagy-related protein

13 (ATG13), essential for autophagy induction and

autophagosome formation (Behrends et al., 2010), was

significantly downregulated (−0.39-log2FC; 0.77-FC).

Thus, indicating a potential activation and a balancing act

on the autophagic mechanisms under mechanical stress in

the TM cells. Pathway enrichment analysis performed using

ShinyGO v0.75 (Ge et al., 2020) tool for downregulated

proteins based on molecular function (Table 8) showed

several proteins associated with biological quality, cellular

localization, and stress response. Network analysis of

downregulated proteins is shown in Supplementary

Figure S6.

TABLE 7 Top 20 downregulated cellular proteins.

Gene symbol Accession Description Fold change log2FC p-value

CCDC113 Q9H0I3 Coiled-coil domain-containing protein 113 0.518 −0.950 0.009

CCDC170 Q8IYT3 Coiled-coil domain-containing protein 170 0.53 −0.910 0.028

RASSF3 Q86WH2 Ras association domain-containing protein 3 0.556 −0.850 0.042

CASP8AP2 Q9UKL3 CASP8-associated protein 2 0.585 −0.770 0.035

SYNE2 Q8WXH0 Nesprin-2 0.588 −0.770 0.037

DOCK2 Q92608 Dedicator of cytokinesis protein 2 0.59 −0.760 0.026

LRRC7 Q96NW7 Leucine-rich repeat-containing protein 7 0.643 −0.640 0.023

HYDIN Q4G0P3 Hydrocephalus-inducing protein homolog 0.676 −0.570 0.040

NDE1 Q9NXR1 Nuclear distribution protein nudE homolog 1 0.681 −0.550 0.016

MYH4 Q9Y623 Myosin-4 0.682 −0.550 0.017

NRXN3 Q9Y4C0 Neurexin-3 0.687 −0.540 0.008

ZNF207 O43670 BUB3-interacting and GLEBS motif-containing protein ZNF207 0.704 −0.510 0.036

KEAP1 Q14145 Kelch-like ECH-associated protein 1 0.718 −0.480 0.042

CHD8 Q9HCK8 Chromodomain-helicase-DNA-binding protein 8 0.729 −0.460 0.015

FSHR P23945 Follicle-stimulating hormone receptor 0.747 −0.420 0.022

AP3M2 P53677 AP-3 complex subunit mu-2 0.755 −0.410 0.040

PMM2 O15305 Phosphomannomutase 2 0.756 −0.400 0.023

PCBP3 P57721 Poly(rC)-binding protein 3 0.765 −0.390 0.007

ATG13 O75143 Autophagy-related protein 13 0.766 −0.390 0.036

TMEM132B Q14DG7 Transmembrane protein 132B 0.766 −0.380 0.035

Top 20 proteins significantly downregulated in TM subjected to CMS with FDR ≤ 5% and log2FC ≤ -0.3. Columns (left to right) show the gene symbol, UniProt accession number, protein

description, fold change, log2FC determined by global proteomic analysis, and calculated p value, where p < 0.050 was statistically significant.
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Lipid changes in TM subjected to CMS

Lipidomics was performed in control and stretched HTM

cells from cellular lipids and conditioned media.

The PCA for the following lipid classes yielded two distinct

clusters between control and stretched HTM cells in total

phospholipids (Supplementary Figure S7A), total ceramide

(Cer) (Supplementary Figure S7B), total cholesteryl ester

(Supplementary Figure S7C), and total diacylglycerol (DG)

(Supplementary Figure S7D). The first and second principal

components, PC1 and PC2, explained >50% of the variance,

indicating that total phospholipids, Cer, cholesteryl esters, and

DG were highly different between control and stretched HTM

cells. The PCA for total TAG showed no distinct cluster between

control and stretched HTM cells (Supplementary Figure S7E).

In the lipids from conditioned media, the PCA revealed two

distinct clusters of total phospholipids in control and stretched

HTM conditioned media (Supplementary Figure S7F). The first

two principal components explained >50% of the variance,

indicating that total phospholipids differed highly between

control and stretched HTM conditioned media

(Supplementary Figure S7F). However, in PCA for the

lysophospholipids, there was no distinct grouping in control

and stretched HTM conditioned media (Supplementary

Figure S7G).

Further analysis of each class of lipids is shown as follows:

(1) Total 603 phospholipid classes, including

phosphatidylcholine (PC), phosphatidylinositol (PI),

phosphatidylethanolamine (PE), phosphatidylserine (PS),

phosphatidylglycerol (PG), and sphingomyelin (SM), were

identified. Cluster heatmap of the top 25 phospholipids

showed that most were increased in stretched HTM cells

compared to the control (Figure 3A). Paired t-test showed

that there was a significant increase in total phospholipids

(p = 0.0001) in stretched HTM cells compared to control

(Figure 3F).

(2) Among all phospholipids, 101 PC classes were identified. PC

is an abundant component in the cell membrane (Kanno

et al., 2007). Therefore, we next measured the change of total

PC level in phospholipids of control and stretched HTM

cells. The paired t-test showed that total PC was significantly

increased (p = 0.044) in stretched HTM cells compared to

control (Figure 3G). In addition to PC, we also compared the

changes of PI, PE, PG, and PS in control and stretched HTM

cells. A total of 133 PI classes were identified. The paired

t-test showed that total PI was significantly increased (p =

0.0001) in stretched HTM cells (Supplementary Figure S8A).

A total of 141 PE classes were identified, and the paired t-test

showed that total PE was significantly increased (p = 0.0002)

in stretched HTM cells (Supplementary Figure S8B). A total

of 134 PG classes were identified in lipidomics analysis, and

the paired t-test showed that total PG was significantly

increased (p = 0.007) in stretched HTM cells

(Supplementary Figure S8C). A total of 131 PS classes

were identified, and the paired t-test showed no difference

in the total PS level between control and stretched HTM cells

(Supplementary Figure S8D).

(3) Since sphingosine-1-phosphate (S1P) is known to regulate

IOP (Mettu et al., 2004; Stamer et al., 2009; Sumida and

Stamer, 2010, 2011; Honjo et al., 2018; Ho et al., 2020), we

next checked the phospholipid sphingomyelin (SM) level, a

source of S1P synthesis, in control and stretched HTM cells.

Among all phospholipids, 27 SM classes were identified. We

also found an increase in SM with no significance in

stretched HTM cells compared to control (Figure 3H).

(4) In addition to SM, we also checked the levels of Cer, another

lipid involved in S1P synthesis in the control and stretched

TABLE 8 Pathway enrichment analysis for downregulated cellular proteins using ShinyGO based on molecular function.

High
level GO category

Proteins

Regulation of biological quality GRIPAP1 KEAP1 F10 BDH2 STIM1 DDAH1 FSHR APRT ZNF207 TNIP2 NMT1

Cellular localization ATG13 GRIPAP1 NDE1 SYNE2 AP3M2 DOCK2 HEL-S-163pA F10 NMT1 APRT

Response to stress F10 UBE4B BRCC3 KEAP1 DDAH1 TFEC TNIP2 ATG13 FSHR

Response to external stimulus CHD8 CMPK2 DOCK2 TNIP2 NRXN3 F10 NMT1 FSHR

Regulation of molecular function KEAP1 STIM1 FSHR PHACTR3 DOCK2 BRCC3 NDE1 DDAH1

Regulation of localization ATG13 GRIPAP1 STIM1 SYNE2 DOCK2 F10 NMT1

System process DDAH1 MYH4 CHD8 FSHR NRXN3 STIM1

Catabolic process UBE4B ATG13 KEAP1 DDAH1 BDH2 PRELP

Regulation of signaling TNIP2 CHD8 F10 FSHR NMT1 STIM1

Cellular component biogenesis ZNF207 CCDC113 ATG13 NDE1 SYNE2 MRM3

Regulation of multicellular organismal process COL4A2 KEAP1 DDAH1 FSHR STIM1 F10

Immune system process DOCK2 FSHR TNIP2 HEL-S-163pA APRT

Columns (left to right) show the pathways and proteins involved in the given pathway in TM subjected to CMS, based on molecular function using ShinyGO pathway enrichment analysis.
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HTM cells. A total of 80 Cer classes were identified. The

cluster heatmap showed the top 25 upregulated Cer in

stretched HTM cells compared to control (Figure 3B),

and the paired t-test for the total Cer resulted in

significantly increased Cer levels (p = 0.012) in stretched

HTM cells (Figure 3I). Such increases in SM and Cer indicate

a potential increase in the biogenesis of S1P in stretched

HTM cells.

(5) A total of 25 cholesteryl ester classes were identified. The

cluster heatmap showed that cholesteryl esters were

decreased in two stretched HTM cell lines and

increased in one line (Figure 3C). The paired t-test

showed that the total cholesteryl ester significantly

decreased (p = 0.02) in stretched HTM cells compared

to the control (Figure 3J).

(6) A total of 24 diacylglycerol (DG) classes were identified.

Heatmap from cluster analysis showed that total DG was

increased in stretched HTM cell samples (Figure 3D), and in

accordance with this observation, the paired t-test also

showed that total DG was significantly increased (p =

0.025) in stretched HTM cells compared to the control

(Figure 3K).

FIGURE 3
Cellular lipid analysis. (A) Heatmap of the total cellular phospholipids in control and stretched HTM cells. (B) Heatmap of the total cellular
ceramide (Cer) in control and stretched HTM cells. (C)Heatmap of the total cellular cholesteryl ester in control and stretched HTM cells. (D)Heatmap
of the total cellular diacylglycerol (DG) in control and stretched HTM cells. (E)Heatmap of the total cellular triglyceride (TAG) in control and stretched
HTM cells. All heatmaps are presented by control (left 3 red columns) and stretched HTM cells (right green columns), total n = 3 pairs (biological
replicates). Analysis parameters utilized theWard clustering algorithm, Euclidean distancemeasure, and autoscaling based upon samples (performed
using MetaboAnlayst 5.0). Comparison between control and stretched HTM cells. (F) Total cellular phospholipids were significantly increased in
stretched HTM cells. (G) Total cellular phosphatidylcholine (PC) was significantly increased in stretched HTM cells. (H) Total cellular sphingomyelin
(SM) was increased in stretched HTM cells but was nonsignificant. (I) Total cellular Cer was significantly increased in stretched HTM cells. (J) Total
cellular cholesteryl ester was significantly decreased in stretched HTM cells. (K) Total cellular DG was significantly increased in stretched HTM cells.
(L) Total cellular TAG was significantly decreased in stretched HTM cells. Values represent the mean ± SEM, where n = 3 (biological replicates). *p ≤
0.050 was considered significant.
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(7) A total of 328 triglyceride (TAG) classes were identified. The

cluster heatmap of the top 25 TAGs showed that some were

increased, and some were decreased in stretched HTM cells

(Figure 3E). The paired t-test showed that total TAG levels

were significantly decreased (p = 0.048) in stretched HTM

cells compared to the controls (Figure 3L).

In addition to the analysis of cellular lipids, we also evaluated

lipid changes in the conditioned media obtained from control

and stretched HTM. Since lysophosphatidic acid (Liu et al., 2018)

is an important extracellular lipid growth factor involved in the

regulation of TM cell function and IOP (Mettu et al., 2004; Honjo

et al., 2018; Ho et al., 2020), we analyzed the changes in total

phospholipids (PC, PI, PE, PS, PG, and SM) and

lysophospholipids (lysophosphatidylcholine,

lysophosphatidylethanolamine, and lysophosphatidylglycerol)

level in conditioned media, which are the resources of

extracellular LPA. Lipidomics analysis identified

384 phospholipid and 43 lysophospholipid classes in control

and stretched HTM conditioned media. Cluster heatmap of the

top 25 phospholipids showed that most were increased in

stretched HTM conditioned media compared to control

(Figure 4A), and paired t-test showed a small increase in total

phospholipids level in stretched HTM conditioned media

(Figure 4C). Cluster heatmap of the top 25 lysophospholipids

showed that they were decreased in stretched HTM conditioned

media compared to the control (Figure 4B), and paired t-test also

presented a significant decrease in total lysophospholipids (p =

0.029) in stretched HTM conditioned media (Figure 4D).

The lipidomics analysis revealed interesting changes in

lipid classes in TM experiencing CMS, indicating an active

remodeling of lipid components in the TM. The intracellular

and extracellular lipid changes, such as Cer, SM, and

lysophospholipids, can promote S1P and LPA

biosynthesis, further regulating HTM cell biomechanics

and TM stiffness.

FIGURE 4
Secretory lipid analysis. (A) Heatmap of the total media phospholipids in control and stretched HTM cells. (B) Heatmap of the total media
lysophospholipids in control and stretched HTM cells. Comparison between control and stretched HTM cell culture media. (C) Total media
phospholipids were increased in stretched HTM cell culture media but were nonsignificant. (D) Total media lysophospholipids were significantly
decreased in HTM cell culture media. Values represent the mean ± SEM, where n = 3 (biological replicates). *p ≤ 0.050 was considered
significant.
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Discussion

To date, two studies have utilized the “omics” approach to

identify changes in genes and pathways in TM subjected to CMS.

Luna et al. (2009) used microarray analysis to find the

differentially expressed genes, and a more recent study

(Youngblood et al., 2020) utilized RNA sequencing to identify

mRNAs, micro RNAs, and long non-coding RNAs. Interestingly,

a comparative analysis of our study where we performed mRNA-

seq with the study of Youngblood et al. (2020) that utilized total

RNA-seq analysis identified a similar upregulation of genes such

as MARCKS like 1 (MARCKSL1), leucine-rich adaptor protein

1 like (LURAPIL), SLC38A2, a regulator of chromosome

condensation 1 (RCC1), SLC5A3, CEP295 N-terminal like

(CEP295NL), and downregulation of thioredoxin interacting

protein (TXNIP).

To better understand and integrate the stress-responsive

mechanisms utilized by TM due to mechanical stress, in this

exploratory study, we have performed an unbiased multiomics

analysis to identify links between changes in mRNA, proteins,

and lipids using RNA sequencing, proteomics, and lipidomics on

TM cells subjected to CMS. Our study reveals that mechanical

stress induced a potential protein quality control response to

counter oxidative stress and induction of cellular contractility

and cell adhesive interactions combined with pro-fibrogenic

signaling via increased lipid signaling and metabolic response.

In addition, we find that the cells turn on various homeostatic

control signaling machinery to counteract such stress.

TM counters CMS-induced oxidative
stress and apoptosis

Based on the RNA-seq analysis, our study found 211 differentially

expressed genes. Many genes found to be differentially expressed in

our study belonged to stress-response, protein ubiquitination,

transcription repression, and chaperone activity. Understanding the

role of oxidative stress and reactive oxygen species is of significant

interest in the pathogenesis of ocular hypertension and glaucoma.

Multiple lines of investigations pointed out the relationship between

oxidative stress-related damage to TM and elevated IOP (Saccà and

Izzotti, 2008; Saccà et al., 2016; Tanito et al., 2016; Wu et al., 2022).

First, we propose that CMS induces oxidative stress on the TM and

activates transcription and translation to negate oxidative stress. Our

RNA-seq analysis revealed that downstream response genes under

oxidative stress, including HSPA1B and HES1, were upregulated,

whereas CCL2, TXNIP, and MEKK6/MAP3K6 were downregulated.

An earlier study also indicated the induction of oxidative stress in TM

upon stretching (Vittal et al., 2005). Our proteomics data support the

potential negative regulation of oxidative stress by the downregulation

of the Kelch-like ECH-associated protein 1 (KEAP1).Mechanistically,

nuclear factor erythroid 2- (NFE2-) related factor 2 (NRF2) is a

regulator of cellular resistance to oxidative stress, and under basal

conditions, NRF2 is suppressed by binding to the repressor protein

KEAP1. During oxidative stress, NRF2 becomes active by dissociating

from KEAP1 (Deshmukh et al., 2017). In addition, we found

upregulation of casein kinase 2α (CSNK2A2), which is required

for the phosphorylation of NRF2, which aids in the translocation

of NRF2 to the nucleus and activates several cytoprotective genes

(Apopa et al., 2008). Thus, the negative regulation of KEAP1 in TM

indicates a potential activation of NRF2 because of the likely oxidative

stress damage of TM subjected toCMS.Our study also points out that

the loss of counter-mechanisms to oxidative stress in TM can be an

important step in ocular hypertension and glaucoma pathogenesis.

Interestingly, TXNIP and MAP3K6 are pro-apoptotic genes, and the

decrease in their transcription aid in protecting the cells from

undergoing cell death (Takeda et al., 2007; Li J. et al., 2017). We

observed that proteins involved in inhibition of apoptosis were

increased in TM undergoing CMS. Upregulation of DnaJ homolog

subfamily A member 1 (DNAJA1), a co-chaperone for HSPA8/

Hsc70 prevents BAX translocation to mitochondria, can inhibit

apoptosis (Gotoh et al., 2004); death domain-associated protein 6

(DAXX), a transcription repressor is a negative regulator of p53-

mediated apoptosis (Zhao et al., 2004; McDonough et al., 2009); and

tax1-binding protein 1 (TAX1BP1) is an inhibitor of TNF-induced

apoptosis (Shembade et al., 2007). Incidentally, DNAJA1 was

upregulated at transcript and protein levels, signifying its effects on

regulating chaperone function and inhibiting apoptosis. In contrast,

CASP8AP2, which is required for FAS-mediated apoptosis, was

downregulated. Even in our mRNA sequencing data, we found

that TXNIP, which is known to be involved in apoptosis (Li

J. et al., 2017), was going down. We believe these apoptotic

inhibitory aspects in TM cells could be a cell survival mechanism

to overcome mechanical stress. The potential role of oxidative stress-

induced DNA damage can upregulate the expression of DNA repair

enzymes (Bridge et al., 2014). In our RNA-seq analyses, the top

upregulated gene was MSH4, which is involved in meiotic

recombination (Snowden et al., 2004) during DNA repair (Tock

and Henderson, 2018), indicating potential protection against

oxidative DNA damage. MSH4 also interacts with von Hippel-

Lindau binding protein 1 (VBP1), which binds to VHL ubiquitin

E3 ligase that regulates cellular response to oxidative stress,

functioning in the protein degradation pathway (Xu and Her, 2013).

TM overcomes mechanical stress by
upregulating transcriptional and
translational control of autophagy and
protein quality control

Autophagy is an adaptive response mechanism for the survival of

cells experiencing stress. Autophagy induction in TM subjected to

CMS was previously reported (Shim et al., 2020). In our study, we

found the upregulation of HSPB8 mRNA, which promotes

autophagosome formation (Li X. C. et al., 2017), and an increase

in NRBF2 and GABARAPL2 proteins, which are essential for the
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formation and maturation of autophagosome, respectively (Behrends

et al., 2010). Hence, the increase in proteins related to autophagy can

potentially aid the TM cells to combat stress (Rao et al., 2021) and

modulate the fibrogenic pathway in TM (Nettesheim et al., 2019), and

an increase in autophagic process/response serves as an anti-apoptotic

signal (Liu et al., 2015). Protein folding mechanisms can be

compromised in cells under stress due to mechanical insults

(Höhfeld et al., 2021). Such misfolded proteins are cleared by the

process of ubiquitination. Our study showed the induction of various

HSP genes and TNF receptor-associated factor 1(TRAF1) involved in

the regulation of proteostasis. In addition, we found upregulation of

TAB2 and downregulation of TNFAIP3-interacting protein 2

(TNIP2), which are involved in protein quality control mechanism

via theNFκB pathway (Kanayama et al., 2004; Banks et al., 2016). The

NFκB pathway plays an important role in protein clearance by

regulating autophagy (Nivon et al., 2016) and is known to regulate

TGF-β2-mediated ocular hypertension (Hernandez et al., 2020).

Lipids are involved in the autophagy pathway (Soto-Avellaneda

and Morrison, 2020). Phosphoinositides, a class of phospholipids

derived from PI, play a major role in the regulation of autophagy.

They can control the pathway that directly activates or deactivates

mTORC1, which controls the balance between growth and autophagy

(Soto-Avellaneda and Morrison, 2020). Generally, mTORC1 is active

in the presence of nutrients, driving the growth and anabolic process

while suppressing autophagy. In the absence/depletion of nutrients,

mTORC1 is inactivated, and autophagy is promoted. We speculate

that CMS on TM promotes nutrient utilization to meet energy

expenditure. Since the cells are stretched in the conditioned media

for 24 h, nutrients are used up from the conditioned media and

leading to the depletion of some nutrients. In addition to PI, in the

absence/depletion of nutrients, PC and its product phosphatidic acid

(PA), as well as DG, can promote autophagy by mediating signaling

andmembrane remodeling to support autophagy activation. The Cer

and its product S1P can contribute to mTORC1 inhibition and

promote autophagy (Dall’Armi et al., 2013). In our lipidomics

analysis, we found significantly increased PI, PC, DG, and Cer in

stretched HTM cells implying the balance between growth and

autophagy under CMS. On the contrary, we observed increased

SREBP2 activation and lipid biogenesis in stretched HTM cells,

which can be downstream of mTORC1 signaling (Lewis et al.,

2011; Peterson et al., 2011). All these lipid changes imply that the

HTM cell is achieving a balance between growth and autophagy

under mechanical stress.

Induction of actin-based contraction and
ECM buildup by the interplay of the gene,
protein, and lipid signaling in TM
undergoing CMS

Cells respond to various signals, especially mechanical

stimuli, through changes in genes and proteins associated with

actin-cytoskeleton and ECM interactions (Martino et al., 2018).

Not surprisingly, this study identified the upregulation of actin-

cytoskeleton-associated genes, including SRPGAP1, SPTBN5,

FMNL2, Ral A, and CHORDC1, and the downregulation of

RIPOR2/RIPR2 under CMS. Interestingly, CHORDC1/CHP1, a

negative regulator of Rho GTPase signaling by inhibiting Rho

kinase (Ferretti et al., 2010), acts as a circuit breaker of Rho-Rho

kinase signaling, indicating the potential homeostatic effect on

Rho GTPase-mediated mechanotransduction. Looking at the

regulation of protein, we found upregulation of cytoskeletal-

associated proteins such as a) ataxin-3 involved in the

maintenance of actin, b) MKL2, a transcriptional coregulator

of SRF, c) thymosin beta 4, which is involved in sequestering of

g-actin, and d) tropomodulin-3 that is involved in actin

stabilization and downregulation of DOCK2, which can

activate Rac GTPases (Sanui et al., 2003), and Nesprin-2,

which modulates mechanotransduction between the cytoplasm

and nuclear lamina (Stewart-Hutchinson et al., 2008). Of

importance is the upregulation of MKL2, which is involved in

the regulation of actin cytoskeletal organization and fibrosis in

HTM cells through the transcriptional control of SRF-mediated

actin polymerization (Pattabiraman and Rao, 2010;

Pattabiraman et al., 2014). Thymosin beta 4 and

tropomodulin-3 increase in TM under experimental IOP

elevation (Gonzalez et al., 2000; Borrás, 2003; Vittitow and

Borrás, 2004). It is interesting to note that the most

upregulated protein is the methyltransferase-like protein 13,

catalyzing the methylation of elongation factor 1-alpha

(eEF1A) (Jakobsson et al., 2018). eEF1A has been reported to

be colocalized with F-actin and associated with changes in the

cytoskeletal organization (Liu et al., 1996). In gene and protein

expression analysis, the most downregulated are coiled-coil

domain-containing proteins, which are involved in

microtubule binding, organization, and stabilization (Pal et al.,

2010; Kumari and Panda, 2018). Microtubules are reported to

self-repair in response tomechanical stress (Schaedel et al., 2015).

It has been reported that microtubule disruption leads to a

cellular contraction in human TM cells in response to stimuli

(Gills et al., 1998). We speculate that the downregulation of

proteins related to microtubule organization can potentially

disrupt microtubule assembly or act as a response mechanism

to mechanical stress on TM. The major lipid growth factors,

including LPA and S1P, are known to regulate actin cytoskeleton

and barrier function in endothelial cells and function in TM by

binding their cognate receptors to regulate IOP (Mettu et al.,

2004; Sumida and Stamer, 2011; Rao, 2014). The S1P is

synthesized inside the cell, which is generated by

phosphorylation of sphingosine through SphK (Fyrst and

Saba, 2010). Sphingosine is derived by the hydrolysis of Cer

during the sequential degradation of plasma membrane

glycosphingolipids and SM (Proia and Hla, 2015). We found

that SM and Cer increased in stretched HTM cells, and our

mRNA sequencing analysis also found an increase in the

expression of SphK in stretched HTM cells. These results
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indicate that, under CMS, HTM cells generate more substrates in

the S1P biosynthesis pathway. Combined with increased SphK,

more S1P will be produced inside the cells and exported into the

extracellular environment. Outside the cell, S1P can bind to the

S1P receptors (S1PR1-5) located on the cell membrane and cause

a series of downstream effects (Proia and Hla, 2015). A

speculative sequence of events in TM due to altered S1P and

LPA identified in this study and previous studies are shown in

Supplementary Figure S9. Additionally, in the extracellular space,

phospholipids are converted to lysophospholipids by

phospholipase A1/2, which is converted to LPA by the

enzyme autotaxin (ATX) (Perrakis and Moolenaar, 2014).

LPA can bind to their cognate LPA receptors, activate a series

of downstream signaling cascades, and regulate HTM cell

biomechanics (Supplementary Figure S9). Our lipidomics

analysis demonstrated no significant difference in total

phospholipid levels in conditioned media between control and

stretched HTM. However, the total lysophospholipid levels were

significantly decreased in stretched HTM conditioned media. We

predict this is due to the dynamic conversion of lysophospholipid

to LPA as previously reported that ATX and its activity are

increased in stretched TM and the conditioned media (Iyer et al.,

2012; Ho et al., 2018).

Mechanical stress positively regulates growth factor-induced

fibrogenic activation in TM (Liton et al., 2005; Ashwinbalaji et al.,

2020). Like earlier studies (Vittal et al., 2005; Luna et al., 2009),

our analysis found regulation in the genes related to enzymes

involved in ECM regulation—MMP16 (upregulated) and

hyaluronidase-1(downregulated). The differences in the degree

of changes in these studies could result from differences in

experimental technique (microarray vs. mRNA-seq) and

altered response by the donor tissue to prepare the HTM

cells. We found a potential increase in fibrogenic activation

with an increase in SMAD3 protein known to signal via the

canonical TGF-β signaling pathway and PAI-1 levels in TM

subjected to CMS (Flanders, 2004; Pattabiraman et al., 2014) and

an increase in COL1A2 and total laminin proteins. Interestingly,

the COL4A2 protein, one of the major structural components of

the basement membrane, was downregulated, correlating with

earlier microarray analysis (Luna et al., 2009).

The cellular phospholipids and cholesterol composition play

an important role in the cell-ECM interactions (Márquez et al.,

2008; Horn and Jaiswal, 2019), and their dysregulation can result

in pathology as observed in lung fibrosis (Burgy et al., 2022) and

renal pathology (Abrass, 2004). A previous study found that

patients with glaucoma have higher cholesterol levels (Posch-

Pertl et al., 2022), and patients with hyperlipidemia will have an

increased risk of getting glaucoma (Wang and Bao, 2019). In

addition, cholesterol-lowering statin, an inhibitor of HMG-CoA

reductase, can decrease the risk of POAG and be an effective

therapy for POAG (McGwin et al., 2004; Stein et al., 2012; Wu

et al., 2020). Statins are proposed to decrease IOP by inhibiting

the Rho and Rho-kinase activity in TM cells (Song et al., 2005;

Von Zee et al., 2009; Cong et al., 2018). This inhibition can alter

TM cell morphology and decrease actomyosin contractile activity

and ECM assembly. The current understanding of how

cholesterol changes in stretched HTM cells is still unclear.

Due to poor ionization and the low amount of free cholesterol

in the cell, detection of free cholesterol is difficult, and free

cholesterol is usually detected by GC-MS (Edwards et al., 2011).

We evaluated the cholesteryl ester level changes in stretched

HTM cells. We found that cholesteryl ester was significantly

decreased in stretched HTM cells. Interestingly, our proteomics

and immunoblotting analysis found that HMGCS, a critical

enzyme in the cholesterol biosynthesis pathway, was

significantly increased in HTM cells. Moreover,

immunoblotting of whole cell lysate post mechanical stretch,

we found activation of SREBP2, a transcriptional factor

promoting cholesterol biosynthesis (Madison, 2016). The

decreased cholesteryl ester levels observed in stretched HTM

cells are speculated to result from less stockpile of cholesterol

inside the cell as it is used for rapid membrane changes and the

release of free cholesterol from cholesteryl esters (vanMeer, 2001;

Walther and Farese, 2012). Low cholesterol levels act as a

stimulus for SREBP activation (Madison, 2016), which can

turn on more cholesterol synthesis. These results put together

indicate an increased cholesterol biosynthesis in stretched HTM

cells.

DG is an intracellular lipid second messenger involved in

multiple processes and pathways. Cellular DG can be synthesized

from TAG and phospholipid (Carrasco and Mérida, 2007;

Fagone and Jackowski, 2009; Coleman and Mashek, 2011).

Cellular DG can directly interact with membrane-bound PKC

and lead to its activation. The role of PKC in TM has been studied

before. The DG analog diC8 can stimulate membrane-bound

PKC and further cause increased TM cell contraction (Thieme

et al., 1999). PKC activators such as phorbol-12-myristate 13-

acetate (PMA) and phorbol-12,13-dibutyrate (PDBu) increased

the formation of actin stress fibers and focal adhesions and

myosin light chain (MLC) phosphorylation in TM cells

(Khurana et al., 2003). In contrast, PKC inhibitors such as

H7 or chelerythrine can induce relaxation in TM (Wiederholt

et al., 1998; Thieme et al., 1999). These inhibitors have been used

successfully to lower IOP in the animal model (Tian et al., 1999).

In our lipidomics analysis, we found that both DG and its

substrate—phospholipid—are increased in stretched HTM

cells, indicating that under CMS, more DG generated can

result in the activation of PKC and further cause increased

TM cell contraction.

Interplay between mRNA, protein, and lipid
pathway changes in response to CMS

Though there is no direct method to derive the interplay

between mRNA, protein, and lipid pathways due to CMS, to

create a conceptual interactome, we utilized the STRING

database and analyzed the interactions and interaction
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strength between molecules either upregulated or downregulated

within pathways. Interestingly, we found strong and significant

interactions in the genes and proteins upregulated in association

with proteostasis (Figure 5), actin cytoskeleton and ECM-

associated pathway (Figure 6), and apoptosis pathway

(Supplementary Figure S10) and downregulated in association

with lipid metabolism (Supplementary Figure S11). Other

network analysis of the downregulated oxidative stress-related

genes and proteins (Supplementary Figure S12), downregulated

apoptosis-associated proteins (Supplementary Figure S13),

upregulation and downregulation of autophagy-related

proteins (Supplementary Figures S14, S15), and upregulated

lipid-related genes and proteins (Supplementary Figure S16)

showed minimal interactors.

One limitation to the study is the choice of a low cut-off for

significance, which was not arbitrary. We believe that even a

small fold change in proteins can yield functional significance. In

signal transduction, stoichiometry is extremely important

because enzymes, repressors, and activators, among others,

directly induce signal transduction cascades (Lee and Yaffe,

2016). Also, because we have investigated the changes in RNA

for 8 h and proteins and lipids for 24 h, we believe that such

changes can also include the consequence of a homeostatic

mechanism. Another limitation is only performing proteomics

and lipidomics analysis on the cellular proteins and lipids,

respectively, because the secreted biomolecules also play a

significant role in the outside-in signaling. Further studies on

the secreted proteins and the investigation into cell-based and

animal model-based studies can reveal the significance of such

interaction in TM physiology and their potential pathological

relevance in ocular hypertension.

Disease relevance of RNA, proteins, and
lipids modulated in TM under CMS

Some of the genes, proteins, and lipid pathways we report

here are associated with systemic hypertension, elevated IOP, and

POAG pathogenesis. Comparing the GWAS catalog (https://

www.ebi.ac.uk/gwas/home) under open-angle glaucoma trait

with the differentially regulated genes and proteins found in

our analysis, we found nearly 15 genes and protein changes. The

upregulated genes and proteins include FMNL2, DNAJB1,

DNAJA1, DNAJB1, KPNA3, NAP1L4, DNAJA1, OXNAD1,

NAA50, and GPALPP1. The downregulated genes and

proteins include DNAJB5, NAT6, SNAPC2, RNASE4, and

FIGURE 5
STRING network analysis of upregulated proteostasis-associated genes and proteins. Colored lines between the nodes indicate their basis for
interconnection. Table here gives a list of inclusive genes and proteins. Overall, the protein–protein interaction (PPI) enrichment p-value is shown for
connected nodes and is considered significant if p < 0.05 with individual PPI interaction significance not shown.
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PMM2. Additionally, aldehyde dehydrogenase 3 family member

A1 (ALDH3A1) mRNA downregulated in our study has been

reported to decrease in TM from POAG patients (Liu et al.,

2013). Aldehyde dehydrogenases play an important role in lipid

peroxidation and in the maintenance of redox homeostasis

(Choudhary et al., 2005). Interestingly, SLC38A2, a calcium

transporter that shows a significant increase in both mRNA

and protein and splicing factor, and the suppressor of white-

apricot homolog (SFSWAP), which is increased in protein

expression analysis, are implicated in systemic hypertension

(Iwamoto et al., 2004; Zhang et al., 2010; de Las Fuentes et al.

, 2013). We found that SLC2A12 and VCAM1 genes decrease

significantly under CMS, and, interestingly, SLC2A12 has been

shown to influence the POAG risk (Gharahkhani et al., 2021). As

SLC2A12 is known to code for a glucose transporter (Wood et al.,

2003), further studies on the role of the SLC2A12 and the

correlation with metabolic regulations in TM can provide

deeper insights into the relationship between hyperglycemia

and POAG (Zhou et al., 2014; Hymowitz et al., 2016). The

cell adhesion protein VCAM1 has been predicted to be a

marker for low flow regions in the TM (Staverosky et al.,

2020), thus implicating their significant function in the

regulation of AH humor outflow via the TM outflow

pathway. Thus, further investigations on the role of

VCAM1 will help better understand the role of cell adhesion

proteins and the pathogenesis of ocular hypertension and POAG.

In general, fluctuations in arterial pressure induce changes

in IOP (Bakke et al., 2009). Population-based studies have

shown a positive association between blood pressure and IOP

(McLeod et al., 1990; Chen and Lai, 2005; Wang et al., 2009).

Significant downregulation of the phosphomannomutase 2

(PMM2) level was observed in our proteomic study.

PMM2 has been shown by multiple GWAS studies to be a

novel locus for POAG (Chen et al., 2014; Wiggs and Pasquale,

2017). PMM2 is known to be involved in glycosylation,

enabling posttranslational modifications (addition of

N-linked oligosaccharides) on proteins (López-Gálvez et al.,

2020). Among the upregulated genes, we found induction of

CAVIN4, which is involved in the formation of caveolae

(Ogata et al., 2014). Interestingly, genetic polymorphism in

caveolin-1 and -2 is associated with POAG (Thorleifsson et al.,

2010), and caveolin knockout mice had elevated IOP (Elliott

et al., 2016). Additionally, studies have shown oxidative DNA

damage to TM cells in patients with POAG (Sacca et al., 2005),

FIGURE 6
STRING network analysis of actin cytoskeleton and ECM-associated genes and proteins. (A) Network analysis of all upregulated actin
cytoskeleton and ECM-associated genes and proteins. (B)Network analysis of all downregulated actin cytoskeleton and ECM-associated genes and
proteins. Table here gives a list of inclusive genes and proteins. Colored lines between the nodes indicate their basis for interconnection. Overall PPI
enrichment p-value is shown for connected nodes and is considered significant if p < 0.05 with individual PPI interaction significance not
shown.
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implicating oxidative stress as a cause of TM damage in

glaucoma (Wu et al., 2022). Finally, the induction of actin

cytoskeleton-based contractility and activation of pro-fibrotic

pathways in TM have been implicated in glaucoma

(Zhavoronkov et al., 2016), and our study identifies

mechanical stretch-induced activation of the fibrogenic

process, indicating CMS as an appropriate model to study

pathological signaling.

Conclusion

Based on multiomics analysis of the different pathways

activated and suppressed in TM due to mechanical stress

(Figure 7), we propose that, in TM, CMS activated

cholesterol biosynthesis and lipid messengers contribute to

the maintenance of cell membrane fluidity and cell

permeability as well as in the regulation of actin-based

cell tension and ECM based cell stiffness. Additionally,

TM cells turn on the protein quality control machinery,

autophagy induction, oxidative damage response, and

anti-apoptotic and cell survival signaling to maintain

homeostasis against the mechanical insult.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found in the article/

Supplementary Material.

Author contributions

Conceptualization: PP. Methodology, cell cultures,

immunoblotting: AS and TW. Formal analysis: AS, TW,

and PP. Investigation: AS, TW, and PP. Proteome analysis

sample preparation: AS and AW. Proteomics LC-MS/MS/

data analysis/data evaluation/verification and methods: AW

and AM. Lipidomics data collection and data analysis: FH,

SB, and TW. RNA-seq data extraction and analysis

integration, including volcano plot, heat maps, and PCA

plots: RS. Write-up and data curation: AS, TW, RS, and

PP. Writing—original draft preparation: AS, TW, and PP.

Figure preparation: AS, TW, RS, and PP. Writing: review and

editing, AS, TW, and PP. Visualization: AS, TW, and PP:

Supervision: PP: Project administration: PP: Funding

FIGURE 7
Graphical abstract derived from the multiomics analysis representing the modulation in signaling mechanisms activated and suppressed in TM
due to the mechanical (created using BioRender.com).

Frontiers in Cell and Developmental Biology frontiersin.org

Soundararajan et al. 10.3389/fcell.2022.874828

290

http://BioRender.com
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.874828


acquisition: PP. All authors have read and approved the final

manuscript.

Funding

This project was supported by the National Institutes of

Health/National Eye Institute (R01EY029320) and a grant from

Research to Prevent Blindness to IU. The mass spectrometry work

performed in this work was done by the Indiana University School

of Medicine Center for Proteome Analysis. Acquisition of the

IUSM Center for Proteome Analysis instrumentation used for this

project was provided by the Indiana University Precision Health

Initiative. The proteomics work was supported, in part, with

support from the Indiana Clinical and Translational Sciences

Institute, funded in part by Award Number

UL1TR002529 from the National Institutes of Health, National

Center for Advancing Translational Sciences, Clinical and

Translational Sciences Award, and the Cancer Center Support

Grant for the IU Simon Comprehensive Cancer Center (Award

Number P30CA082709) from the National Cancer Institute.

Acknowledgments

We would like to acknowledge Dr. Emma Doud from the

Center for Proteome Analysis, IUSM, for helping with LC-MS/

MS, Data Analysis, Data evaluation, verification, and methods

write-up. We thank Dr. Christina Ferreira from the Bindley

Bioscience Center, Purdue University, for the discussions,

planning, and help and training with the execution of the

MRM-based Lipidomics analysis, data analysis, and

manuscript writing. We thank Jennifer Arcuri from SB’s lab

for the discussions on the methodology for lipid extraction. We

would like to acknowledge the RNA sequencing facility at the

Center for Medical Genomics, Indiana University School of

Medicine, which is partially supported by the Indiana

University Grand Challenges Precision Health Initiative,

metabolite profiling facility at the Bindley Bioscience Center,

Purdue University, for providing the support for lipid data

acquisition and analysis, and Miami Integrative Metabolomics

Research Center.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations or those of the publisher, the editors, and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.

874828/full#supplementary-material

References

Abrass, C. K. (2004). Cellular lipid metabolism and the role of lipids in
progressive renal disease. Am. J. Nephrol. 24, 46–53. doi:10.1159/000075925

Acott, T. S., and Kelley, M. J. (2008). Extracellular matrix in the trabecular
meshwork. Exp. Eye Res. 86, 543–561. doi:10.1016/j.exer.2008.01.013

Acott, T. S., Vranka, J. A., Keller, K. E., Raghunathan, V., and Kelley, M. J. (2021).
Normal and glaucomatous outflow regulation. Prog. Retin. Eye Res. 82, 100897.
doi:10.1016/j.preteyeres.2020.100897

Allison, K., Patel, D., and Alabi, O. (2020). Epidemiology of glaucoma: The past,
present, and predictions for the future. Cureus 12, e11686. doi:10.7759/cureus.
11686

Apopa, P. L., He, X., and Ma, Q. (2008). Phosphorylation of Nrf2 in the
transcription activation domain by casein kinase 2 (CK2) is critical for the
nuclear translocation and transcription activation function of Nrf2 in IMR-32
neuroblastoma cells. J. Biochem. Mol. Toxicol. 22, 63–76. doi:10.1002/jbt.
20212

Ashwinbalaji, S., Haribalaganesh, R., Krishnadas, S., Muthukkaruppan, V., and
Senthilkumari, S. (2020). SB772077B (SB77) alleviated the aqueous outflow
resistance mediated by cyclic mechanical stress in perfused human cadaveric
eyes. Sci. Rep. 10, 10202. doi:10.1038/s41598-020-67087-2

Bakke, E. F., Hisdal, J., and Semb, S. O. (2009). Intraocular pressure increases in
parallel with systemic blood pressure during isometric exercise. Investig.
Ophthalmol. Vis. Sci. 50, 760–764. doi:10.1167/iovs.08-2508

Banks, C. A., Boanca, G., Lee, Z. T., Eubanks, C. G., Hattem, G. L., Peak, A., et al.
(2016). TNIP2 is a hub protein in the NF-κB network with both protein and RNA
mediated interactions.Mol. Cell. Proteomics 15, 3435–3449. doi:10.1074/mcp.m116.
060509

Behrends, C., Sowa, M. E., Gygi, S. P., and Harper, J. W. (2010). Network
organization of the human autophagy system. Nature 466, 68–76. doi:10.1038/
nature09204

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol.
57, 289–300. doi:10.1111/j.2517-6161.1995.tb02031.x

Birgisdottir, Å. B., Mouilleron, S., Bhujabal, Z., Wirth, M., Sjøttem, E., Evjen, G.,
et al. (2019). Members of the autophagy class III phosphatidylinositol 3-kinase
complex I interact with GABARAP and GABARAPL1 via LIR motifs. Autophagy
15, 1333–1355. doi:10.1080/15548627.2019.1581009

Bligh, E. G., and Dyer, W. J. (1959). A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol. 37, 911–917. doi:10.1139/o59-099

Borras, T. (2003). Gene expression in the trabecular meshwork and the influence
of intraocular pressure. Prog. Retin. Eye Res. 22, 435–463. doi:10.1016/s1350-
9462(03)00018-1

Bradley, J. M., Kelley, M. J., Zhu, X., Anderssohn, A. M., Alexander, J. P., and
Acott, T. S. (2001). Effects of mechanical stretching on trabecular matrix
metalloproteinases. Investig. Ophthalmol. Vis. Sci. 42, 1505–1513.

Frontiers in Cell and Developmental Biology frontiersin.org

Soundararajan et al. 10.3389/fcell.2022.874828

291

https://www.frontiersin.org/articles/10.3389/fcell.2022.874828/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.874828/full#supplementary-material
https://doi.org/10.1159/000075925
https://doi.org/10.1016/j.exer.2008.01.013
https://doi.org/10.1016/j.preteyeres.2020.100897
https://doi.org/10.7759/cureus.11686
https://doi.org/10.7759/cureus.11686
https://doi.org/10.1002/jbt.20212
https://doi.org/10.1002/jbt.20212
https://doi.org/10.1038/s41598-020-67087-2
https://doi.org/10.1167/iovs.08-2508
https://doi.org/10.1074/mcp.m116.060509
https://doi.org/10.1074/mcp.m116.060509
https://doi.org/10.1038/nature09204
https://doi.org/10.1038/nature09204
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1080/15548627.2019.1581009
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/s1350-9462(03)00018-1
https://doi.org/10.1016/s1350-9462(03)00018-1
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.874828


Breese, M. R., and Liu, Y. (2013). NGSUtils: A software suite for analyzing and
manipulating next-generation sequencing datasets. Bioinformatics 29, 494–496.
doi:10.1093/bioinformatics/bts731

Bridge, G., Rashid, S., and Martin, S. A. (2014). DNA mismatch repair and
oxidative DNA damage: Implications for cancer biology and treatment. Cancers 6,
1597–1614. doi:10.3390/cancers6031597

Burgy, O., Loriod, S., Beltramo, G., and Bonniaud, P. (2022). Extracellular lipids
in the lung and their role in pulmonary fibrosis. Cells 11, 1209. doi:10.3390/
cells11071209

Carrasco, S., and Mérida, I. (2007). Diacylglycerol, when simplicity becomes
complex. Trends Biochem. Sci. 32, 27–36. doi:10.1016/j.tibs.2006.11.004

Cerutti, C., and Ridley, A. J. (2017). Endothelial cell-cell adhesion and signaling.
Exp. Cell. Res. 358, 31–38. doi:10.1016/j.yexcr.2017.06.003

Chen, H. Y., and Lai, S. W. (2005). Relation between intraocular pressure and
systemic health parameters in Taiwan. South. Med. J. 98, 28–32. doi:10.1097/01.smj.
0000145389.15201.7f

Chen, W., Smeekens, J. M., and Wu, R. (2016). Systematic study of the dynamics
and half-lives of newly synthesized proteins in human cells. Chem. Sci. 7,
1393–1400. doi:10.1039/c5sc03826j

Chen, Y., Lin, Y., Vithana, E. N., Jia, L., Zuo, X., Wong, T. Y., et al. (2014).
Common variants near ABCA1 and in PMM2 are associated with primary open-
angle glaucoma. Nat. Genet. 46, 1115–1119. doi:10.1038/ng.3078

Choudhary, S., Xiao, T., Vergara, L. A., Srivastava, S., Nees, D., Piatigorsky, J.,
et al. (2005). Role of aldehyde dehydrogenase isozymes in the defense of rat lens and
human lens epithelial cells against oxidative stress. Investig. Ophthalmol. Vis. Sci. 46,
259–267. doi:10.1167/iovs.04-0120

Clyde-Brockway, C. E., Flaherty, E. A., and Paladino, F. (2021). Lipid profiles of
Pacific green and hawksbill sea turtle plasma.

Coleman, R. A., and Mashek, D. G. (2011). Mammalian triacylglycerol
metabolism: Synthesis, lipolysis, and signaling. Chem. Rev. 111, 6359–6386.
doi:10.1021/cr100404w

Cong, L., Fu, S., Zhang, J., Zhao, J., and Zhang, Y. (2018). Effects of atorvastatin on
porcine aqueous humour outflow and trabecular meshwork cells. Exp. Ther. Med.
15, 210–216. doi:10.3892/etm.2017.5353

Dall’Armi, C., Devereaux, K. A., and Di Paolo, G. (2013). The role of lipids in the
control of autophagy. Curr. Biol. 23, R33–R45. doi:10.1016/j.cub.2012.10.041

Dawe, H. R., Adams, M., Wheway, G., Szymanska, K., Logan, C. V., Noegel, A. A.,
et al. (2009). Nesprin-2 interacts with meckelin and mediates ciliogenesis via
remodelling of the actin cytoskeleton. J. Cell. Sci. 122, 2716–2726. doi:10.1242/
jcs.043794

de Las Fuentes, L., Sung, Y. J., Schwander, K. L., Kalathiveetil, S., Hunt, S. C.,
Arnett, D. K., et al. (2013). The role of SNP-loop diuretic interactions in
hypertension across ethnic groups in HyperGEN. Front. Genet. 4, 304. doi:10.
3389/fgene.2013.00304

de Lima, C. B., Ferreira, C. R., Milazzotto, M. P., Sobreira, T. J. P., Vireque, A.
A., and Cooks, R. G. (2018). Comprehensive lipid profiling of early stage oocytes
and embryos by MRM profiling. J. Mass Spectrom. 53, 1247–1252. doi:10.1002/
jms.4301

Deshmukh, P., Unni, S., Krishnappa, G., and Padmanabhan, B. (2017). The
keap1-nrf2 pathway: Promising therapeutic target to counteract ROS-mediated
damage in cancers and neurodegenerative diseases. Biophys. Rev. 9, 41–56. doi:10.
1007/s12551-016-0244-4

Dipali, S. S., Ferreira, C. R., Zhou, L. T., Pritchard, M. T., and Duncan, F. E.
(2019). Histologic analysis and lipid profiling reveal reproductive age-associated
changes in peri-ovarian adipose tissue. Reprod. Biol. Endocrinol. 17, 46. doi:10.1186/
s12958-019-0487-6

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al.
(2013). Star: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21. doi:10.
1093/bioinformatics/bts635

Duffy, L., and O’Reilly, S. (2018). Functional implications of cross-linked actin
networks in trabecular meshwork cells. Cell. Physiol. Biochem. 45, 783–794. doi:10.
1159/000487170

Edwards, S. H., Kimberly, M. M., Pyatt, S. D., Stribling, S. L., Dobbin, K. D., and
Myers, G. L. (2011). Proposed serum cholesterol reference measurement procedure
by gas chromatography-isotope dilution mass spectrometry. Clin. Chem. 57,
614–622. doi:10.1373/clinchem.2010.158766

Elliott, M. H., Ashpole, N. E., Gu, X., Herrnberger, L., McClellan, M. E.,
Griffith, G. L., et al. (2016). Caveolin-1 modulates intraocular pressure:
Implications for caveolae mechanoprotection in glaucoma. Sci. Rep. 6, 37127.
doi:10.1038/srep37127

Fagone, P., and Jackowski, S. (2009). Membrane phospholipid synthesis and
endoplasmic reticulum function. J. Lipid Res. 50 (1), S311–S316. doi:10.1194/jlr.
r800049-jlr200

Ferretti, R., Palumbo, V., Di Savino, A., Velasco, S., Sbroggiò, M., Sportoletti,
P., et al. (2010). Morgana/chp-1, a ROCK inhibitor involved in centrosome
duplication and tumorigenesis. Dev. Cell. 18, 486–495. doi:10.1016/j.devcel.2009.
12.020

Flanders, K. C. (2004). Smad3 as a mediator of the fibrotic response. Int.
J. Exp. Pathol. 85, 47–64. doi:10.1111/j.0959-9673.2004.00377.x

Fyrst, H., and Saba, J. D. (2010). An update on sphingosine-1-phosphate and
other sphingolipid mediators. Nat. Chem. Biol. 6, 489–497. doi:10.1038/
nchembio.392

Gao, K., Song, S., Johnstone, M. A., Zhang, Q., Xu, J., Zhang, X., et al. (2020).
Reduced pulsatile trabecular meshwork motion in eyes with primary open angle
glaucoma using phase-sensitive optical coherence tomography. Investig.
Ophthalmol. Vis. Sci. 61, 21. doi:10.1167/iovs.61.14.21

Ge, S. X., Jung, D., and Yao, R. (2020). ShinyGO: A graphical gene-set enrichment tool
for animals and plants. Bioinformatics 36, 2628–2629. doi:10.1093/bioinformatics/btz931

Gharahkhani, P., Jorgenson, E., Jorgenson, P., Hysi, A. P., Khawaja, S.,
Pendergrass, X., et al. (2021). Genome-wide meta-analysis identifies 127 open-
angle glaucoma loci with consistent effect across ancestries.Nat. Commun. 12, 1258.
doi:10.1038/s41467-020-20851-4

Ghosh, A. K., and Vaughan, D. E. (2012). PAI-1 in tissue fibrosis. J. Cell. Physiol.
227, 493–507. doi:10.1002/jcp.22783

Gills, J. P., Roberts, B. C., and Epstein, D. L. (1998). Microtubule disruption leads
to cellular contraction in human trabecular meshwork cells. Investig. Ophthalmol.
Vis. Sci. 39, 653–658.

Gonzalez, P., Epstein, D. L., and Borrás, T. (2000). Genes upregulated in the
human trabecular meshwork in response to elevated intraocular pressure. Investig.
Ophthalmol. Vis. Sci. 41, 352–361.

Gotoh, T., Terada, K., Oyadomari, S., and Mori, M. (2004). hsp70-DnaJ
chaperone pair prevents nitric oxide- and CHOP-induced apoptosis by
inhibiting translocation of Bax to mitochondria. Cell. Death Differ. 11, 390–402.
doi:10.1038/sj.cdd.4401369

Gurney, A., Axelrod, F., Bond, C. J., Cain, J., Chartier, C., Donigan, L., et al.
(2012). Wnt pathway inhibition via the targeting of Frizzled receptors results in
decreased growth and tumorigenicity of human tumors. Proc. Natl. Acad. Sci. U.S.A.
109, 11717–11722. doi:10.1073/pnas.1120068109

Hann, C. R., and Fautsch, M. P. (2015). Recent developments in understanding
the role of aqueous humor outflow in normal and primary open angle glaucoma.
Curr. Ophthalmol. Rep. 3, 67–73. doi:10.1007/s40135-015-0072-x

Hernandez, H., Roberts, A. L., andMcDowell, C. M. (2020). Nuclear factor-kappa
beta signaling is required for transforming growth factor Beta-2 induced ocular
hypertension. Exp. Eye Res. 191, 107920. doi:10.1016/j.exer.2020.107920

Ho, L. T. Y., Osterwald, A., Ruf, I., Hunziker, D., Mattei, P., Challa, P., et al.
(2020). Role of the autotaxin-lysophosphatidic acid axis in glaucoma, aqueous
humor drainage and fibrogenic activity. Biochimica Biophysica Acta (BBA) - Mol.
Basis Dis. 1866, 165560. doi:10.1016/j.bbadis.2019.165560

Ho, L. T. Y., Skiba, N., Ullmer, C., and Rao, P. V. (2018). Lysophosphatidic acid
induces ECM production via activation of the mechanosensitive YAP/TAZ
transcriptional pathway in trabecular meshwork cells. Investig. Ophthalmol. Vis.
Sci. 59, 1969–1984. doi:10.1167/iovs.17-23702

Höhfeld, J., Benzing, T., Bloch, W., Fürst, D. O., Gehlert, S., Hesse, M., et al.
(2021). Maintaining proteostasis under mechanical stress. EMBO Rep. 22, e52507.
doi:10.15252/embr.202152507

Honjo, M., Igarashi, N., Kurano, M., Yatomi, Y., Igarashi, K., Kano, K., et al.
(2018). Autotaxin-lysophosphatidic acid pathway in intraocular pressure regulation
and glaucoma subtypes. Investig. Ophthalmol. Vis. Sci. 59, 693–701. doi:10.1167/
iovs.17-23218

Horn, A., and Jaiswal, J. K. (2019). Structural and signaling role of lipids in plasma
membrane repair. Curr. Top. Membr. 84, 67–98. doi:10.1016/bs.ctm.2019.07.001

Houten, S. M., and Wanders, R. J. A. (2010). A general introduction to the
biochemistry of mitochondrial fatty acid β-oxidation. J Inher Metab Disea 33,
469–477. doi:10.1007/s10545-010-9061-2

Hymowitz, M. B., Chang, D., Feinberg, E. B., and Roy, S. (2016). Increased
intraocular pressure and hyperglycemic level in diabetic patients. PLOS ONE 11,
e0151833. doi:10.1371/journal.pone.0151833

Iwamoto, T., Kita, S., Zhang, J., Blaustein, M. P., Arai, Y., Yoshida, S., et al. (2004).
Salt-sensitive hypertension is triggered by Ca2+ entry via Na+/Ca2+ exchanger
type-1 in vascular smooth muscle. Nat. Med. 10, 1193–1199. doi:10.1038/nm1118

Frontiers in Cell and Developmental Biology frontiersin.org

Soundararajan et al. 10.3389/fcell.2022.874828

292

https://doi.org/10.1093/bioinformatics/bts731
https://doi.org/10.3390/cancers6031597
https://doi.org/10.3390/cells11071209
https://doi.org/10.3390/cells11071209
https://doi.org/10.1016/j.tibs.2006.11.004
https://doi.org/10.1016/j.yexcr.2017.06.003
https://doi.org/10.1097/01.smj.0000145389.15201.7f
https://doi.org/10.1097/01.smj.0000145389.15201.7f
https://doi.org/10.1039/c5sc03826j
https://doi.org/10.1038/ng.3078
https://doi.org/10.1167/iovs.04-0120
https://doi.org/10.1021/cr100404w
https://doi.org/10.3892/etm.2017.5353
https://doi.org/10.1016/j.cub.2012.10.041
https://doi.org/10.1242/jcs.043794
https://doi.org/10.1242/jcs.043794
https://doi.org/10.3389/fgene.2013.00304
https://doi.org/10.3389/fgene.2013.00304
https://doi.org/10.1002/jms.4301
https://doi.org/10.1002/jms.4301
https://doi.org/10.1007/s12551-016-0244-4
https://doi.org/10.1007/s12551-016-0244-4
https://doi.org/10.1186/s12958-019-0487-6
https://doi.org/10.1186/s12958-019-0487-6
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1159/000487170
https://doi.org/10.1159/000487170
https://doi.org/10.1373/clinchem.2010.158766
https://doi.org/10.1038/srep37127
https://doi.org/10.1194/jlr.r800049-jlr200
https://doi.org/10.1194/jlr.r800049-jlr200
https://doi.org/10.1016/j.devcel.2009.12.020
https://doi.org/10.1016/j.devcel.2009.12.020
https://doi.org/10.1111/j.0959-9673.2004.00377.x
https://doi.org/10.1038/nchembio.392
https://doi.org/10.1038/nchembio.392
https://doi.org/10.1167/iovs.61.14.21
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1038/s41467-020-20851-4
https://doi.org/10.1002/jcp.22783
https://doi.org/10.1038/sj.cdd.4401369
https://doi.org/10.1073/pnas.1120068109
https://doi.org/10.1007/s40135-015-0072-x
https://doi.org/10.1016/j.exer.2020.107920
https://doi.org/10.1016/j.bbadis.2019.165560
https://doi.org/10.1167/iovs.17-23702
https://doi.org/10.15252/embr.202152507
https://doi.org/10.1167/iovs.17-23218
https://doi.org/10.1167/iovs.17-23218
https://doi.org/10.1016/bs.ctm.2019.07.001
https://doi.org/10.1007/s10545-010-9061-2
https://doi.org/10.1371/journal.pone.0151833
https://doi.org/10.1038/nm1118
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.874828


Iyer, P., Lalane, R., 3rd, Morris, C., Challa, P., Vann, R., and Rao, P. V. (2012).
Autotaxin-lysophosphatidic acid axis is a novel molecular target for lowering
intraocular pressure. PLoS One 7, e42627. doi:10.1371/journal.pone.0042627

Jakobsson, M. E., Małecki, J. M., Halabelian, L., Nilges, B. S., Pinto, R.,
Kudithipudi, S., et al. (2018). The dual methyltransferase METTL13 targets N
terminus and Lys55 of eEF1A and modulates codon-specific translation rates. Nat.
Commun. 9, 3411. doi:10.1038/s41467-018-05646-y

Jakobsson, M. E., Małecki, J., Nilges, B. S., Moen, A., Leidel, S. A., and Falnes, P. Ø.
(2017). Methylation of human eukaryotic elongation factor alpha (eEF1A) by a
member of a novel protein lysine methyltransferase family modulates mRNA
translation. Nucleic Acids Res. 45, 8239–8254. doi:10.1093/nar/gkx432

Johnson, M., and Erickson, K. (2000). Aqueous humor and the dynamics of its
flow. Princ. Pract. Ophthalmol., 2577–2595.

Johnstone, M. A. (2004a). The aqueous outflow system as a mechanical pump.
J. glaucoma 13, 421–438. doi:10.1097/01.ijg.0000131757.63542.24

Johnstone, M. A. (2004b). The aqueous outflow system as a mechanical pump.
J. Glaucoma 13, 421–438. doi:10.1097/01.ijg.0000131757.63542.24

Johnstone, M., Xin, C., Tan, J., Martin, E., Wen, J., and Wang, R. K. (2021).
Aqueous outflow regulation - 21st century concepts. Prog. Retin. Eye Res. 83,
100917. doi:10.1016/j.preteyeres.2020.100917

Kaiser-Kupfer, M. I. (1989). Neural crest origin of trabecular meshwork cells and
other structures of the anterior chamber. Am. J. Ophthalmol. 107, 671–672. doi:10.
1016/0002-9394(89)90266-3

Kanayama, A., Seth, R. B., Sun, L., Ea, C. K., Hong, M., Shaito, A., et al. (2004).
TAB2 and TAB3 activate the NF-κB pathway through binding to polyubiquitin
chains. Mol. Cell. 15, 535–548. doi:10.1016/j.molcel.2004.08.008

Kanno, K., Wu, M. K., Scapa, E. F., Roderick, S. L., and Cohen, D. E. (2007).
Structure and function of phosphatidylcholine transfer protein (PC-TP)/StarD2.
Biochimica Biophysica Acta (BBA) - Mol. Cell. Biol. Lipids 1771, 654–662. doi:10.
1016/j.bbalip.2007.04.003

Keller, K. E., Bhattacharya, S. K., Borrás, T., Brunner, T. M., Chansangpetch, S.,
Clark, A. F., et al. (2018). Consensus recommendations for trabecular meshwork
cell isolation, characterization and culture. Exp. Eye Res. 171, 164–173. doi:10.1016/
j.exer.2018.03.001

Keller, K. E., Kelley, M. J., and Acott, T. S. (2007). Extracellular matrix gene
alternative splicing by trabecular meshwork cells in response to mechanical
stretching. Investig. Ophthalmol. Vis. Sci. 48, 1164–1172. doi:10.1167/iovs.06-0875

Khurana, R. N., Deng, P. F., Epstein, D. L., and Vasantha Rao, P. (2003). The role
of protein kinase C in modulation of aqueous humor outflow facility. Exp. Eye Res.
76, 39–47. doi:10.1016/s0014-4835(02)00255-5

Kneitz, B., Cohen, P. E., Avdievich, E., Zhu, L., Kane, M. F., Hou, H., Jr., et al.
(2000). MutS homolog 4 localization to meiotic chromosomes is required for
chromosome pairing during meiosis in male and female mice. Genes. Dev. 14,
1085–1097. doi:10.1101/gad.14.9.1085

Kumari, A., and Panda, D. (2018). Regulation of microtubule stability by
centrosomal proteins. IUBMB Life 70, 602–611. doi:10.1002/iub.1865

Lakk, M., Hoffmann, G. F., Gorusupudi, A., Enyong, E., Lin, A., Bernstein, P. S.,
et al. (2021). Membrane cholesterol regulates TRPV4 function, cytoskeletal
expression, and the cellular response to tension. J. lipid Res. 62, 100145. doi:10.
1016/j.jlr.2021.100145

Last, J. A., Pan, T., Ding, Y., Reilly, C. M., Keller, K., Acott, T. S., et al. (2011).
Elastic modulus determination of normal and glaucomatous human trabecular
meshwork. Investig. Ophthalmol. Vis. Sci. 52, 2147–2152. doi:10.1167/iovs.10-6342

Laurin, M., and Côté, J. F. (2014). Insights into the biological functions of Dock
family guanine nucleotide exchange factors. Genes. Dev. 28, 533–547. doi:10.1101/
gad.236349.113

Lee, M. J., and Yaffe, M. B. (2016). Protein regulation in signal transduction. Cold
Spring Harb. Perspect. Biol. 8. doi:10.1101/cshperspect.a005918

LeMosy, E. K., Lightner, V. A., and Erickson, H. P. (1996). Structural analysis of a
human glial variant laminin. Exp. Cell. Res. 227, 80–88. doi:10.1006/excr.1996.0252

Lewis, C. A., Griffiths, B., Santos, C. R., Pende, M., and Schulze, A. (2011).
Regulation of the SREBP transcription factors by mTORC1. Biochem. Soc. Trans.
39, 495–499. doi:10.1042/bst0390495

Li, J., Yue, Z., Xiong, W., Sun, P., You, K., and Wang, J. (2017a). TXNIP
overexpression suppresses proliferation and induces apoptosis in
SMMC7221 cells through ROS generation and MAPK pathway activation.
Oncol. Rep. 37, 3369–3376. doi:10.3892/or.2017.5577

Li, X. C., Hu, Q. K., Chen, L., Liu, S. Y., Su, S., Tao, H., et al. (2017b).
HSPB8 promotes the fusion of autophagosome and lysosome during autophagy
in diabetic neurons. Int. J. Med. Sci. 14, 1335–1341. doi:10.7150/ijms.20653

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient general
purpose program for assigning sequence reads to genomic features. Bioinformatics
30, 923–930. doi:10.1093/bioinformatics/btt656

Lignell, A., Kerosuo, L., Streichan, S. J., Cai, L., and Bronner, M. E. (2017).
Identification of a neural crest stem cell niche by Spatial Genomic Analysis. Nat.
Commun. 8, 1830. doi:10.1038/s41467-017-01561-w

Liton, P. B., Liu, X., Challa, P., Epstein, D. L., and Gonzalez, P. (2005). Induction
of TGF-β1 in the trabecular meshwork under cyclic mechanical stress. J. Cell.
Physiol. 205, 364–371. doi:10.1002/jcp.20404

Liu, B., McNally, S., Kilpatrick, J. I., Jarvis, S. P., and O’Brien, C. J. (2018). Aging
and ocular tissue stiffness in glaucoma. Surv. Ophthalmol. 63, 56–74. doi:10.1016/j.
survophthal.2017.06.007

Liu, G., Edmonds, B. T., and Condeelis, J. (1996). pH, EF-1α and the cytoskeleton.
Trends Cell. Biol. 6, 168–171. doi:10.1016/0962-8924(96)20013-3

Liu, G. Y., Jiang, X. X., Zhu, X., He, W. Y., Kuang, Y. L., Ren, K., et al. (2015).
ROS activates JNK-mediated autophagy to counteract apoptosis in mouse
mesenchymal stem cells in vitro. Acta Pharmacol. Sin. 36, 1473–1479. doi:10.
1038/aps.2015.101

Liu, Y., Allingham, R. R., Qin, X., Layfield, D., Dellinger, A. E., Gibson, J., et al.
(2013). Gene expression profile in human trabecular meshwork from patients with
primary open-angle glaucoma. Investig. Ophthalmol. Vis. Sci. 54, 6382–6389. doi:10.
1167/iovs.13-12128

López-Gálvez, R., de la Morena-Barrio, M. E., López-Lera, A., Pathak, M.,
Miñano, A., Serrano, M., et al. (2020). Factor XII in PMM2-CDG patients: Role
of N-glycosylation in the secretion and function of the first element of the contact
pathway. Orphanet J. Rare Dis. 15, 280. doi:10.1186/s13023-020-01564-9

Luna, C., Li, G., Liton, P. B., Epstein, D. L., and Gonzalez, P. (2009). Alterations in
gene expression induced by cyclic mechanical stress in trabecular meshwork cells.
Mol. Vis. 15, 534–544.

Maddala, R., Skiba, N. P., and Rao, P. V. (2017). Vertebrate lonesome kinase
regulated extracellular matrix protein phosphorylation, cell shape, and adhesion in
trabecular meshwork cells. J. Cell. Physiol. 232, 2447–2460. doi:10.1002/jcp.25582

Madison, B. B. (2016). Srebp2: A master regulator of sterol and fatty acid
synthesis. J. Lipid Res. 57, 333–335. doi:10.1194/jlr.c066712

Márquez, M. G., Leocata Nieto, F. L., Fernández-Tome, M. C., Favale, N. O., and
Sterin-Speziale, N. (2008). Membrane lipid composition plays a central role in the
maintenance of epithelial cell adhesion to the extracellular matrix. Lipids 43,
343–352. doi:10.1007/s11745-008-3152-y

Martino, F., Perestrelo, A. R., Vinarský, V., Pagliari, S., and Forte, G. (2018).
Cellular mechanotransduction: From tension to function. Front. Physiol. 9, 824.
doi:10.3389/fphys.2018.00824

Matsuo, T., Uchida, H., and Matsuo, N. (1996). Bovine and porcine trabecular
cells produce prostaglandin F2 alpha in response to cyclic mechanical stretching.
Jpn. J. Ophthalmol. 40, 289–296.

McCarthy, D. J., Chen, Y., and Smyth, G. K. (2012). Differential expression
analysis of multifactor RNA-Seq experiments with respect to biological variation.
Nucleic Acids Res. 40, 4288–4297. doi:10.1093/nar/gks042

McDonough, H., Charles, P. C., Hilliard, E. G., Qian, S. B., Min, J. N., Portbury,
A., et al. (2009). Stress-dependent Daxx-CHIP interaction suppresses the
p53 apoptotic program. J. Biol. Chem. 284, 20649–20659. doi:10.1074/jbc.m109.
011767

McGwin, G., Jr., Mcneal, S., Owsley, C., Girkin, C., Epstein, D., and Lee, P. P.
(2004). Statins and other cholesterol-lowering medications and the presenceof
glaucoma. Arch. Ophthalmol. 122, 822–826. doi:10.1001/archopht.122.6.822

McLeod, S. D., West, S. K., Quigley, H. A., and Fozard, J. L. (1990). A longitudinal
study of the relationship between intraocular and blood pressures. Investig.
Ophthalmol. Vis. Sci. 31, 2361–2366.

Mettu, P. S., Deng, P. F., Misra, U. K., Gawdi, G., Epstein, D. L., and Rao, P. V.
(2004). Role of lysophospholipid growth factors in the modulation of aqueous
humor outflow facility. Investig. Ophthalmol. Vis. Sci. 45, 2263–2271. doi:10.1167/
iovs.03-0960

Najafinobar, N., Mellander, L. J., Kurczy, M. E., Dunevall, J., Angerer, T. B.,
Fletcher, J. S., et al. (2016). Cholesterol alters the dynamics of release in protein
independent cell models for exocytosis. Sci. Rep. 6, 33702. doi:10.1038/srep33702

Nettesheim, A., Shim, M. S., Hirt, J., and Liton, P. B. (2019). Transcriptome
analysis reveals autophagy as regulator of TGFβ/Smad-induced fibrogenesis in
trabecular meshwork cells. Sci. Rep. 9, 16092. doi:10.1038/s41598-019-52627-2

Nivon,M., Fort, L., Muller, P., Richet, E., Simon, S., Guey, B., et al. (2016). NFκB is
a central regulator of protein quality control in response to protein aggregation
stresses via autophagy modulation.MBoC 27, 1712–1727. doi:10.1091/mbc.e15-12-
0835

Frontiers in Cell and Developmental Biology frontiersin.org

Soundararajan et al. 10.3389/fcell.2022.874828

293

https://doi.org/10.1371/journal.pone.0042627
https://doi.org/10.1038/s41467-018-05646-y
https://doi.org/10.1093/nar/gkx432
https://doi.org/10.1097/01.ijg.0000131757.63542.24
https://doi.org/10.1097/01.ijg.0000131757.63542.24
https://doi.org/10.1016/j.preteyeres.2020.100917
https://doi.org/10.1016/0002-9394(89)90266-3
https://doi.org/10.1016/0002-9394(89)90266-3
https://doi.org/10.1016/j.molcel.2004.08.008
https://doi.org/10.1016/j.bbalip.2007.04.003
https://doi.org/10.1016/j.bbalip.2007.04.003
https://doi.org/10.1016/j.exer.2018.03.001
https://doi.org/10.1016/j.exer.2018.03.001
https://doi.org/10.1167/iovs.06-0875
https://doi.org/10.1016/s0014-4835(02)00255-5
https://doi.org/10.1101/gad.14.9.1085
https://doi.org/10.1002/iub.1865
https://doi.org/10.1016/j.jlr.2021.100145
https://doi.org/10.1016/j.jlr.2021.100145
https://doi.org/10.1167/iovs.10-6342
https://doi.org/10.1101/gad.236349.113
https://doi.org/10.1101/gad.236349.113
https://doi.org/10.1101/cshperspect.a005918
https://doi.org/10.1006/excr.1996.0252
https://doi.org/10.1042/bst0390495
https://doi.org/10.3892/or.2017.5577
https://doi.org/10.7150/ijms.20653
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1038/s41467-017-01561-w
https://doi.org/10.1002/jcp.20404
https://doi.org/10.1016/j.survophthal.2017.06.007
https://doi.org/10.1016/j.survophthal.2017.06.007
https://doi.org/10.1016/0962-8924(96)20013-3
https://doi.org/10.1038/aps.2015.101
https://doi.org/10.1038/aps.2015.101
https://doi.org/10.1167/iovs.13-12128
https://doi.org/10.1167/iovs.13-12128
https://doi.org/10.1186/s13023-020-01564-9
https://doi.org/10.1002/jcp.25582
https://doi.org/10.1194/jlr.c066712
https://doi.org/10.1007/s11745-008-3152-y
https://doi.org/10.3389/fphys.2018.00824
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1074/jbc.m109.011767
https://doi.org/10.1074/jbc.m109.011767
https://doi.org/10.1001/archopht.122.6.822
https://doi.org/10.1167/iovs.03-0960
https://doi.org/10.1167/iovs.03-0960
https://doi.org/10.1038/srep33702
https://doi.org/10.1038/s41598-019-52627-2
https://doi.org/10.1091/mbc.e15-12-0835
https://doi.org/10.1091/mbc.e15-12-0835
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.874828


Ogata, T., Naito, D., Nakanishi, N., Hayashi, K., Taniguchi, T., Miyagawa, K., et al.
(2014). MURC/Cavin-4 facilitates recruitment of ERK to caveolae and concentric
cardiac hypertrophy induced by α1-adrenergic receptors. Proc. Natl. Acad. Sci.
U.S.A. 111, 3811–3816. doi:10.1073/pnas.1315359111

Okada, Y., Matsuo, T., and Ohtsuki, H. (1998). Bovine trabecular cells produce
TIMP-1 and MMP-2 in response to mechanical stretching. Jpn. J. Ophthalmol. 42,
90–94. doi:10.1016/s0021-5155(97)00129-9

Pal, D., Wu, D., Haruta, A., Matsumura, F., and Wei, Q. (2010). Role of a novel
coiled-coil domain-containing protein CCDC69 in regulating central spindle
assembly. Cell. Cycle 9, 4117–4129. doi:10.4161/cc.9.20.13387

Parreno, J., and Fowler, V. M. (2018). Multifunctional roles of tropomodulin-3 in
regulating actin dynamics. Biophys. Rev. 10, 1605–1615. doi:10.1007/s12551-018-
0481-9

Pattabiraman, P. P., Inoue, T., and Rao, P. V. (2015a). Elevated intraocular
pressure induces Rho GTPase mediated contractile signaling in the trabecular
meshwork. Exp. Eye Res. 136, 29–33. doi:10.1016/j.exer.2015.05.001

Pattabiraman, P. P., Maddala, R., and Rao, P. V. (2014). Regulation of plasticity
and fibrogenic activity of trabecular meshwork cells by Rho GTPase signaling.
J. Cell. Physiol. 229, 927–942. doi:10.1002/jcp.24524

Pattabiraman, P. P., and Rao, P. V. (2010). Mechanistic basis of Rho GTPase-
induced extracellular matrix synthesis in trabecular meshwork cells. Am.
J. Physiology-Cell Physiology 298, C749–C763. doi:10.1152/ajpcell.00317.2009

Pattabiraman, P. P., Rinkoski, T., Poeschla, E., Proia, A., Challa, P., and Rao, P. V.
(2015b). RhoA GTPase-induced ocular hypertension in a rodent model is
associated with increased fibrogenic activity in the trabecular meshwork. Am.
J. Pathology 185, 496–512. doi:10.1016/j.ajpath.2014.10.023

Pattabiraman, P. P., and Toris, C. B. (2016). The exit strategy: Pharmacological
modulation of extracellular matrix production and deposition for better aqueous
humor drainage. Eur. J. Pharmacol. 787, 32–42. doi:10.1016/j.ejphar.2016.04.048

Perrakis, A., and Moolenaar, W. H. (2014). Autotaxin: Structure-function and
signaling. J. Lipid Res. 55, 1010–1018. doi:10.1194/jlr.r046391

Peterson, T. R., Sengupta, S. S., Harris, T. E., Carmack, A. E., Kang, S. A., Balderas,
E., et al. (2011). mTOR complex 1 regulates lipin 1 localization to control the SREBP
pathway. Cell. 146, 408–420. doi:10.1016/j.cell.2011.06.034

Pipes, G. C., Creemers, E. E., and Olson, E. N. (2006). The myocardin family of
transcriptional coactivators: Versatile regulators of cell growth, migration, and
myogenesis. Genes. Dev. 20, 1545–1556. doi:10.1101/gad.1428006

Posch-Pertl, L., Michelitsch, M., Wagner, G., Wildner, B., Silbernagel, G.,
Pregartner, G., et al. (2022). Cholesterol and glaucoma: A systematic review and
meta-analysis. Acta Ophthalmol. 100, 148–158. doi:10.1111/aos.14769

Proia, R. L., and Hla, T. (2015). Emerging biology of sphingosine-1-phosphate: Its
role in pathogenesis and therapy. J. Clin. Investig. 125, 1379–1387. doi:10.1172/
jci76369

Radons, J. (2016). The human HSP70 family of chaperones: Where do we stand?
Cell. Stress Chaperones 21, 379–404. doi:10.1007/s12192-016-0676-6

Ramos, R. F., Sumida, G. M., and Stamer, W. D. (2009). Cyclic mechanical stress
and trabecular meshwork cell contractility. Investig. Ophthalmol. Vis. Sci. 50,
3826–3832. doi:10.1167/iovs.08-2694

Rao, A., Sahay, P., Chakraborty, M., Prusty, B. K., Srinivasan, S., Jhingan, G. D.,
et al. (2021). Switch to autophagy the key mechanism for trabecular meshwork
death in severe glaucoma. Opth Vol. 15, 3027–3039. doi:10.2147/opth.s292218

Rao, P. V. (2014). Bioactive lysophospholipids: Role in regulation of aqueous
humor outflow and intraocular pressure in the context of pathobiology and therapy
of glaucoma. J. Ocular Pharmacol. Ther. 30, 181–190. doi:10.1089/jop.2013.0194

Raviola, G., and Raviola, E. (1981). Paracellular route of aqueous outflow in the
trabecular meshwork and canal of Schlemm. A freeze-fracture study of the
endothelial junctions in the sclerocorneal angel of the macaque monkey eye.
Investigative Ophthalmol. Vis. Sci. 21, 52–72.

Reina-Torres, E., Boussommier-Calleja, A., Sherwood, J. M., and Overby, D. R.
(2020). Aqueous humor outflow requires active cellular metabolism in mice.
Investig. Ophthalmol. Vis. Sci. 61, 45. doi:10.1167/iovs.61.10.45

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a
Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26, 139–140. doi:10.1093/bioinformatics/btp616

Rodrigues, A. J., do Carmo Costa, M., Silva, T. L., Ferreira, D., Bajanca, F.,
Logarinho, E., et al. (2010). Absence of ataxin-3 leads to cytoskeletal disorganization
and increased cell death. Biochimica Biophysica Acta (BBA) - Mol. Cell. Res. 1803,
1154–1163. doi:10.1016/j.bbamcr.2010.07.004

Saccà, S. C., Gandolfi, S., Bagnis, A., Manni, G., Damonte, G., Traverso, C. E., et al.
(2016). From DNA damage to functional changes of the trabecular meshwork in
aging and glaucoma. Ageing Res. Rev. 29, 26–41. doi:10.1016/j.arr.2016.05.012

Saccà, S. C., and Izzotti, A. (2008). Oxidative stress and glaucoma: Injury in the
anterior segment of the eye. Prog. Brain Res. 173, 385–407. doi:10.1016/s0079-
6123(08)01127-8

Saccà, S. C., Pascotto, A., Camicione, P., Capris, P., and Izzotti, A. (2005).
Oxidative DNA damage in the human trabecular meshwork. Arch. Ophthalmol.
123, 458–463. doi:10.1001/archopht.123.4.458

Sahoo, S., Aurich, M., Jonsson, J., and Thiele, I. (2014). Membrane transporters in
a human genome-scale metabolic knowledgebase and their implications for disease.
Front. Physiology 5. doi:10.3389/fphys.2014.00091

Sanui, T., Inayoshi, A., Noda, M., Iwata, E., Stein, J. V., Sasazuki, T., et al. (2003).
DOCK2 regulates Rac activation and cytoskeletal reorganization through
interaction with ELMO1. Blood 102, 2948–2950. doi:10.1182/blood-2003-01-0173

Sato, Y., Matsuo, T., and Ohtsuki, H. (1999). A novel gene (oculomedin) induced
by mechanical stretching in human trabecular cells of the eye. Biochem. Biophysical
Res. Commun. 259, 349–351. doi:10.1006/bbrc.1999.0797

Schaedel, L., John, K., Gaillard, J., Nachury, M. V., Blanchoin, L., and Théry, M.
(2015). Microtubules self-repair in response to mechanical stress. Nat. Mater 14,
1156–1163. doi:10.1038/nmat4396

Semënov, M. V., Zhang, X., and He, X. (2008). DKK1 antagonizes Wnt signaling
without promotion of LRP6 internalization and degradation. J. Biol. Chem. 283,
21427–21432. doi:10.1074/jbc.m800014200

Shembade, N., Harhaj, N. S., Liebl, D. J., and Harhaj, E. W. (2007). Essential role
for TAX1BP1 in the termination of TNF-α-, IL-1- and LPS-mediated NF-κB and
JNK signaling. Embo J. 26, 3910–3922. doi:10.1038/sj.emboj.7601823

Shim, M. S., Nettesheim, A., Dixon, A., and Liton, P. B. (2021). Primary cilia and
the reciprocal activation of AKT and SMAD2/3 regulate stretch-induced autophagy
in trabecular meshwork cells. Proc. Natl. Acad. Sci. U. S. A. 118. doi:10.1073/pnas.
2021942118

Shim, M. S., Nettesheim, A., Hirt, J., and Liton, P. B. (2020). The autophagic
protein LC3 translocates to the nucleus and localizes in the nucleolus associated to
NUFIP1 in response to cyclic mechanical stress. Autophagy 16, 1248–1261. doi:10.
1080/15548627.2019.1662584

Snowden, T., Acharya, S., Butz, C., Berardini, M., and Fishel, R. (2004). hMSH4-
hMSH5 recognizes Holliday Junctions and forms a meiosis-specific sliding clamp
that embraces homologous chromosomes. Mol. Cell. 15, 437–451. doi:10.1016/j.
molcel.2004.06.040

Song, J., Deng, P. F., Stinnett, S. S., Epstein, D. L., and Rao, P. V. (2005). Effects of
cholesterol-lowering statins on the aqueous humor outflow pathway. Investig.
Ophthalmol. Vis. Sci. 46, 2424–2432. doi:10.1167/iovs.04-0776

Soto-Avellaneda, A., and Morrison, B. E. (2020). Signaling and other functions of
lipids in autophagy: A review. Lipids Health Dis. 19, 214. doi:10.1186/s12944-020-
01389-2

Stamer, W. D., Read, A. T., Sumida, G. M., and Ethier, C. R. (2009). Sphingosine-
1-phosphate effects on the inner wall of Schlemm’s canal and outflow facility in
perfused human eyes. Exp. Eye Res. 89, 980–988. doi:10.1016/j.exer.2009.08.008

Staverosky, J., Dhamodaran, K., Acott, T., Raghunathan, V., and Vranka, J.
(2020). Isolation and Characterization of primary human trabecular meshwork cells
from segmental flow regions: New tools for understanding segmental flow. Exp. Eye
Res. 197, 108046. doi:10.1016/j.exer.2020.108046

Stein, J. D., Newman-Casey, P. A., Talwar, N., Nan, B., Richards, J. E., andMusch,
D. C. (2012). The relationship between statin use and open-angle glaucoma.
Ophthalmology 119, 2074–2081. doi:10.1016/j.ophtha.2012.04.029

Stewart-Hutchinson, P. J., Hale, C. M., Wirtz, D., and Hodzic, D. (2008).
Structural requirements for the assembly of LINC complexes and their function
in cellular mechanical stiffness. Exp. Cell. Res. 314, 1892–1905. doi:10.1016/j.yexcr.
2008.02.022

Stumpff, F., and Wiederholt, M. (2000). Regulation of trabecular meshwork
contractility. Ophthalmologica 214, 33–53. doi:10.1159/000027471

Suárez-Trujillo, A., Senn, L. K., Teeple, K., Casey, T. M., and Stewart, K. R. (2020).
A standardized model to study effects of varying 24-h colostrum dose on postnatal
growth and development. Transl. Anim. Sci. 4, txaa212. doi:10.1093/tas/txaa212

Sumida, G. M., and Stamer, W. D. (2011). S1P2 receptor regulation of
sphingosine-1-phosphate effects on conventional outflow physiology. Am.
J. Physiology-Cell Physiology 300, C1164–C1171. doi:10.1152/ajpcell.00437.2010

Sumida, G. M., and Stamer, W. D. (2010). Sphingosine-1-phosphate enhancement of
cortical actomyosin organization in cultured human Schlemm’s canal endothelial cell
monolayers. Investig. Ophthalmol. Vis. Sci. 51, 6633–6638. doi:10.1167/iovs.10-5391

Susanna, R., Jr., DeMoraes, C. G., Cioffi, G. A., and Ritch, R. (2015). Why do people
(still) go blind from glaucoma? Trans. Vis. Sci. Tech. 4, 1. doi:10.1167/tvst.4.2.1

Takeda, K., Shimozono, R., Noguchi, T., Umeda, T., Morimoto, Y., Naguro, I.,
et al. (2007). Apoptosis signal-regulating kinase (ASK) 2 functions as a mitogen-

Frontiers in Cell and Developmental Biology frontiersin.org

Soundararajan et al. 10.3389/fcell.2022.874828

294

https://doi.org/10.1073/pnas.1315359111
https://doi.org/10.1016/s0021-5155(97)00129-9
https://doi.org/10.4161/cc.9.20.13387
https://doi.org/10.1007/s12551-018-0481-9
https://doi.org/10.1007/s12551-018-0481-9
https://doi.org/10.1016/j.exer.2015.05.001
https://doi.org/10.1002/jcp.24524
https://doi.org/10.1152/ajpcell.00317.2009
https://doi.org/10.1016/j.ajpath.2014.10.023
https://doi.org/10.1016/j.ejphar.2016.04.048
https://doi.org/10.1194/jlr.r046391
https://doi.org/10.1016/j.cell.2011.06.034
https://doi.org/10.1101/gad.1428006
https://doi.org/10.1111/aos.14769
https://doi.org/10.1172/jci76369
https://doi.org/10.1172/jci76369
https://doi.org/10.1007/s12192-016-0676-6
https://doi.org/10.1167/iovs.08-2694
https://doi.org/10.2147/opth.s292218
https://doi.org/10.1089/jop.2013.0194
https://doi.org/10.1167/iovs.61.10.45
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.bbamcr.2010.07.004
https://doi.org/10.1016/j.arr.2016.05.012
https://doi.org/10.1016/s0079-6123(08)01127-8
https://doi.org/10.1016/s0079-6123(08)01127-8
https://doi.org/10.1001/archopht.123.4.458
https://doi.org/10.3389/fphys.2014.00091
https://doi.org/10.1182/blood-2003-01-0173
https://doi.org/10.1006/bbrc.1999.0797
https://doi.org/10.1038/nmat4396
https://doi.org/10.1074/jbc.m800014200
https://doi.org/10.1038/sj.emboj.7601823
https://doi.org/10.1073/pnas.2021942118
https://doi.org/10.1073/pnas.2021942118
https://doi.org/10.1080/15548627.2019.1662584
https://doi.org/10.1080/15548627.2019.1662584
https://doi.org/10.1016/j.molcel.2004.06.040
https://doi.org/10.1016/j.molcel.2004.06.040
https://doi.org/10.1167/iovs.04-0776
https://doi.org/10.1186/s12944-020-01389-2
https://doi.org/10.1186/s12944-020-01389-2
https://doi.org/10.1016/j.exer.2009.08.008
https://doi.org/10.1016/j.exer.2020.108046
https://doi.org/10.1016/j.ophtha.2012.04.029
https://doi.org/10.1016/j.yexcr.2008.02.022
https://doi.org/10.1016/j.yexcr.2008.02.022
https://doi.org/10.1159/000027471
https://doi.org/10.1093/tas/txaa212
https://doi.org/10.1152/ajpcell.00437.2010
https://doi.org/10.1167/iovs.10-5391
https://doi.org/10.1167/tvst.4.2.1
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.874828


activated protein kinase kinase kinase in a heteromeric complex with ASK1. J. Biol.
Chem. 282, 7522–7531. doi:10.1074/jbc.m607177200

Tanito, M., Kaidzu, S., Takai, Y., and Ohira, A. (2016). Association between
systemic oxidative stress and visual field damage in open-angle glaucoma. Sci. Rep.
6, 25792. doi:10.1038/srep25792

Tham, Y. C., Li, X., Wong, T. Y., Quigley, H. A., Aung, T., and Cheng, C. Y.
(2014). Global prevalence of glaucoma and projections of glaucoma burden through
2040. Ophthalmology 121, 2081–2090. doi:10.1016/j.ophtha.2014.05.013

Thieme, H., Nass, J. U., Nuskovski, M., Bechrakis, N. E., Stumpff, F., Strauss, O.,
et al. (1999). The effects of protein kinase C on trabecular meshwork and ciliary
muscle contractility. Investig. Ophthalmol. Vis. Sci. 40, 3254–3261.

Thorleifsson, G., Walters, G. B., Hewitt, A.W., Masson, G., Helgason, A., DeWan,
A., et al. (2010). Common variants near CAV1 and CAV2 are associated with
primary open-angle glaucoma. Nat. Genet. 42, 906–909. doi:10.1038/ng.661

Tian, B., Gabelt, B. T., Peterson, J. A., Kiland, J. A., and Kaufman, P. L. (1999). H-7
increases trabecular facility and facility after ciliary muscle disinsertion in monkeys.
Investig. Ophthalmol. Vis. Sci. 40, 239–242.

Tock, A. J., and Henderson, I. R. (2018). Hotspots for initiation of meiotic
recombination. Front. Genet. 9, 521. doi:10.3389/fgene.2018.00521

Vahabikashi, A., Gelman, A., Dong, B., Gong, L., Cha, E. D., Schimmel, M., et al.
(2019). Increased stiffness and flow resistance of the inner wall of Schlemm’s canal
in glaucomatous human eyes. Proc. Natl. Acad. Sci. 116, 26555–26563.doi:10.1073/
pnas.1911837116

Van Meer, G. (2001). Caveolin, cholesterol, and lipid droplets? J. Cell. Biol. 152,
F29–F34. doi:10.1083/jcb.152.5.f29

Vittal, V., Rose, A., Gregory, K. E., Kelley, M. J., and Acott, T. S. (2005). Changes
in gene expression by trabecular meshwork cells in response to mechanical
stretching. Investig. Ophthalmol. Vis. Sci. 46, 2857–2868. doi:10.1167/iovs.05-0075

Vittitow, J., and Borrás, T. (2004). Genes expressed in the human trabecular
meshwork during pressure-induced homeostatic response. J. Cell. Physiol. 201,
126–137. doi:10.1002/jcp.20030

Von Zee, C. L., Richards, M. P., Bu, P., Perlman, J. I., and Stubbs, E. B., Jr. (2009).
Increased RhoA and RhoB protein accumulation in cultured human trabecular
meshwork cells by lovastatin. Investig. Ophthalmol. Vis. Sci. 50, 2816–2823. doi:10.
1167/iovs.08-2466

Walther, T. C., and Farese, R. V., Jr. (2012). Lipid droplets and cellular lipid
metabolism. Annu. Rev. Biochem. 81, 687–714. doi:10.1146/annurev-biochem-
061009-102430

Wang, K., Johnstone, M. A., Xin, C., Song, S., Padilla, S., Vranka, J. A., et al.
(2017). Estimating human trabecular meshwork stiffness by numerical modeling
and advanced OCT imaging. Investigative Ophthalmol. Vis. Sci. 58, 4809–4817.
doi:10.1167/iovs.17-22175

Wang, S., and Bao, X. (2019). Hyperlipidemia, blood lipid level, and the risk of
glaucoma: A meta-analysis. Investig. Ophthalmol. Vis. Sci. 60, 1028–1043. doi:10.
1167/iovs.18-25845

Wang, S., Xu, L., Jonas, J. B., Wong, T. Y., Cui, T., Li, Y., et al. (2009). Major eye
diseases and risk factors associated with systemic hypertension in an adult Chinese
population: The beijing eye study. Ophthalmology 116, 2373–2380. doi:10.1016/j.
ophtha.2009.05.041

Weinreb, R. N., Leung, C. K., Crowston, J. G., Medeiros, F. A., Friedman, D. S.,
Wiggs, J. L., et al. (2016). Primary open-angle glaucoma. Nat. Rev. Dis. Prim. 2,
16067. doi:10.1038/nrdp.2016.67

Wiederholt, M., Groth, J., and Strauss, O. (1998). Role of protein tyrosine kinase
on regulation of trabecular meshwork and ciliary muscle contractility. Investig.
Ophthalmol. Vis. Sci. 39, 1012–1020.

Wiederholt, M., Thieme, H., and Stumpff, F. (2000). The regulation of trabecular
meshwork and ciliary muscle contractility. Prog. Retin Eye Res. 19, 271–295. doi:10.
1016/s1350-9462(99)00015-4

Wiggs, J. L., and Pasquale, L. R. (2017). Genetics of glaucoma. Hum. Mol. Genet.
26, R21–R27. doi:10.1093/hmg/ddx184

Wood, I. S., Hunter, L., and Trayhurn, P. (2003). Expression of Class III
facilitative glucose transporter genes (GLUT-10 and GLUT-12) in mouse and
human adipose tissues. Biochem. Biophys. Res. Commun. 308, 43–49. doi:10.1016/
s0006-291x(03)01322-6

Wu, A., Khawaja, A. P., Pasquale, L. R., and Stein, J. D. (2020). A review of
systemic medications that may modulate the risk of glaucoma. Eye Lond. Engl. 34,
12–28. doi:10.1038/s41433-019-0603-z

Wu, H., Shui, Y.-B., Liu, Y., Liu, X., and Siegfried, C. J. (2022). Trabecular
meshwork mitochondrial function and oxidative stress: Clues to racial disparities of
glaucoma. Ophthalmol. Sci. 2, 100107. doi:10.1016/j.xops.2021.100107

Xin, C., Johnstone, M., Wang, N., and Wang, R. K. (2016). OCT study of
mechanical properties associated with trabecular meshwork and collector channel
motion in human eyes. PLoS One 11, e0162048. doi:10.1371/journal.pone.0162048

Xin, C., Wang, R. K., Song, S., Shen, T., Wen, J., Martin, E., et al. (2017). Aqueous
outflow regulation: Optical coherence tomography implicates pressure-dependent
tissue motion. Exp. Eye Res. 158, 171–186. doi:10.1016/j.exer.2016.06.007

Xu, H., Wu, X., Qin, H., Tian, W., Chen, J., Sun, L., et al. (2015).
Myocardin-related transcription factor A epigenetically regulates renal
fibrosis in diabetic nephropathy. J. Am. Soc. Nephrol. 26, 1648–1660.
doi:10.1681/asn.2014070678

Xu, Y., and Her, C. (2013). VBP1 facilitates proteasome and autophagy-mediated
degradation of MutS homologue hMSH4. Faseb J. 27, 4799–4810. doi:10.1096/fj.13-
235127

Xue, B., Leyrat, C., Grimes, J. M., and Robinson, R. C. (2014). Structural basis of
thymosin-β4/profilin exchange leading to actin filament polymerization. Proc. Natl.
Acad. Sci. U. S. A. 111, E4596–E4605. doi:10.1073/pnas.1412271111

Yang, E., Van Nimwegen, E., Zavolan, M., Rajewsky, N., Schroeder, M.,
Magnasco, M., et al. (2003). Decay rates of human mRNAs: Correlation with
functional characteristics and sequence attributes. Genome Res. 13, 1863–1872.
doi:10.1101/gr.1272403

Youngblood, H., Cai, J., Drewry, M. D., Helwa, I., Hu, E., Liu, S., et al. (2020).
Expression of mRNAs, miRNAs, and lncRNAs in human trabecular meshwork cells
upon mechanical stretch. Investig. Ophthalmol. Vis. Sci. 61, 2. doi:10.1167/iovs.61.
5.2

Zhang, J., Ren, C., Chen, L., Navedo, M. F., Antos, L. K., Kinsey, S. P., et al. (2010).
Knockout of Na+/Ca2+ exchanger in smooth muscle attenuates vasoconstriction
and L-type Ca2+ channel current and lowers blood pressure. Am. J. Physiol. Heart
Circ. Physiol. 298, H1472–H1483. doi:10.1152/ajpheart.00964.2009

Zhao, L. Y., Liu, J., Sidhu, G. S., Niu, Y., Liu, Y., Wang, R., et al. (2004). Negative
regulation of p53 functions by Daxx and the involvement of MDM2. J. Biol. Chem.
279, 50566–50579. doi:10.1074/jbc.m406743200

Zhavoronkov, A., Izumchenko, E., Kanherkar, R. R., Teka, M., Cantor, C.,
Manaye, K., et al. (2016). Pro-fibrotic pathway activation in trabecular
meshwork and lamina cribrosa is the main driving force of glaucoma. Cell.
Cycle 15, 1643–1652. doi:10.1080/15384101.2016.1170261

Zhou, M., Wang,W., Huang, W., and Zhang, X. (2014). Diabetes mellitus as a risk
factor for open-angle glaucoma: A systematic review and meta-analysis. PloS one 9,
e102972e102972. doi:10.1371/journal.pone.0102972

Zhu, L., Chen, S., and Chen, Y. (2011). Unraveling the biological functions of
Smad7 with mouse models. Cell. Biosci. 1, 44. doi:10.1186/2045-3701-1-44

Frontiers in Cell and Developmental Biology frontiersin.org

Soundararajan et al. 10.3389/fcell.2022.874828

295

https://doi.org/10.1074/jbc.m607177200
https://doi.org/10.1038/srep25792
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1038/ng.661
https://doi.org/10.3389/fgene.2018.00521
https://doi.org/10.1073/pnas.1911837116
https://doi.org/10.1073/pnas.1911837116
https://doi.org/10.1083/jcb.152.5.f29
https://doi.org/10.1167/iovs.05-0075
https://doi.org/10.1002/jcp.20030
https://doi.org/10.1167/iovs.08-2466
https://doi.org/10.1167/iovs.08-2466
https://doi.org/10.1146/annurev-biochem-061009-102430
https://doi.org/10.1146/annurev-biochem-061009-102430
https://doi.org/10.1167/iovs.17-22175
https://doi.org/10.1167/iovs.18-25845
https://doi.org/10.1167/iovs.18-25845
https://doi.org/10.1016/j.ophtha.2009.05.041
https://doi.org/10.1016/j.ophtha.2009.05.041
https://doi.org/10.1038/nrdp.2016.67
https://doi.org/10.1016/s1350-9462(99)00015-4
https://doi.org/10.1016/s1350-9462(99)00015-4
https://doi.org/10.1093/hmg/ddx184
https://doi.org/10.1016/s0006-291x(03)01322-6
https://doi.org/10.1016/s0006-291x(03)01322-6
https://doi.org/10.1038/s41433-019-0603-z
https://doi.org/10.1016/j.xops.2021.100107
https://doi.org/10.1371/journal.pone.0162048
https://doi.org/10.1016/j.exer.2016.06.007
https://doi.org/10.1681/asn.2014070678
https://doi.org/10.1096/fj.13-235127
https://doi.org/10.1096/fj.13-235127
https://doi.org/10.1073/pnas.1412271111
https://doi.org/10.1101/gr.1272403
https://doi.org/10.1167/iovs.61.5.2
https://doi.org/10.1167/iovs.61.5.2
https://doi.org/10.1152/ajpheart.00964.2009
https://doi.org/10.1074/jbc.m406743200
https://doi.org/10.1080/15384101.2016.1170261
https://doi.org/10.1371/journal.pone.0102972
https://doi.org/10.1186/2045-3701-1-44
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.874828


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact 

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover
	Frontiers eBook Copyright Statement
	Cell Adhesive Interactions in Ocular Health and Diseases
	Table of Contents
	Laminin β2 Chain Regulates Cell Cycle Dynamics in the Developing Retina
	Introduction
	Methods
	Antibodies
	Chemicals, Peptides, and Recombinant Proteins
	Experimental Organisms
	Software
	Experimental Model
	Immunostaining
	Retinal Preparations
	Ex vivo Rescue and Receptor Blocking Experiments
	Cumulative S-phase EdU Labeling
	Percentage of Labeled Mitoses Studies
	Analysis of Cell Cycle Parameters
	Experimental Design and Statistical Analysis

	Results
	RPC Cell Cycle Dynamics Are Laminin Dependent
	Exogenous Laminin β2 Rescues RPC Cell Cycle and S-phase Timing
	RPC G2/M Progression Is Laminin-dependent
	Exogenous Laminin β2 Rescues RPC G2 and M Phase Progression
	β2-Containing Laminins Modulates RPC Cell Cycle Dynamics via Dystroglycan
	RPC S-phase Progression Is Laminin-dependent by DG Pathway
	RPC Mitosis Progression Is Laminin-dependent and Modulated by DG
	RPC Cell Cycle Re-entry Is Laminin Dependent
	DG and intβ1 Modulate RPC Cell Cycle Re-entry

	Discussion
	Laminins Guide Proper RPC Cell Cycle Dynamics
	Distinct Roles of DG and intβ1 Signaling in Cell Cycle Regulation
	Implication of Laminin-DG Signaling in RPC Chromatin State Regulation

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Roles of Eph-Ephrin Signaling in the Eye Lens Cataractogenesis, Biomechanics, and Homeostasis
	Introduction
	Eph-ephrin Bidirectional Signaling
	Eye Lens Pathology and Eph-ephrin Signaling in Human Lenses
	Roles of Ephrin-A5 in Maintaining Anterior Epithelial Cells and Fiber Cells
	Function of EphA2 in Organizing Equatorial Epithelial Cells and Fiber Cells
	Eph-ephrin Signaling and Lens Biomechanics
	Binding Partners of EphA2 and Ephrin-A5 and Crosstalk With Other Signaling Pathways
	Future Directions and Therapeutic Opportunities

	Author Contributions
	Funding
	Acknowledgments
	References

	Extracellular Matrix Stiffness and TGFβ2 Regulate YAP/TAZ Activity in Human Trabecular Meshwork Cells
	Introduction
	Materials and Methods
	HTM Cell Isolation and Culture
	Glaucomatous Donor History
	Preparation of Hydrogels
	HTM Cell Treatments
	Immunoblot Analysis
	Immunocytochemistry Analysis
	Image Analysis
	Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis
	Active TGFβ2 Enzyme-Linked Immunosorbent Assay
	siRNA Transfection
	HTM Hydrogel Contraction Analysis
	HTM Hydrogel Cell Proliferation Analysis
	HTM Hydrogel Rheology Analysis
	HTM Hydrogel Atomic Force Microscopy Analysis
	Statistical Analysis

	Results
	TGFβ2 and YAP/TAZ Activity is Upregulated in GTM Cells
	ECM Stiffening Increases YAP/TAZ Activity in HTM Cells via Modulating Focal Adhesions and Cytoskeletal Rearrangement
	TGFβ2 Regulates YAP/TAZ Activity via ERK and ROCK Signaling Pathways
	F-Actin Polymerization Modulates YAP/TAZ Activity
	YAP/TAZ Regulate FA Formation, ECM Remodeling and Cell Contractile Properties
	YAP/TAZ-TEAD Interaction is Required for YAP/TAZ Downstream Effects
	YAP/TAZ Mediate HTM Cell Contractility and HTM Hydrogel Stiffness

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	A Role of Caveolae in Trabecular Meshwork Mechanosensing and Contractile Tone
	Introduction
	Materials and Methods
	Human Trabecular Meshwork Cell Culture
	Cell Transduction With Adenovirus
	Cyclic Mechanical Stretch of hTM Cells
	Western Blots
	Caveolin-1 Scaffolding Domain Peptides
	Rho Activation Assay
	Immunofluorescence Microscopy
	Subcellular Fractionation
	Statistical Analysis

	Results
	Cav1 Knockdown Increases Phosphorylation of Myosin Light Chain in Human TM Cells
	Elevation of MLC Phosphorylation Following Cav1 Knockdown is Cell Substrate-Dependent
	Cav1 Knockdown Elevates MLC Phosphorylation via RhoA Activation in Human TM Cells
	Cav1 Scaffolding Domain Peptides Cause MLC Dephosphorylation in Human TM Cells
	Cyclic Stretch Induces MLC Dephosphorylation in Cav1-Competent, not Cav1-Deficient TM Cells
	RhoA Co-Localizes With Cav1 in Human TM Cells
	RhoA Expression in the Cytosol is Suppressed in Cav1-Deficient TM Cells

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	The Pro-fibrotic Response of Mesenchymal Leader Cells to Lens Wounding Involves Hyaluronic Acid, Its Receptor RHAMM, and Vi ...
	Introduction
	Materials and Methods
	Ex vivo Post-cataract Surgery Chick Explant Cultures and Inhibitor Treatment
	Immunofluorescence and Live Immunolabeling
	Proximal Ligation Assay
	Confocal Microscopy Imaging

	Results
	Emergence of Fibrotic Disease in an Ex Vivo Mock Cataract Surgery Explant Model
	Hyaluronic Acid Is an Integral Component of the Provisional Matrix Organized Post-lens Wounding
	Fibronectin-EDA Matrix Organized Along Hyaluronic Acid Fibrils Formed in Response to Lens Wounding
	Hyaluronic Acid Receptors CD44 and Receptor for Hyaluronan Mediated Motility Expressed by Leading Edge Cells Post-lens Wounding
	CD44 Colocalizes With Hyaluronic Acid at Cell-Cell Interfaces of Leader Cells Post-wounding
	Receptor for Hyaluronan Mediated Motility Colocalizes With Hyaluronic Acid Fibrillar Network Post-wounding
	Hyaluronic Acid and Receptor for Hyaluronan Mediated Motility Co-localize Along αSMA+ Stress Fibers in Myofibroblasts That  ...
	Novel Association of Receptor for Hyaluronan Mediated Motility With Vimentin in Leader Cell Lamellipodial Protrusions Post- ...
	Blocking Hyaluronic Acid Synthesis Prevents Leader Cell Production of a Pro-fibrotic Provisional Matrix, Suppresses Their M ...

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Beyond the Channels: Adhesion Functions of Aquaporin 0 and Connexin 50 in Lens Development
	Introduction
	Aquaporins and Connexins in the Lens
	Aquaporins in the Lens
	Connexins in the Lens
	Aquaporins and Connexins in Lens Development

	Mechanism of AQP0 Adhesive Function
	Homotypic Adhesion
	Heterotypic Adhesion

	AQP0 Adhesion in Lens Structure and Transparency
	Adhesion Function of Cx50 in Lens Development
	Relationship Between AQP0 and Cx50 in Cell Adhesion
	Future Prospective and Challenges
	Author Contributions
	Funding
	Acknowledgments
	References

	Schlemm’s Canal Endothelium Cellular Connectivity in Giant Vacuole and Pore Formation in Different Flow-type Areas: A Seria ...
	1 Introduction
	2 Materials and Methods
	2.1 Human Donor Eyes
	2.2 Ocular Perfusion and Fixation
	2.3 Global Imaging and Ocular Dissection
	2.4 Serial Block-Face Scanning Electron Microscopy and 3D Reconstruction
	2.5 Morphometric Analyses
	2.5.1 Schlemm’s Canal Endothelial Cell Dimensions: Length, Width, Thickness, Volume
	2.5.2 IW/JCT Connections
	2.5.3 IW/IW Overlap and B-Pores

	2.6 Statistical Methods

	3 Results
	3.1 IW Cell Dimensions: Length, Width, Thickness, and Volume
	3.1.1 Length
	3.1.2 Width
	3.1.3 Thickness
	3.1.4 Volume

	3.2 IW/JCT Connections
	3.2.1 Total Cellular Connections Between SC IW Cells and JCT Cells/Matrix
	3.2.1.1 IW Cell-JCT Matrix Connections
	3.2.1.2 IW Cell-JCT Cell Connections
	3.2.2 Giant Vacuoles and IW Cell-JCT Cell Connections Beneath GVs

	3.3 IW/IW Overlap and B-Pores

	4 Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	CCN2/CTGF—A Modulator of the Optic Nerve Head Astrocyte
	Introduction
	Results
	Increased Astrocyte Reactivity in the Glial Lamina of a Murine Glaucoma Model
	Fibronectin and the Amount of Filamentous Actin are Increased in the Optic Nerve Head of 2 Month old Transgenic βB1-Connect ...
	Cellular Communication Network Factor 2/Connective Tissue Growth Factor is Increased in a Murine Glaucoma Model
	Cellular Communication Network Factor 2/Connective Tissue Growth Factor is Increased in the Glaucomatous Optic Nerve
	Transforming Growth Factor-β2 and Cellular Communication Network Factor2/Connective Tissue Growth Factor Induce Astrocyte R ...
	Extracellular Matrix Component Upregulation by Transforming Growth Factor-β2 and Cellular Communication Network Factor2/Con ...
	Increasing Substratum Stiffness Cause an Increase in Astrocyte Reactivity, Actin Cytoskeleton Modification and an Increase  ...

	Discussion
	Materials and Methods
	Animals
	RNA Analysis
	Western Blot Analysis
	Immunocytochemistry
	Migration Assay
	Immunohistochemistry
	Image Analysis
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Glucocorticoids Preferentially Influence Expression of Nucleoskeletal Actin Network and Cell Adhesive Proteins in Human Tra ...
	Introduction
	Materials and Methods
	Human Trabecular Meshwork Cell Culture
	Dexamethasone Treatment and Preparation of Nuclear Protein Fraction From Trabecular Meshwork Cells
	Mass Spectrometry
	Immunoblotting
	Immunofluorescence
	Cell Viability
	siRNA Treatment
	Statistical Analysis

	Results
	Alterations in the Nuclear Protein Profile of Human Trabecular Meshwork Cells Treated With Dexamethasone for Seven Days
	Time-Dependence of Dexamethasone-Induced Effects on the Nuclear Protein Profile of Human Trabecular Meshwork Cells
	BRG1 Regulated Gene Expression in Trabecular Meshwork Cells

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	The Effects of Mechanical Stretch on Integrins and Filopodial-Associated Proteins in Normal and Glaucomatous Trabecular Mes ...
	Introduction
	Methods
	Primary Trabecular Meshwork Cell Culture
	Co-Immunoprecipitation Assays
	Mechanical Stretch
	Immunohistochemistry and Confocal Microscopy
	Western Immunoblotting
	Tunneling Nanotubes Vesicle Transfer Assay
	Statistics

	Results
	Integrins and Myosin-X Interactions
	Trabecular Meshwork Filopodial Proteins in Response to Mechanical Stretch
	Cadherin-11 and Filopodia
	Effect of Mechanical Stretch in Normal and Glaucomatous Trabecular Meshwork Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Integrin Crosstalk and Its Effect on the Biological Functions of the Trabecular Meshwork/Schlemm’s Canal
	Introduction
	αvβ3 Integrin
	Role of αvβ3 Integrin in Phagocytosis
	Role of αvβ3 Integrin in Fibronectin Fibrillogenesis
	Role of αvβ3 Integrin in CLAN Formation

	α4β1 Integrin

	Discussion
	Author Contributions
	Funding
	References

	Age Dependent Changes in Corneal Epithelial Cell Signaling
	Introduction
	Methods
	Animals
	Cell Culture
	Cellular Migration
	3D Printing of Corneal Holder
	Nanoindentation
	Live Cell Imaging
	Modeling of Calcium Mobilization
	Immunofluorescence and Confocal Microscopy
	Statistical Analysis

	Results
	Stiffness of the Corneal Epithelium Increases With Age in C57Bl/6J Mice
	Nine- and 27-week Old Mice Have Significant Differences in Both Short-Term and Long-Term Wound Healing
	Calcium Signaling Events Occur in Basal Cells But Not Apical Cells in Young Mice
	Central Corneal Injuries Induce Calcium Mobilizations in the Corneal Limbus
	Pannexin-1 Localization Differs Between Young and Old Mice
	Inhibition of the Purinergic Receptors P2X7 and P2Y2, and the Ion Channel Pannexin-1 Have Adverse Effects on Wound Healing  ...

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Lens Fibrosis: Understanding the Dynamics of Cell Adhesion Signaling in Lens Epithelial-Mesenchymal Transition
	Introduction
	Cell Adhesion Changes and Activation of TGFβ in Lens Fibrosis
	Rho/ROCK Signaling in Lens Fibrosis
	Mechanotransduction and Lens Epithelial-Mesenchymal Transition and Fibrosis
	Cytoskeletal Protein Mediated Signaling During Lens Epithelial-Mesenchymal Transition
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References

	Signaling Downstream of Focal Adhesions Regulates Stiffness-Dependent Differences in the TGF-β1-Mediated Myofibroblast Diff ...
	Introduction
	Methods
	Fabrication and Functionalization of Polyacrylamide Substrata
	Isolating Primary Corneal Keratocytes
	Cell Culture and Reagents
	Immunofluorescence Imaging
	Traction Force Microscopy
	Statistical Analysis

	Results
	TGF-β1-Induced Smad Activity is Independent of Substratum Stiffness
	Substratum Stiffness Modulates the Size and Subcellular Patterning of Focal Adhesions in the Presence of TGF-β1
	Inhibition of Focal Adhesion Kinase (FAK) Disrupts Stiffness-Dependent Differences in Myofibroblast Differentiation
	FAK Inhibition Restricts Actomyosin Contractility to the Tips of Thin Cellular Extensions
	FAK Inhibition Blocks Stiffness-Dependent Differences in Focal Adhesion Size and Patterning

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Thrombospondin-1 Signaling Through the Calreticulin/LDL Receptor Related Protein 1 Axis: Functions and Possible Roles in Gl ...
	Introduction
	Extracellular Matrix and Glaucoma
	Matricellular Proteins
	Thrombospondin-1
	Thrombospondin-1 Regulation of Intermediate Cell Adhesion
	Characterization of the Intermediate Adhesive State: Altered Focal Adhesion and Cytoskeletal Organization
	The Calreticulin/LRP1 Receptor Co-Complex Mediates Thrombospondin-1 Induced Intermediate Adhesion
	Signal Transduction Pathways in Intermediate Adhesion
	Role of Lipid Rafts in Thrombospondin-1/Calr/LRP1 Signaling

	Functional Roles of Thrombospondin-1 Signaling Through Calr/LRP1 Complexes
	Cell Migration
	Anoikis Resistance
	Collagen Matrix Assembly and the Foreign Body Response

	Relevance to Glaucoma
	Factors Involved in Glaucoma Pathogenesis Regulate TSP-1 Expression
	Mechanical Forces and Mechanotransduction Pathways
	Thrombospondin-1 Regulation by Endoplasmic Reticulum Stress

	Thrombospondin-1 Co-Receptors Calr/LRP1 in Glaucoma
	Localization of the N-Terminal Domain Calr-Binding Sequence in the Glaucomatous Milieu
	Thrombospondin-1/Calr/LRP1 Signaling and Cross-Linked Actin Networks Formation

	Discussion: Gaps and Opportunities
	Author Contributions
	Funding
	Acknowledgments
	References

	A Novel Technique Identifies Valve-Like Pathways Entering and Exiting Schlemm’s Canal in Macaca nemestrina Primates With Si ...
	Introduction
	Tissue and Cell–Cell Adhesive Relationships in the Outflow System
	Extracellular and Cellular Adhesive Mechanisms
	Schlemm’s Canal Dilation and Clarification: Crucial Factors in Assessing Distal Outflow Mechanisms
	Study Goals

	Materials and Methods
	Perfusion
	Preparation for Immunohistochemistry
	Viscoelastic Dilation of Schlemm’s Canal and Segment Preparation
	Immunohistochemistry
	Imaging
	Clarification
	Statistical Analysis

	Results
	Multiple Clarification Techniques—Effectiveness Comparisons
	Tissue Shrinkage Assessment With Benzyl Alcohol–Benzyl Benzoate Clarification
	Imaging Depth Assessment With Benzyl Alcohol–Benzyl Benzoate Clarification
	Schlemm’s Canal and the Distal Outflow Pathway Relationship Assessment After Benzyl Alcohol–Benzyl Benzoate Clarification
	Fluorescent Microsphere Perfusion and Schlemm’s Canal Inlet Valve-Like Structures Quantification

	Discussion
	Technique-Dependent Requirements for Imaging of Schlemm’s Canal Inlet Valve-Like Structures and Schlemm’s Canal Outlet Valv ...
	Correlation of Study Results With Findings From Other Imaging Modalities
	Adhesive Relationship Implications of Immunohistochemistry Findings
	Schlemm’s Canal Outflow Resistance System
	Limitations

	Summary and Future Directions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Arvcf Dependent Adherens Junction Stability is Required to Prevent Age-Related Cortical Cataracts
	Introduction
	Results
	Arvcf is an Abundant Catenin Expressed in Lens Fiber Cells
	Cortical Cataracts and Alterations to Lens Properties Occur in Aged Arvcf Mutant Mice
	Disruptions in Fiber Cell Junctions and Reduced Localization of Adherens Junction Proteins Occur in the Absence of Arvcf Pr ...
	Cadherin Nanoclusters are Reduced in Size and Density in the Absence of Arvcf
	Lens Fiber Cell Morphology is Disrupted in the Absence of Arvcf due to Reduced Adherens Junction Proteins

	Discussion
	Arvcf Deficient Lenses are a Model for Age-dependent Cortical Cataracts
	p120-Catenin May Genetically Compensate for Arvcf
	Requirement for Arvcf in the Organization of Punctate Adherens Junctions in Juvenile Lens Fiber Cells
	Arvcf Dependent Morphology of Lens Fiber Cell Interlocking Protrusions
	Arvcf-dependent Biomechanical Properties of the Lens

	Materials and Methods
	Arvcf Mouse Model Generation and Maintenance
	Laser Refraction Experiments
	RT-PCR and Western Blot Analysis
	Immunofluorescent Labeling and Imaging
	Nanocluster Analysis
	Quantitation of Immunofluorescent Signal
	Cryosections
	Whole Lens Fiber Cells

	Scanning Electron Microscopy
	Lens Compression Tests

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Toll-Like Receptor 4 Signaling in the Trabecular Meshwork
	Introduction
	Association of Toll-Like Receptor 4 With Glaucoma
	Toll-Like Receptor 4 Signaling
	Crosstalk of TGFβ2–TLR4 Signaling
	TLR4 Signaling in the TM
	Conclusion
	Author Contributions
	Funding
	References

	Multiomics Analysis Reveals the Mechanical Stress-Dependent Changes in Trabecular Meshwork Cytoskeletal-Extracellular Matrix Interactions
	Introduction
	Material and methods
	Materials
	Reagents, antibodies, and materials

	Primary trabecular meshwork cell culture
	Cyclic mechanical stretch
	mRNA sequencing
	Sample preparation for mRNA sequencing
	KAPA mRNA HyperPrep method for mRNA sequencing
	Mapping QC and data analysis

	Proteomics
	Sample preparation for proteomics
	Peptide purification and labeling
	High pH basic fractionation
	Nano-LC-MS/MS analysis
	Data analysis

	Lipidomics
	Cellular lipid extraction and multiple reaction monitoring profiling-based MS for lipidomics
	Cell culture media lipid extraction and high-performance liquid chromatography-mass spectrometry
	Lipidomics data analysis

	Data integration analysis
	Western blotting
	Statistical analysis

	Results
	Differential expression of genes in TM subjected to CMS
	Differential expression of proteins in TM subjected to CMS
	Lipid changes in TM subjected to CMS

	Discussion
	TM counters CMS-induced oxidative stress and apoptosis
	TM overcomes mechanical stress by upregulating transcriptional and translational control of autophagy and protein quality c ...
	Induction of actin-based contraction and ECM buildup by the interplay of the gene, protein, and lipid signaling in TM under ...
	Interplay between mRNA, protein, and lipid pathway changes in response to CMS

	Disease relevance of RNA, proteins, and lipids modulated in TM under CMS

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Back cover



