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Editorial on the Research Topic
Integrin adhesion receptors in health and disease

Cells sense the chemical andmechanical properties of their environment. In animals, one
mechanism for this sensing is via the direct attachment of cells to the surrounding
extracellular matrix (ECM). Mediated by the integrin protein family of ECM receptors,
integrin adhesion complexes (IACs) engage various ligands of the ECM as well as counter
receptors on neighbouring cells. An emerging property of IACs that is essential for tissue
homeostasis is their role in cell mechanotransduction, a process whereby cells are able to
sense and respond to mechanical cues and convert them into biological signals to elicit
different cellular responses. By coupling extracellular ligands to the actin cytoskeleton,
microtubules and intermediate filaments, these IACs constitute sites of signalling integration
that regulate central cellular functions. The dense, highly dynamic protein assemblies
associated with IACs are collectively referred to as the integrin “adhesome” and its mis-
regulation is central to a wide variety of developmental and pathological processes. In this
Research Topic the full breadth of integrin adhesion biology was explored in a series of
15 articles.

The breadth of research of components of the integrin adhesion complexes IACs was
highlighted by the eight Review articles that were included in this Research Topic. All of
these were useful and presented comprehensive insight and description of different facets of
integrin signalling.

The development of new combined therapies to control the process of wound healing are
desperately needed. Perez et al. contributed with a Review paper on the trilogy of Thy-1
(CD90) glycoprotein/integrin/syndecan 4 proteins whose expression is controlled during the
healing process. Since lack of expression of any of these proteins results in delayed wound
healing, the authors reviewed its interaction as a trimolecular complex in bi-directional
signalling that regulates diverse aspects along the stages of the wound healing process.

Thy-1 was also the Research Topic of the Review article by Hu et al. which focused on the
ability of Thy-1 to mediate integrin-related signalling through both direct trans- and cis-
interactions with integrins. The article discussed the recent progress and discoveries of Thy-
1–integrin interactions in trans and in cis, highlighting their pathophysiological
consequences and exploring other potential binding partners of Thy-1 within the
integrin regulation/signalling paradigm.

Bergonzini et al. wrote an informative review on disappointments and opportunities of
targeting integrins for cancer therapy. Dysregulation of integrin functions has been extensively
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reported in cancer and associated with tumour growth, invasion,
angiogenesis, metastasis, and therapy resistance. However, despite
encouraging preclinical data, targeting integrin adhesion complexes
in clinical trials has thus far failed. The authors systematised excellent
the contributing factors to therapeutic failure and provided an overview
of emerging, promising approaches that are being investigated to use
integrins as prognostic biomarkers and to improve therapeutic delivery
at the tumour site via integrin binding.

The co-operation of integrins with other signalling pathways in
cancer was highlighted in a comprehensive review by Stanislovas
and Kermogrant which discussed the interplay between c-MET
receptors and integrins. Accumulating evidence derived from
cellular assays, in vivo and in human tissue studies, shows
different modes of co-operation between integrin receptors and
c-MET activation, with clinical implications. Integrin binding to
ECM can activate c-MET signalling and c-MET activation can
increase integrin-mediated cell adhesion and migration. Notably,
independently of cell adhesion, cooperation of c-MET with integrins
in endocytic vesicles promote anchorage-independent survival.
Collectively, the c-MET-integrin signalling axis promotes cancer
and metastasis and thus provides novel therapeutic interventions.

The importance of cell-substratum adhesion in regulating cellular
function is not only limited to mammalian cells. Both Amoebozoa and
Metazoa have cell adhesion structures but they lack integrins. Mijanovic
andWeber offer a detailed overview of the cell anchorage machinery in
Dictyostelium amoebae highlighting the similarities with integrin-
mediated adhesions in animal cells. The short-lived and less-specific
interactions of Dictyostelium adhesion sites are pertinent to the
mesenchymal to amoeboid transition that drives metastasis.

The Review article by Sun et al. was timely in that it summarised
a very active area of research. Rap1 is the main GTPase that activates
the protein talin-1. Yet, there are a number of direct and indirect
mechanisms by which Rap1 achieves this. In some systems
Rap1 binding directly to talin-1 is required, but in other systems,
the Rap1 effector RIAM, bridges Rap1 to talin-1. The figure they
present, summarising how integrin activation pathways differ by cell
type, will be useful to many researchers because it clearly highlights
how the RIAM (and Lamellipodin)-dependent pathways and the
direct binding of Rap1 to talin-1 coexist and contribute in parallel in
blood cells, including immune cells.

Another important player in the regulation of integrin
complexes is the protein paxillin. Despite its ubiquity in integrin
adhesions and it being an essential gene, the precise role paxillin
plays has not been fully deciphered. The Review article by Ripamonti
et al. offered an overview of the molecular bases of the mechano-
sensitivity and mechano-signalling capacity of paxillin as a key
component of the mechano-transducing machinery.

Building on the mechanobiology of integrin signalling, the
Review article by Banerjee et al. provides a useful insight into the
role of mechanical forces in diverse immune cell processes and their
dysregulation during autoimmune disorders. This comprehensive
review and its informative figures will provide a useful reference for
researchers interested in the role of integrins in immunity.

As well as a series of timely reviews, the Research Topic includes
seven Original research articles that show the wide utility of
integrins in health and disease.

The Original research article by Keramidioti et al. focuses on
epithelial morphogenesis in the Drosophila egg chamber and the

role of integrin adhesome components, Parvin and ILK, in epithelia
dynamic reorganisation. They demonstrated that Parvin and ILK are
required in pre-follicle cells for germline cyst encapsulation and stalk
cell morphogenesis. In contrast, although the preservation of the
monolayer organisation in the middle stage egg chambers termini
requires integrins, it does not require Parvin or ILK. Collectively,
their data uncovered novel developmental functions for both Parvin
and ILK, which closely synergize with integrins in epithelia.

The Original research article by Valencia-Expósito et al. used the
Drosophila wing imaginal disc epithelium to evaluate the
importance of integrins as survival factors during epithelia
morphogenesis. Attachment of cells to the ECM is required for
cell survival, and disruption of this interaction leads to a specific type
of apoptosis known as anoikis. However, during development some
cells need to detach, so mechanisms need to be in place to suppress
anoikis in these cells. Their results indicate that, during wing disc
morphogenesis, the EGFR signalling pathway provides survival
signals that protect cells undergoing cell shape changes which
require detachment from the ECM from triggering anoikis. They
suggest that the cooperation of integrin signalling with the EGFR/
Ras signalling pathways enables cell survival during morphogenesis.

The role of integrin signalling in epithelial cells during collective
cell migration was thoroughly examined in the Original research
article by Hight-Warburton et al. The authors investigated the role
of ɑ4β1 and ɑ9β1 integrins, known to regulate wound healing
responses. Using pharmacological inhibitors, they showed that
co-localisation of ɑ4β1 and ɑ9β1 integrins in the migratory front
of the keratinocyte monolayer controls cell cytoskeletal dynamics,
migration and proliferation through local suppression of Mitogen
and Stress Activated Kinase 1 (MSK1) and ERK1/2 activation. These
studies provided novel mechanistic insight into integrin signalling
during collective cell migration with therapeutic relevance.

Integrin signalling is also regulated by the surface availability of
integrin receptors. Several studies have shown that integrin
endocytosis and recycling regulate cellular function. In an elegant
Original research article, Meecham et al., investigated the fate of
ligand-bound ɑvβ6 internalisation and its effect on cell migration.
Using a novel flow cytometry-based RNAi screen, they
demonstrated that both clathrin and caveolin mediate ligand-
bound ɑvβ6 endocytosis and revealed key molecular players in
integrin trafficking. Importantly for the clinic, they showed that
the internalised ligand-bound ɑvβ6 integrin is not degraded, but to a
great extent it gets recycled to the cell surface, thus facilitating the
design of ɑvβ6-based therapeutics for cancer and fibrosis.

The crosstalk between different cell adhesive structures is crucial
to correct cellular functioning. The Original research article by
Schmidt et al. looked at the interplay of different integrin-
mediated adhesion structures, namely, the α6β4-integrin
mediated hemidesomosomes and the β1-integrin mediated Focal
adhesions. The loss of hemidesmosomes has been reported in
various cancers such as prostate cancer and has been shown to
correlate with increased invasive migration. The authors showed
that knocking down α6β4-integrins promoted collective cell
migration and modulated migratory activity of prostate epithelial
cells. The authors analysis indicated that focal adhesion kinase
(FAK) was involved in this changed cellular behaviour.

The importance of hemidesmosomes in regulating cell
behaviour was further investigated in the Original research article
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by Tadijan et al. who looked at the factors that led to cancer drug
resistance in a tongue squamous cell carcinoma model. Using Mass
spectrometry -based proteomics analysis, immunofluorescence and
electron microscopy, the authors identify a key role for α6β4-
containing type II hemidesmosomes in regulating anticancer drug
sensitivity. The causative relationship between integrin expression
and resistance to anticancer drugs has been demonstrated in
different tumors, including head and neck squamous cell
carcinoma and hemidesmosomes seem to be playing an
important role.

Integrin interactions with different adhesive structures and
morphogenic factors can also facilitate cell differentiation. In the
Original research article from Valat et al., BMP-2 was shown to
trigger myoblast differentiation to osteoblasts by modulating the
interaction of specific integrin subunits with cadherins and
activating specific transcription pathways.

In summary, the Research Topic identifies the vibrancy of the
Integrin field, and the ever-expanding role of integrins in
coordinating cellular processes. The next decade promises to be
very exciting.
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α4/α9 Integrins Coordinate Epithelial
Cell Migration Through Local
Suppression of MAP Kinase Signaling
Pathways
Willow Hight-Warburton1, Robert Felix2, Andrew Burton2, Hannah Maple2,
Magda S. Chegkazi 3, Roberto A. Steiner3,4, John A. McGrath5 and Maddy Parsons1*
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Adhesion of basal keratinocytes to the underlying extracellular matrix (ECM) plays a key
role in the control of skin homeostasis and response to injury. Integrin receptors indirectly
link the ECM to the cell cytoskeleton through large protein complexes called focal
adhesions (FA). FA also function as intracellular biochemical signaling platforms to
enable cells to respond to changing extracellular cues. The α4β1 and α9β1 integrins
are both expressed in basal keratinocytes, share some common ECM ligands, and have
been shown to promote wound healing in vitro and in vivo. However, their roles in
maintaining epidermal homeostasis and relative contributions to pathological processes
in the skin remain unclear. We found that α4β1 and α9β1 occupied distinct regions in
monolayers of a basal keratinocyte cell line (NEB-1). During collective cell migration (CCM),
α4 and α9 integrins co-localized along the leading edge. Pharmacological inhibition of α4β1
and α9β1 integrins increased keratinocyte proliferation and induced a dramatic change in
cytoskeletal remodeling and FA rearrangement, detrimentally affecting CCM. Further
analysis revealed that α4β1/α9β1 integrins suppress extracellular signal-regulated
kinase (ERK1/2) activity to control migration through the regulation of downstream
kinases including Mitogen and Stress Activated Kinase 1 (MSK1). This work
demonstrates the roles of α4β1 and α9β1 in regulating migration in response to
damage cues.

Keywords: integrin alpha4, integrin alpha9, MAP kinase, cell movement, actin cytoskeleton
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INTRODUCTION

The epidermis functions as a barrier to protect against chemical,
biological, and physical insults. It is primarily composed of
keratinocytes (McGrath et al., 2008) which alter their physical
properties as they stratify from the basement membrane towards
the external environment. This process culminates in the
formation of the tough and waterproof outer layer of the skin
(Simpson et al., 2011). Basal keratinocytes are the only layer of the
epidermis in contact with the extracellular matrix (ECM) at the
dermal-epidermal junction and must therefore undergo a
phenotypic switch to enable rapid collective cell migration
(CCM) to reinstate the skin barrier following injury (Haeger
et al., 2015).

During CCM, ‘leader’ cells at the free edge sense the external
environment. This activity requires cells adjacent to the injury site
to undergo partial epithelial–mesenchymal transition (EMT), to
reorganize the cytoskeleton and facilitate a migratory phenotype.
Leader cells also relay signals to the attached ‘follower’ cells
behind the free edge. This action coordinates speed and the
direction of CCM. Sustained intercellular adhesions are
essential to this process, to maintain both cell polarity and
contacts with neighboring cells for organized movement (Li
et al., 2012). Basal keratinocytes must also undergo
proliferation following injury to replenish lost cells. However,
proliferation can impede migration, as the cell must detach to
round and divide. Therefore, the spatio-temporal co-ordination
of keratinocyte migration and proliferation is critical for effective
wound closure following injury; proliferation is restricted to a
region away from the migratory front, enabling keratinocytes to
reinstate the population without impeding migration speed (Park
et al., 2017). CCM therefore requires coordination of cell–cell and
cell–ECM adhesions to maintain epidermal integrity, organize
the cell cytoskeleton, and regulate signaling pathways to promote
appropriate zonal control of migration and proliferation.

Integrins are the primary family of cell surface receptors to
facilitate basal keratinocyte attachment to the ECM. Integrins are
non-covalently attached heterodimers formed of one α and one β
subunit. There are 24 known α/β combinations in mammals,
created by 18 α and eight β subunits (Hynes 2002). Integrins sense
ECM through the binding of short amino acid recognition
sequences e.g., the RGD motif in fibronectin and laminin.
ECM is bound at the cleft between integrin headpieces.
Therefore, the heterodimer combination determines ligand-
binding specificity. Following ECM attachment, integrins
couple the ECM to the F-actin cytoskeleton to generate
traction (Case and Waterman 2015). The actin cytoskeleton
provides the intrinsic force to propel the cell and to control
shape change during migration (Svitkina 2018). However,
integrins contain no intrinsic actin binding domain or kinase
activity, and therefore facilitate assembly of multi-protein
intracellular adhesion complexes called focal adhesions (FA) to
modulate spreading and migration (Zaidel-Bar et al., 2007;
Horton et al., 2015). The proteins recruited to FA can also
modulate longer-term events such as survival, growth, and
proliferation through intracellular signaling pathways
(reviewed in (Vachon 2011)). Therefore, integrins are

important in coordinating leader and follower cell dynamics
during CCM.

α4 and α9 integrins are poorly described in the context of skin
biology when compared to the other α integrin mammalian
subunits. However, α4 and α9 integrins have both previously
been associated with epithelial tissue repair; α4 and α9 integrins
bind to components of the provisional ECM (Yokosaki et al.,
1999; Greena et al., 2001; Liao et al., 2002), and the expression
level of both integrins increases following injury (Häkkinen et al.,
2000; Singh et al., 2004; Chung et al., 2018). Furthermore, α4 and
α9 integrins are known to promote a migratory phenotype during
epidermal injury repair (Liao et al., 2002; Singh et al., 2004).
Similarly, studies of migrating mesenchymal cells demonstrate
that both α4 and α9 integrins regulate lamellipodia actin
polymerization and maintain front-rear polarity, both of which
are important during CCM (Hight-Warburton and Parsons
2019). These data suggest that α4 and α9 integrins may
regulate processes associated with the migratory phase of skin
repair following injury. However, previous work in epithelia has
only defined the expression and localization of these integrins at
the tissue scale (Singh et al., 2004; Chung et al., 2018). As such, α4
and α9 integrin cytoplasmic binding partners and subcellular
localization in keratinocytes are currently unknown.

Here, we demonstrate that α4 and α9 integrins show distinct
subcellular localization under homeostatic conditions but
undergo re-localization to co-localize upon wounding. This
redistribution promotes keratinocyte CCM. We further
demonstrate that α4 and α9 integrins share common
intracellular binding partners that are required to suppress
local activation of extracellular signal-regulated kinase 1/2
(ERK1/2) and Mitogen and Stress activated kinase 1 (MSK1)
in keratinocyte monolayers. This signaling leads to coordinated
actin protrusion and efficient directed migration. Our data
therefore provide new insight into α4 and α9 integrin
functions in epithelial homeostasis and repair.

METHODS

Antibodies: Primary antibodies used were ERK1/2 (Cell Signaling
Technology, Danvers, MA, United States), GAPDH (GeneTex,
Irvine, CA, United States), GFP (MBL International Corporation,
Woburn, MA, United States), Heat shock cognate 71 kDa protein
(Sigma-Aldrich, St. Louis, MO, United States), Importin 7
(Abcam, Cambridge, United Kingdom), Integrin α2 (Thermo
Fisher Scientific, Waltham, MA, United States), Integrin α4
Western blotting (NBP1-77333, Novus Biologicals, Centennial,
CO, United States), Integrin α4 immunofluorescence (NBP1-
77333, Novus Biologicals or Clone # 7.2R, R&D Systems, Inc.),
Integrin α9 immunofluorescence (NBP2-16972, Novus
Biologicals or Clone #Y9A2, Abcam), α9 integrin Western
blotting (Clone # 3E4, Abnova, Taipei, Taiwan), α9 integrin
function blocking (Clone #Y9A2, Bio-Rad Laboratories, Inc.
Hercules, CA, United States), Integrin β1 (AB 1952, Merck
Millipore, Burlington, MA, United States), Integrin β1 active
(Clone # 12G10, Santa Cruz Biotechnology, Inc. CA,
United States), MSK1 (R&D Systems, Inc. MN, United States),
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p53 (Cell Signaling Technology), Paxillin (Thermo Fisher
Scientific and BD Bioscience, Franklin Lakes, NJ,
United States), T202/Y204 phosphorylated ERK1/2 (Cell
Signaling Technology), S380/S386/S377 phosphorylated RSK1/
2/3 (R&D Systems, Inc.), S376/S360 phosphorylated MSK1/2
(R&D Systems, Inc.), RSK1 (R&D Systems, Inc.), Talin
(Sigma-Aldrich), TNFR1 (Cell Signaling Technology), anti-
species Horseradish Peroxidase (HRP)‒conjugated secondary
antibodies (Dako, Glostrup, Denmark), AlexaFluor-conjugated
antibodies (Thermo Fisher Scientific), Phalloidin (Thermo Fisher
Scientific), and Hoechst (Sigma-Aldrich).

CDNA constructs: Integrin alpha4 EGFP-N3 was used, as
described in (Parsons et al., 2008). Integrin alpha9 EGFP-N3
was a gift from Dean Sheppard (Addgene plasmid #13600). To
generate integrin α9-TagRFP, a full-length clone of human α9
integrin in EGFP-N3 was used as a backbone (Addgene
plasmid #13600). For the generation of α9-TagRFP, the
coding region of the TagRFP was removed from TNFR1-
TagRFP (Morton et al., 2019) using Kpn1 at the 3′ end and
Not1 at the 5′ end. These sites were used to subclone TagRFP
into EGFP cassette to give α9-pTagRFP-N3. Phusion cloning
was carried out using Phusion® High-Fidelity PCR Master
Mix with HF Buffer.

Tenascin-C and Tenascin-C (RAA) production: Glutathione
S-transferase fusion proteins containing either wild type
Tenascin-C or variant Tenascin-C (RAA) (a kind gift from
Yasuyuki Yokosaki) were prepared by E.coli expression of the
pGEX plasmids (Yokosaki et al., 1994); transformed bacteria were
incubated until A600 reached 0.3–5 at 30 °C, at which time
isopropyl-1-thio-β-galactopyranoside was added to a final
concentration of 0.1 mM. Cultures were grown for several
more hours, before cells were collected and sonicated (Sonics
VC70T, 2 min with 10 s pulses at 15% amplitude). Glutathione
S-transferase fusion proteins were affinity-purified with
glutathione-Sepharose 4B beads (GE Healthcare, Chicago, IL,
United States) and then cleaved off from glutathione
S-transferase with PreScission Protease (GE Healthcare).

Cell culture: HPV16 immortalized human keratinocytes
(NEB-1) (Morley et al., 1995) were maintained in RM +
media (Fahmy et al., 1993), composed of high glucose
Dulbeccos modified eagle medium (DMEM, Sigma-Aldrich)
supplemented with 30% (v/v) Ham’s F12 Nutrient Mixture
(Sigma-Aldrich), 10% (v/v) Fetal Bovine Serum (Thermo
Fisher Scientific), 2 mM L-Glutamine (Sigma-Aldrich), 100
unit/mL penicillin and 0.1 mg/ml streptomycin (Sigma-
Aldrich), 1x RM + containing 40 μg/ml hydrocortisone
(Sigma-Aldrich), 500 μg/ml insulin (Sigma-Aldrich), 1 μg/ml
EGF (PeproTech, Rocky Hill, NJ, United States), 0.84 μg/ml
cholera toxin (Sigma-Aldrich), 500 μg/ml transferrin (Sigma-
Aldrich) and 1.3 μg/ml Lyothyronine (Sigma-Aldrich).
Keratinocytes were maintained at 37 °C in a 5% CO2

humidified atmosphere.
CDNA Transfection: Nucleoporation was used to transfect

keratinocytes with cDNA. Briefly, 5 × 106 cells were resuspended
in 100 µl of Nucleofector® Solution (Lonza, Basel, Switzerland).
Plasmids were added to cell suspension, mixed, and then
transferred to a cuvette. Nucleofector® Program U-020

(Amaxa Nucleofector® II 20800900, Lonza) was used to
transfect the cells.

SIRNA transfection: Keratinocytes were transfected with
either a siRNA pool targeting MSK1 (GE Healthcare
Dharmacon, Inc. Lafayette, CO, United States) or a non-
targeting control siRNA pool (GE Healthcare Dharmacon,
Inc.). Cells were incubated for 6–8 h at 37°C with the
transfection solution containing siRNA and DharmaFECT
(GE Healthcare Dharmacon, Inc.) in Opti-MEM (Thermo
Fisher Scientific) before the media was aspirated and replaced
with normal growth media. Cells were incubated for 48 h
prior to experimental use.

Treatments: To inhibit α4 and α9 integrins simultaneously,
keratinocytes were treated with 5 μMN-(Benzenesulfonyl)-L-
prolyl-L-O-(1-pyrrolidinylcarbonyl) tyrosine sodium salt
(BOP, Tocris, Bristol, United Kingdom) or 1 µM LDV
peptide (Tocris) for up to 48 h 5µM methyl-BOP (MBOP,
Tocris) was used as an inactive BOP control in these
experiments. To inhibit α4 integrin alone, keratinocytes
were treated with 10 µM BIO1211 (Tocris) for up to 48 h.
To track internalized α4 integrin with time-lapse microscopy,
keratinocyte monolayers transiently expressing GFP tagged
α4 integrin were treated with 5 µM BOP conjugated to Janelia
Fluor® 646 (BOP-JF646, Tocris). To ascertain integrin
stability, keratinocytes were treated with 10 μg/ml
cycloheximide (Sigma-Aldrich), 100 μM Leupeptin
(Bachem Holding AG, Bubendorf, Switzerland), and 20 μM
MG132 (Tocris) for up to 48 h. To inhibit ERK1/2 signaling,
keratinocytes were treated with 10 μM U0126 (Tocris) for up
to 1 h. To inhibit MSK1, keratinocytes were treated with 5 µM
RMM46 (Tocris) for up to 24 h. To activate α9 integrin,
keratinocytes were treated with 10 μg/ml Tenascin-C
(RAA) for up to 4 h, and 10 μg/ml Tenascin-C was used as
a control in these experiments. To inhibit importin activity,
keratinocytes were treated with 25 µM Ivermectin (Sigma-
Aldrich), or 50 µM Importazole (Cayman Chemical,
Michigan, United States) for up to 1 h.

Fluorescence Polarization: Measurements were performed on
a BMG Labtech PolarStarOmega plate reader (BMG LABTECH
Ltd., Buckinghamshire, United Kingdom) at 27°C by incubating
60 nM BOP conjugated to Janelia Fluor® 549 (BOP-JF549,
Tocris) with the indicated integrins (Bio-Techne) in the
concentration range 0–500 nM in PBS, pH 7.4 supplemented
with 1 mM MgCl2 and 1 mM CaCl2. Estimation of equilibrium
dissociation constant (KD) values was performed assuming a one-
site specific-binding model using the Prism package (GraphPad
Software, San Diego, CA, United States). Data points are the
mean of three replicates.

GFP-TRAP® Immunoprecipitation: Keratinocytes
transiently expressing GFP-tag proteins were lysed in cold
GFP TRAP lysis buffer (50 mM Tris (pH 7.4) (Sigma-
Aldrich), 150 mM NaCl (Sigma-Aldrich), 1% NP40
(Sigma-Aldrich), 15 mM MgCl2 (Sigma-Aldrich), 10%
glycerol (Sigma-Aldrich), 1% Triton X-100 (Thermo Fisher
Scientific), 5 mM EDTA (Sigma-Aldrich), Protease inhibitor
cocktail set 1 (Merck Millipore)) was added to the cells. After
a 10-min incubation on ice, keratinocytes were scraped and
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centrifuged for 10 min at 4°C. Supernatant was then
incubated with 1:1 of GFP-TRAP® A beads (Chromotek,
Planegg-Martinsried, Munich, Germany) and control
agarose resin (Thermo Fisher Scientific) for 2 hours. Beads
were then washed and 2x sample buffer (60 mM Tris-HCl (pH
6.8) (Sigma-Aldrich), 25% Glycerol (Sigma-Aldrich), 2.5%
SDS (Sigma-Aldrich), 0.02% Bromophenol blue (Sigma-
Aldrich), 2% β-mercaptoethanol (Sigma-Aldrich)) was
added to the beads. Samples were boiled for 5 minutes at
95°C, and then subjected to either silver stain or Western blot
analysis.

Liquid chromatography with tandem mass spectrometry
analysis (LC-MS/MS): GFP-TRAP complexes were fully
resolved on a SDS PAGE gel. Bands of interest were
excised and incubated with 10 mM dithiothreitol at 56°C
and then alkylated with 55 mM iodoacetamide at room
temperature. Samples were digested using 1:20 (enzyme:
substrate) ratio of bovine trypsin incubated in a shaking
heat block at 37°C for 16 h. Peptides were extracted with
aqueous dehydration/hydration using acetonitrile and
50 mM triethylammonium bicarbonate, pooled and dried.
Samples were resuspended in 2% (v/v) acetonitrile, 0.05%
(v/v) formic acid and peptides were resolved by reversed
phase chromatography on a 75 μm C18 Pepmap column
(50 cm length) using a three-step linear gradient of 80%
acetonitrile in 0.1% formic acid (U3000 UHPLC NanoLC
system; ThermoFisherScientific, United Kingdom). The
gradient was delivered to elute the peptides at a flow rate
of 250 nl/min over 60 min starting at 5% B (0–5 min) and
increasing solvent to 40% B (5–40 min) prior to a wash step at
99% B (40–45 min) followed by an equilibration step at 5% B
(45–60 min). The eluate was ionized by electrospray
ionization using an Orbitrap Fusion Lumos
(ThermoFisherScientific, United Kingdom) operating
under Xcalibur v4.1.5. The instrument was programmed to
acquire in automated data-dependent switching mode,
selecting precursor ions based on their intensity for
sequencing by collision-induced fragmentation using an
Orbitrap-Ion Trap method defining a 3s cycle time
between a full MS scan and MS/MS fragmentation.
Orbitrap spectra (FTMS1) were collected at a resolution of
120,000 over a scan range of m/z 375–1,500 with an automatic
gain control (AGC) setting of 4.0e5 with a maximum
injection time of 35 ms. Monoisotopic precursor ions were
filtered using charge state (+2–+7) with an intensity threshold
set between 5.0e3–1.0e20 and a dynamic exclusion window of
35s ±10 ppm. MS2 precursor ions were isolated in the
quadrupole set to a mass width filter of 1.6 m/z. Ion trap
fragmentation spectra (ITMS2) were collected with an AGC
target setting of 1.0e4 with a maximum injection time of
35 ms with CID collision energy set at 35%. Raw mass
spectrometry data were processed using Proteome
Discoverer (v2.2; ThermoFisherScientific) to search against
the Uniprot Human Taxonomy database (49,806 entries)
with Mascot (v2.6.0; www.matrixscience.com) and Sequest
search algorithms. Precursor mass tolerance was set to
20 ppm with fragment mass tolerance set to 0.8 Da with a

maximum of two missed cleavages. Modifications:
Carbamidomethylation (Cys) was set as fixed and
Oxidation (Met) set as variable. Processed LC-MS/MS data
files produced database generated files (msf) which were
uploaded into Scaffold 4 (v4.10.0) software (www.
proteomesoftware.com) to create a.sfd file. The raw data
was searched at a stringency threshold of 1% false
discovery rate (FDR) for protein and a minimum of one
peptide per protein as determined by Mascot and Sequest
in the Proteome Discoverer method. The peptide threshold
was set to 95%.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al., 2019) partner repository with the dataset
identifier PXD027944 and 10.6019/PXD027944.

Phospho-kinase antibody array: Keratinocytes were treated
with integrin inhibitors BOP, BIO1211, LDV, and DMSO as a
control for either 0.5 or 6 h before being subjected to Human
Phospho-Kinase Antibody Array (R&D Systems, Inc.) as per
manufacturer’s instructions.

Western blotting: Western blotting was used for specific
protein detection following SDS-PAGE. The proteins were
transferred onto PVDF membranes (Sigma-Aldrich) then
blocked using 5% BSA/TBST (0.1% Tween (Sigma-Aldrich) in
Tris Buffered Saline (TBS)) or 5% milk/TBST for 1 h at room
temperature. The membranes were then probed with the primary
antibody at 1:1,000 dilution overnight at 4°C. The membranes
were then washed prior to incubation with HRP-conjugated
secondary antibodies for 1 h at room temperature. Proteins
were then detected with ECL chemiluminescence kit (Bio-Rad
Laboratories) and imaged (ChemiDoc Imaging Systems, Bio-Rad
Laboratories). Blots were analyzed and processed using Image
Lab (v5.2.1, Bio-Rad Laboratories).

Immunofluorescence and confocal microscopy: Coverslips
were coated with Human Plasma Fibronectin Purified Protein
(Merck Millipore). Keratinocytes were plated on coverslips either
in RM +media, or RM +media without EGF supplement to force
colony formation. Once at the correct confluency, cells were
treated over variable time points. Cells were then washed and
fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS before
10-min permeabilization with 0.2% Triton X-100, followed by
blocking with 5% Bovine Serum Albumin (BSA, Roche, Basel,
Switzerland) in PBS for 30 min. The cells were labeled with
antibodies at 4°C overnight before being stained with
secondary antibodies, phalloidin-AlexaFluor, and Hoechst for
1 h at room temperature. The cells were then mounted using
Fluorsave Mounting Media (Calbiochem, San Diego, CA,
United States) and imaged with a 60x objective using Nikon
A1R inverted confocal microscope (Nikon, Minato City, Tokyo,
Japan). Images were exported from the Nikon Elements software
(Nikon) for further analysis in ImageJ software (United States
National Institutes of Health, Bethesda, MD, United States).

Single cell migration assay: Cells were plated in 12 well tissue
culture plates containing 1 ml RM +media (1 × 104 cells per well)
and allowed to adhere for 6 h at 37°C. Media was then replaced
with RM + containing 25 µM HEPES and treatment. Cells were
imaged live using IX71 inverted microscope (Olympus, Shinjuku
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City, Tokyo, Japan) every 15 min for 24 h. TIFF files were
imported into ImageJ software (United States National
Institutes of Health), where cells were tracked using
TrackMate plugin. Data were then imported into Chemotaxis
Tool (Ibidi, Gräfelfing, Munich, Germany) for analysis.

Collective cell migration assay: Keratinocytes were plated at
confluency and incubated for 2–24 h in the presence of 2 mM of
calcium. Confluent monolayers were wounded with a 10 µl
pipette tip, and then washed to remove cell debris. Media was
then replaced with RM + containing 25 µM HEPES and
treatment. Cells were imaged live using IX71 inverted
microscope (Olympus) every 15 min for 24 h and were
saved as TIFF files. Space between two migration fronts
was used as a measure of collective migration. Wound
closure was analyzed using ImageJ software (United States
National Institutes of Health) a percentage closure at a set
time point compared to 0 h. Experiments were performed in
the presence of Mitomycin C to control for proliferation
changes contributing to migration. No differences were
seen between control and Mitomycin C treated cultures in
terms of migratory response (not shown).

Proliferation assay: Keratinocytes were plated in RM + media
1 day before the experiment. The cells were then treated with
conditioned media containing inhibitors for 24 and 48 h. Cells
were then fixed and stained with Hoechst and Phalloidin, before
being imaged by tile-scan using EVOSTM FL Auto 2 Imaging
System (Thermo Fisher Scientific) with a 10x objective lens. The
number of cells in each well was measured by automated nuclei
counting using ImageJ software (United States National Institutes
of Health).

Colony protrusion assay: Keratinocyte colonies were treated
with integrin inhibitors for 24 h to induce protrusion formation.
Colonies were then co-treated for 1 h, fixed and stained with
Hoechst and Phalloidin. Cells were imaged using EVOS™ FL
Auto 2 Imaging System with a 20x objective lens. The percentage
increase in area and perimeter of the protrusion from
keratinocyte colonies was calculated by subtracting the region
enclosed by the cortical actin ring from the binarized total
boundaries of the cluster area using ImageJ software
(United States National Institutes of Health).

Image analysis: All images were analyzed using ImageJ
software and associated plugins (United States National
Institutes of Health). To analyze protein signal at the cell
periphery or at the leading edge, regions of interest (ROI)
were generated to extract the first 5 µm behind the cell
boundary. Manders overlap coefficient (MOC) of ROI was
calculated using the JACoP plugin. ROIs generated using this
method were also used to calculate percentage of internalized α4
integrin in follower cells (cells behind the first two rows adjacent
to a scratch); the percentage of internalized α4 integrin � (signal
in 5 µm reduced ROI/total signal in ROI around cell periphery) x
100. α9 integrin signal in leader cells was calculated by measuring
the basal α9 integrin signal in the first 60 µm behind the leading
edge in scratch assays. Nuclear MSK1 signal leader (first 2 rows of
cells adjacent to scratch) was calculated by measuring the mean
grey value of ROIs generated using the nuclei-stained channel. To
count the number of protrusions that extended beyond the

leading edge during CMM following inhibitor treatment,
protrusion that extended beyond the leading edge during the
first 6 h of image acquisition were measured; protrusions that
extended more than 20 µm from the leading edge were counted.

Statistical analysis: Data are represented as the mean ±
standard error of the mean (s.e.m.). All statistical tests were
carried out using Prism package (GraphPad software). The
Student’s t-test was performed for comparing two groups for
statistical analysis. Analysis of variance (ANOVA) with Sidak
post hoc test was used for multiple comparisons. p < 0.05 was
considered as statistically significant.

RESULTS

α4β1 and α9β1 Integrins Localize to the
Leading-Edge During Keratinocyte
Collective Cell Migration
To understand whether α4 and α9 integrins are spatially co-
located, we firstly analyzed the localization of each subunit in
human skin and in immortalized keratinocytes. α4 integrin also
heterodimerizes with β7 integrin, but β7 is not expressed in
keratinocytes (Rippa et al., 2013; Watt and Jones 1993) and so
α4 integrin staining in these cells only shows α4β1 integrin. α4
and α9 integrin localized to the dermal-epidermal junction in
human skin (Supplementary Figure S1A,B). Moreover,
alterations to α9 integrin localization in human epidermis
(Supplementary Figure S1B) suggested keratinocyte adhesion
state may influence α9 integrin subcellular distribution. However,
the locations of α4β1 and α9β1 in keratinocytes during adhesion
and migration were undefined. To address this, cells were either
plated as single cells for 0.5 h on plasma fibronectin (to mimic the
provisional matrix during wound healing, and analyze
localization during early cell spreading), as calcium treated
monolayers (to investigate localization in intact epithelial
sheets following junction formation), or after inducing a
scratch wound in calcium treated monolayers (to study
localization at the leading edge of collectively migrating cells).
Images obtained from both antibody staining and expression of
GFP tagged integrin complexes revealed that α4 and α9 integrins
localized to distinct subcellular compartments in keratinocyte cell
monolayers (Figure 1A). α4 integrin was present at intercellular
junctions, whereas α9 integrin localized to reticular-like
cytoplasmic structures in cultured keratinocytes (Figures
1A,B). However, both α4 and α9 integrins were enriched at
the leading edge of wounded monolayers undergoing CCM; α4
integrin localized to puncta along the lamellipodia and stress
fibers (Figure 1A), and colocalized with paxillin (Supp Figure 1C,
top panels) comparable to previous studies using monocytes and
α4 integrin over-expression in CHO cells (Pinco, et al 2002;
Goldfinger et al., 2003; Rosado et al., 2011). Conversely, α9
integrin was recruited to patches along the plasma membrane
(Figures 1A,B). α9 integrin appeared to colocalize with FA
markers (paxillin, talin, and vinculin) at protrusive tips but
not behind the leading edge (Supplementary Figure S1C,D).
Recruitment of α4 and α9 integrins to the free edge of spreading
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FIGURE 1 | α4β1 and α9β1 localize to different subcellular compartments in keratinocytes. (A) Single cell: single confocal Z image at the basal plane of single
keratinocytes plated on fibronectin for 0.5 h. White box indicates magnified region in panels below. Monolayer: single confocal Z image in the central plane of confluent
Ca2+ treated keratinocyte monolayer. Leading edge: single confocal Z image at the basal plane of the leading edge of monolayer scratched with pipette tip 1.5 h prior to
fixing. Cells were then stained for nuclei, α4 integrin, α9 integrin, and F-actin. Scale bar � 10 μm. Images representative of three independent experiments. Orange
arrows indicate colocalization at free/leading edge. (B)Confluent monolayers of keratinocytes transiently expressing GFP tagged α4 integrin (α4-GFP) or GFP tagged α9

(Continued )
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single cells and to the leading edge of collectively migrating cells
following wounding (orange arrows, Figure 1A) resulted in a
significant increase in their colocalization (Figure 1C).

Attempts to modulate α4 and α9 integrin expression in our
keratinocyte cell line using RNAi and CRISPR were unsuccessful.
Instead we utilized a panel of well-characterized inhibitors that
target both α4 and α9 integrin (BOP (Pepinsky et al., 2002) and
LDV-FITC (LDV, a peptide mimetic of the amino acid motifs
bound by α4 and α9 integrins (Chigaev et al., 2001; Njus et al.,
2009)), or α4 integrin specifically (BIO1211 (Lin et al., 1999;
Muro et al., 2009)) to determine whether this re-localization was
dependent upon α4 and α9 integrin activity. A fluorescence
polarization assay (FP) was used to validate the relative
binding affinities of α4 and α9 integrin to fluorophore labelled
BOP (BOP-JF549). The calculated KD values (Supplementary
Figure S1E) are comparable to those previously reported (Cao
et al., 2014). These data confirm that BOP is a high affinity dual
α4/α9 integrin antagonist. Analysis of images revealed reduced
localization of both integrins at leading edge of single cells
undergoing early spreading (Figure 1D) and in wounded
monolayers following inhibition of their activity (Figures 1E,F;
Supplementary Figure S1C). Similarly, there was a reduction in
the colocalization of both integrins with paxillin at the leading
edges following treatment with BOP (Supplementary Figure
S1C). Further analysis demonstrated that whilst α4/α9
inhibition induced internalization of both integrins
(Supplementary Figure S2A–D), α4 and α9 integrins were
not degraded during the 24-h timeframe of the experimental
set-up (Supplementary Figure S2E). To investigate the stability
of internalized α4 and α9 integrins, inhibitors were used to block
protein synthesis and degradation. p53 was used as a positive
control for proteasomal degradation (Chao 2014). TNF-R1 was
used as a positive control for lysosomal degradation (Mosselmans
et al., 1988). Expression of p53 and TNF-R1 was depleted within
4 h of cycloheximide treatment, indicating that protein synthesis
was being blocked (Supplementary Figure S2F). p53 expression
was increased after 24 h of treatment with MG132, and TNF-R1
expression was increased after 24 h of leupeptin treatment
validating the inhibitors for this experiment (Supplementary
Figure S2F). α4 and α9 integrin protein levels were
unchanged following treatment with cycloheximide for up to
24 h (Supplementary Figure S2F). α4 and α9 integrin protein
levels remained unchanged during 24 and 48 h of treatment with
MG132 or leupeptin (Supplementary Figure S2F,G). Integrins
have low degradation rates and therefore to compare α4 and α9
integrins to another β1 integrin containing heterodimer

expressed in keratinocytes, α2 integrin protein expression was
also monitored. Unlike α4 and α9 integrin, α2 integrin expression
was reduced after 4 h of cycloheximide treatment compared to
DMSO control cells, and this reduction in protein expression
level was maintained after 24 h of treatment (Supplementary
Figure S2F). The especially slow degradation of α4 and α9
integrins suggests that they are either stable at the cell surface
or are readily shuttled between the cell surface and intracellular
compartments to re-localize upon induction of CCM. This
observation suggested that α4 and α9 integrins may co-operate
to regulate processes at the leading edge that are imperative for
CCM, such as actin polymerization and cell adhesion to the ECM.

Inhibition of α4/α9 Integrins Enhances
F-Actin Protrusion and Reduces
Keratinocyte CCM
Previous studies have shown that α4 integrins organize local
F-actin assembly inmigrating single fibroblasts (Ring et al., 2011).
To assess whether this also occurred in keratinocytes, cell colonies
were treated with α4/α9 integrin inhibitors for 24 h and then
stained for F-actin. Images and quantification revealed
significantly increased F-actin protrusion in cells at the edges
of colonies treated with all 3 inhibitors (Figures 2A,B).
Unfortunately, there is currently no α9 specific inhibitor, and
so we used an α9 integrin function blocking antibody (ab27947)
to assess if this phenotype could be attributed to α4 integrin
function alone. Colonies treated with the α9 integrin blocking
antibody also showed F-actin protrusions (Figures 2C,D) further
supporting that activity of both α4 and α9 integrin subunits can
suppress of F-actin based protrusions.

Suppression of aberrant actin polymerization restricts
multiple lamellipodia formation (Pankov et al., 2005) and
facilitates cell directionality (Dang et al., 2013; Gorelik and
Gautreau 2015), both of which are required for directional
persistence during migration. Scratch assays were treated with
the 3 integrin inhibitors, as well as methyl-BOP (MBOP, an
inactive BOP control (Venkatraman et al., 2005; Hutt, et al 2011))
to investigate if α4/α9 integrin-regulated actin polymerization
contributed to directional persistence during keratinocyte CCM
(Figure 2E). Quantification revealed leader cells treated with all 3
inhibitors had significantly increased F-actin protrusion
compared to controls (Figure 2G), and this negatively
impacted the rate of collective migration (Figures 2E,G).
Conversely, exogenous addition of soluble Tenascin-C was
used to activate β1 integrin containing heterodimers (Nishio

FIGURE 1 | integrin (α9-GFP) for 48 h were scratched with pipette tip 1.5 h prior to fixing. α4-GFP shows cells in intact monolayer. α9-GFP shows cell at leading edge.
Midsection: single confocal Z image in the central plane of confluent Ca2+ treated keratinocyte monolayer. Cell base: single confocal Z image at base of confluent Ca2+

treated keratinocyte monolayer. Projection: Maximum intensity projection of 20 μm Z stack of keratinocytes. Scale bar � 10 μm. (C)MOC was calculated for α4 integrin
and α9 integrin. Data pooled from 30 cells per condition from three independent experiments showing mean ± s.e.m; **p < 0.01, ****p < 0.0001. (D) Single confocal Z
image at the basal plane of keratinocytes plated on fibronectin for 0.5 h before being treated with vehicle control (DMSO), BOP, BIO1211, or LDV for 1 h prior to fixing.
Cells were then stained for nuclei, α4 integrin, α9 integrin, and F-actin. Scale bar � 10 μm. Images representative of one independent experiment. (E) Single confocal Z
image at the basal plane of keratinocytes in scratch assay. Confluent Ca2+ treated keratinocyte monolayers were scratched with a pipette tip 1 h prior to treatment with
vehicle control (DMSO), BOP, BIO1211, or LDV for 1 h. Fixed cells were stained for nuclei, α4 integrin, α9 integrin, and F-actin. Scale bar � 10 μm. Images representative
of three independent experiments. (F) Quantitative analysis of α4 and α9 integrin signal at the leading edge. Data pooled from 15 fields of view per condition from three
independent experiments showing mean ± s.e.m.; *p < 0.05, ***p < 0.001, ****p < 0.0001. All other comparisons were not significant.
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FIGURE 2 | α4/α9 integrins are required for efficient keratinocyte migration. (A)Widefield images of Ca2+ treated keratinocyte colonies treated with vehicle control
(DMSO), BOP, BIO1211, or LDV for 24 h prior to fixing. Cells were then stained for nuclei and F-actin. Scale bar � 20 μm. Images representative of three independent
experiments. (B) Quantitative analysis of percentage increase in area and perimeter of actin protrusions over cortical actin ring. Data pooled from 30 colonies per
condition from three independent experiments showing mean ± s.e.m.; ****p < 0.0001. (C) Widefield images of Ca2+ treated keratinocyte colonies treated with
control antibody (IgG) or ab27947 (α9 integrin function blocking antibody) for 24 h prior to fixing. Cells were then stained for F-actin. Scale bar � 20 μm. Images
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et al., 2005). Specifically activating α9 integrin with addition of
Tenascin-C (RAA) ligand (Yokosaki et al., 1994) increased the
rate of CCM (Figure 2G). Furthermore, images and
quantification active β1 integrin in colonies showed that α4/α9
integrin inhibition reduced β1 integrin activity at the periphery of
keratinocyte colonies (Figure 2I). These findings suggest that α4
and α9 integrins localization and activity may be required for
directional persistence by negatively regulating local F-actin
polymerization.

α4/α9 Integrins Negatively Regulate ERK1/2
Signaling
Despite the role of α4 and α9 integrins in regulating keratinocyte
adhesion and protrusion, neither integrin subunit colocalized to
FA (Supplementary Figures S1C,D). We therefore hypothesized
that α4 and α9 integrins may regulate shared signaling pathways
to elicit these effects. α4/α9 integrins have previously been
implicated in restricting ERK1/2 activity in keratinocytes
(Modica et al., 2017; Danussi et al., 2011), and ERK1/2 can
modulate cell motility by directly phosphorylating and
activating several components of the actin cytoskeleton
machinery (Tanimura and Takeda 2017). In agreement with
these data, we found that short term inhibition of α4 and α9
integrins increased ERK1/2 phosphorylation compared to MBOP
and our vehicle control (DMSO) (Figures 3A,B). As ERK is
known to contribute to growth, we also analyzed proliferation;
consistent with enhanced ERK1/2 activity, α4/α9 integrin
inhibition also led to increased cell proliferation (Figure 3C).
α4/α9 integrin inhibition also increased phosphorylation of
downstream ERK1/2 effectors p90 ribosomal S6 kinase (RSK)
(Figures 3D,E) and Mitogen and Stress Activated kinase (MSK)
(Figures 3F,G). Active RSK can regulate cell adhesion to the ECM
(Samson et al., 2019; Gawecka et al., 2012), whilst nuclear MSK
can induce cell growth and through modulation of Histone H3,
CREB, and ATF1 (Reyskens and Arthur 2016). This effect was
cumulative, with an even more prominent increase in RSK and
MSK phosphorylation following 6 h of α4/α9 integrin inhibition
(Supplementary Figure S3). These data suggest that α4/α9
integrins collectively suppress ERK1/2 and downstream RSK
and MSK activation, and this action may regulate the balance
of cell proliferation and protrusion to enable efficient CCM.

To explore the potential mechanisms by which α4/α9 integrins
could control the activity of ERK1/2 at the leading edge,
keratinocytes transiently expressing α4-GFP and α9-GFP were
subjected to GFP-trap immunoprecipitation. The isolated
complexes were then fully resolved on an SDS PAGE gel,
silver stained, and unique bands of interest containing possible
binding partners were excised for LC-MS/MS analysis. Validation
of these hits revealed paxillin bound to both integrins and
confirmed that adhesion complexes were being isolated
(Figure 3H). Furthermore, paxillin complexes were partially
reduced following integrin inhibition (Figures 3H,I)
supporting our previous data (Supplementary Figure S1C).
The Heat Shock Protein (HSP) and Importin protein families
were enriched in our LC-MS/MS screen (data not shown), which
supports previous proteomics studies of integrin complexes
(Byron et al., 2012). Validation of Importins as potential
binding partners revealed Importin 7 was present in α4 and
α9 integrin complexes, and this association showed a trend
towards reduced binding following integrin inhibition (Figures
3H,J). Further analysis of the function of the integrin/Importin
complex was investigated using the keratinocyte colony
protrusion assay; colonies were co-treated with α4/α9 integrin
and Importin inhibitors (Ivermectin and Importazole). Importin
inhibition of colonies was well tolerated (Figure 3K), and α4/α9
integrin inhibition induced protrusions were rescued following
Importin inhibition (Figure 3K,L,M). These data suggest the
protrusive phenotype observed following α4/α9 integrin
inhibition may be modulated through Importin release from
integrin complexes, although further work will be needed to
validate how this interaction is regulated.

MSK1 has a Role in Regulating Actin
Cytoskeleton Dynamics
MSK1 is a ubiquitously expressed serine/threonine protein kinase
that localizes to the nucleus (Deak et al., 1998). However, recent
evidence has demonstrated that MSK1 can be redistributed to the
cytoplasm in response to specific stimuli (Beck et al., 2008),
suggesting that MSK1 may have a currently undescribed role in
the cytoplasm. As such, MSK1 activity has not yet been ascribed
to the regulation of cellular migration. Surprisingly, we found that
endogenously expressed MSK1 was predominantly localized to

FIGURE 2 | representative of three independent experiments. (D) Quantitative analysis of percentage increase in area and perimeter of actin protrusions over cortical
actin ring. Data pooled from 30 colonies per condition from three independent experiments showing mean ± s.e.m.; *p < 0.05, **p < 0.01. (E) Phase contrast images of
keratinocyte scratch closure at 0 and 6 h. Confluent Ca2+ treated keratinocyte monolayers were scratched with a pipette tip 1 h prior to treatment with vehicle control
(DMSO), BOP, MBOP (inactive BOP control), BIO1211, or LDV overnight. Scale bar � 100 μm. Images representative of three independent experiments. (F)Quantitative
analysis of the number of actin protrusions that extended >20 µm beyond the leading edge during the 6 h time course. Data pooled from six fields of view (FOV) per
condition from three independent experiments showing mean ± s.e.m.; *p < 0.05, **p < 0.01. All other comparisons were not significant. (G) Quantitative analysis of
scratch closure after treatment. Data pooled from nine movies per condition from three independent experiments showing mean ± s.e.m.; *p < 0.05. All other
comparisons were not significant. (H) Phase contrast images of keratinocyte scratch closure at 0 and 4 h. Confluent Ca2+ treated keratinocyte monolayers were
scratched with a pipette tip 1 h prior to treatment with Tenascin-C (control protein), or Tenascin-C (RAA) (α9 integrin specific ligand) overnight. Scale bar � 100 μm.
Images representative of three independent experiments. Quantitative analysis of scratch closure after treatment. Data pooled from nine movies per condition from three
independent experiments showing mean ± s.e.m.; *p < 0.05. (I) Single confocal Z image at the basal plane of keratinocytes at the edge of colony. Ca2+ treated
keratinocyte colonies treated with vehicle control (DMSO), BOP, BIO1211, or LDV for 24 h. Fixed cells were stained for nuclei, β1 integrin, active β1 integrin (12G10), and
F-actin. Scale bar � 10 µm. Images representative of three independent experiments. Quantitative analysis of the ratio of active to total β1 integrin in protrusive area only.
Data pooled from 15 fields of view per condition from three independent experiments showing mean ± s.e.m; **p < 0.01, ***p < 0.001.

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 7507719

Hight-Warburton et al. α4/α9 Integrins Regulate Collective Migration

16

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


FIGURE 3 | α4/α9 integrins negatively regulate ERK1/2 signaling. (A) Serum-starved keratinocytes were treated with DMSO (vehicle control), BOP, BIO1211, or
LDV for 0.5 or 1 h before lysates were collected for Western blot analysis. Western blot probed for T202/Y204 phosphorylated ERK1/2, ERK1/2, and HSC70. (B)
Western blot analysis representative of three independent experiments. Quantitative analysis of densitometric analysis of blots from three independent experiments
showingmean ± s.e.m.; *p < 0.05, **p < 0.01. All other comparisons were not significant. (C)Quantitative analysis of proliferation fold change after 48 h of treatment
was calculated using nuclei count. Data pooled from 12 wells per condition from four independent experiments showing mean ± s.e.m.; *p < 0.05, **p < 0.01. (D)
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the cytoplasm in keratinocyte sheets (Figure 4A). Conversely, α4/
α9 integrin inhibition increased MSK1 localization to the
protrusive tips that extended beyond the leading edge
(Figure 4A), and significantly increased MSK1 nuclear
localization in leader cells, with significantly lower nuclear
MSK1 levels in follower cells (Figures 4A,B). To determine
whether this redistribution of MSK1 contributed to the α4/
α9 integrin-dependent F-actin protrusion phenotype, we
treated keratinocyte colonies with α4/α9 inhibitors in the
presence or absence of an MSK1 inhibitor (RMM46). Imaging
and analysis revealed that MSK1 inhibition suppressed the
enhanced protrusions following α4/α9 integrin inhibition
(Figures 4C,D). However, knockdown of MSK1 (Figure 4E)
also enhanced the protrusive phenotype (Figures 4F,G), and
hyperactivation of residual MSK1 following treatment with BOP
did not induce a phenotypic rescue (Figures 4F,G). Furthermore,
both MSK1 inhibition and knockdown had a detrimental effect
on CCM (Figure 4H), suggesting that a more complex role for
this kinase exists in the control of cell motility. Nevertheless, these
findings demonstrate that MSK1 activity modulates cytoskeletal
reorganization, and confirms that α4/α9 integrin suppression of
MSK1 activity enables effective migration through the regulation
of leading-edge protrusion dynamics.

DISCUSSION

Our study places α4β1 and α9β1 integrins as key regulators of
keratinocyte CCM. Efficient wound healing requires a migratory
front proximal to the wound to reinstate the barrier, whilst a
distal ring of proliferating cells replenishes cells lost following
injury (Park et al., 2017). Our data show that inhibition of α4/α9
integrins leads to increased ERK1/2 activation and downstream
accumulation of nuclear MSK1. This finding suggests that α4 and
α9 integrins may contribute to proliferation zonality during CCM
through their localization and signaling; during wounding α4/α9
integrins relocalize to the leading-edge following engagement
with components of the provisional ECM (for example, Tenascin-
C). This altered distribution activates α4/α9 integrin mediated
suppression of ERK1/2 signaling. ERK1/2 suppression could
facilitate efficient movement at the migratory front by

mediating transient attachment to ECM and cohesively
organizing the cytoskeleton (summarized in Figure 5).
Conversely, in follower cells, α4 integrins (sequestered at the
cell junctions) and α9 integrins (sequestered within the
cytoplasm) cannot suppress ERK1/2/MSK signaling, thus
promoting normal proliferation rates. Furthermore, previous
studies have indicated that α9 integrin regulates proliferation
in skin (Singh et al., 2009), gut (Desloges et al., 1998), and
lymphatic endothelial cells (Danussi et al., 2013). It will be
interesting in future to determine if the pathways we have
identified in keratinocytes extend to these other cell types.

Our data further demonstrate that inhibition of α4/α9
integrins increases ERK1/2 activation. This observation agrees
with previous studies showing α4/α9 integrin binding to the
ligand EMILIN-1 suppresses ERK1/2 signaling (Modica et al.,
2017; Danussi et al., 2013; Danussi et al., 2011). Cytoplasmic
ERK1/2 can play a role in cell motility by directly phosphorylating
and activating several components of the actin cytoskeleton
machinery (Tanimura and Takeda 2017), including the WAVE
complex (Mendoza et al., 2011) and cortactin (Martinez-Quiles
et al., 2004). Furthermore, downstream cytoplasmic ERK1/2
effector RSK can promote motility by activating myosin
phosphatase to reduce actin contraction at the leading edge
(Samson et al., 2019), and phosphorylating filamin A to
inactivate β1 integrins (Gawecka et al., 2012). Furthermore,
sustained ERK and MSK signaling induces proliferation
(Lavoie, Gagnon, and Therrien 2020). As α4/α9 integrin
inhibition results in activation of ERK1/2 signaling, it is likely
that dysregulation of ERK1/2, RSK, and MSKmay also impact on
these pathways resulting in the phenotypes identified in
our study.

Next, we sought to address how α4/α9 integrins regulate
ERK1/2 signaling. Phosphorylated cytoplasmic ERK must
associate with Importin 7 to cross the nuclear envelope
(Chuderland, et al 2008). A body of evidence has previously
implicated integrins in mediating ERK1/2 nuclear translocation
(Hirsch et al., 2002; James et al., 2007) and cell cycle progression
(Jeanes et al., 2012). This process offers the possibility that α4/α9
integrins could prevent ERK1/2 translocation by sequestering
Importin 7 at the cell membrane. Alternatively, α4/α9 integrins
may be regulating ERK activity through trans-dominant action

FIGURE 3 | Keratinocytes monolayers were treated with DMSO (vehicle control), BOP, BIO1211, or LDV for 0.5 h before lysates were collected for Western blot analysis.
Western blot probed for S380/S386/S377 phosphorylated RSK1/2/3 and HSC70. (E) Quantitative analysis of densitometric analysis of blots from three independent
experiments showing mean ± s.e.m.; ***p < 0.001. All other comparisons were not significant. (F) Keratinocytes monolayers were treated with DMSO (vehicle control),
BOP, BIO1211, or LDV for 0.5 h before lysates were collected for Western blot analysis. Western blot probed for S376/S360 phosphorylated MSK1/2 and HSC70. (G)
Quantitative analysis of densitometric analysis of blots from five independent experiments showing mean ± s.e.m.; *p < 0.05. All other comparisons were not significant.
(H) Confluent monolayers of keratinocytes transiently expressing GFP control (GFP) or GFP tagged α4 integrin (α4-GFP) or GFP tagged α9 integrin (α9-GFP) for 48 h
were treated with DMSO or BOP for 1 hour before whole cell lysates (WCL) were collected for immunoprecipitation with GFP-TRAP beads. Representative Western blot
analysis of immunoprecipitation of α4-GFP and α4-GFP associated with paxillin, Importin 7, and GFP. (I)Quantification of fraction of paxillin bound to α4-GFP or α9-GFP
following treatment with BOP, normalized to DMSO control. Data are pooled from three independent experiments showing mean ± s.e.m. Comparisons are not
significant. (J)Quantification of fraction of Importin 7 bound to α4-GFP or α9-GFP following treatment with BOP, normalized to DMSO control. Data are pooled from three
independent experiments showing mean ± s.e.m. Comparisons are not significant. (K) Widefield images of Ca2+ treated keratinocyte colonies treated with DMSO or
BOP for 24 h prior to being treated with vehicle control (DMSO), Ivermectin, or Importazole for 1 h. Cells were then fixed and stained for nuclei and F-actin. Scale bar �
100 μm. Images representative of three independent experiments. (L) Quantitative analysis of percentage increase in area of actin protrusions over cortical actin ring.
Data pooled from 30 colonies per condition from three independent experiments showing mean ± s.e.m.; ****p < 0.0001. All other comparisons were not significant. (M)
Quantitative analysis of percentage increase in perimeter of actin protrusions over cortical actin ring. Data pooled from 30 colonies per condition from three independent
experiments showing mean ± s.e.m.; **p < 0.005, ****p < 0.0001. All other comparisons were not significant.
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FIGURE 4 |MSK1 regulation by α4/α9 integrins regulates protrusions and migration. (A)Maximum intensity projection of 20 μm Z stack of keratinocytes in scratch
assay. Fixed cells were stained for nuclei, MSK1, and F-actin. Scale bar � 10 μm. Images representative of three independent experiments. (B) Quantitative analysis of
mean nuclear MSK1 intensity. Solid bars show leader cells, hatched bars are MSK1 nuclear levels in follower cells. Data pooled from 20 fields of view per condition from
three independent experiments showing mean ± s.e.m.; ****p < 0.0001. (C) Widefield images of Ca2+ treated keratinocyte colonies treated with vehicle control
(DMSO) or BOP for 24 h prior to being cotreated with either DMSO or RMM46 for 1 h prior to fixing. Cells were then stained for nuclei and F-actin. Scale bar � 50 μm.
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over other integrins. Transdominance is the process by which
integrins compete for ECM or cytoplasmic adaptor binding.
Integrins with the greatest affinity for either suppress the level
of signaling initiated by other integrins that also bind to those
adaptors (Gonzalez et al., 2010). α9β1 has previously been shown
to trans-dominantly repress α3β1 signaling during wound healing
in vitro (DiPersio et al., 2016). Similarly, α4 integrin is trans-
dominant over α5 integrins in melanoma cells (Moyano et al.,
2003) and in oral squamous carcinoma cells (Zhang et al., 2004).
α3β1 and α5β1 are expressed in keratinocytes (Watt and Jones
1993) and are known to induce ERK1/2 phosphorylation
(Roovers et al., 1999; Manohar et al., 2004). Hence, α4/α9
integrin inhibition may increase ERK1/2 activation by
initiating signaling pathways downstream of these other β1
integrin containing heterodimers. We hypothesize that α4/α9
integrins may therefore locally regulate ERK1/2 activity and
nuclear import to prevent proliferation and instead promote
migration at the leading edge.

As α4/α9 integrin inhibition suppressed CCM in our study, this
inferred thatMSK (initially identified in our kinase screen)may have
a previously undescribed role in migration. Interestingly, MSK1
inhibition suppressed residual protrusions at the boundary of
keratinocyte colonies. Spatiotemporal co-ordination of protrusive
activity is essential for migration (Pankov et al., 2005; Dang et al.,
2013), and our data suggest that a basal level of MSK signaling is
required for optimal cytoskeleton dynamics to permit efficient
migration. In support of this interpretation, MSK inhibition and
deletion both suppressed CCM. Unexpectedly, MSK1 knockdown
also increased protrusions, which suggests that MSK1 may scaffold
other protein(s) at the leading edge, which in turn restricts
membrane protrusions. This possibility could be supported by
the observation that MSK1 was enriched in the protrusive tips of
keratinocytes following α4/α9 integrin inhibition. Active MSK1 has
principally been studied in the nucleus, and potential cytoplasmic
interaction partners or substrates are currently unknown. This topic
would be an interesting area for future study and may reveal

FIGURE 4 | Images representative of three independent experiments. (D) Quantitative analysis of percentage increase in area and perimeter of actin protrusions over
cortical actin ring. Data pooled from 30 colonies per condition from three independent experiments showing mean ± s.e.m.; *p < 0.05, **p < 0.01, ****p < 0.0001. (E)
Keratinocytes were transiently transfected with control siRNA pool (siCtrl) or MSK1 targeting siRNA pool (siMSK1) 48 h before lysates were collected for Western blot
analysis. Western blot analysis from one independent experiment, probed for MSK1 and HSC70. (F)Widefield images of Ca2+ treated keratinocyte colonies treated with
siCtrl or siMSK1 for 24 h prior to being treated with vehicle control (DMSO) or BOP for 24 h. Cells were then fixed and stained for nuclei and F-actin. Scale bar � 100 μm.
Images representative of four independent experiments. (G) Quantitative analysis of percentage increase in area and perimeter of actin protrusions over cortical actin
ring. Data pooled from 40 colonies per condition from four independent experiments showing mean ± s.e.m.; **p < 0.01, ***p < 0.001, ****p < 0.0001. All other
comparisons were not significant. (H) Phase contrast images of keratinocyte scratch closure at 0 and 6 h. Keratinocytes were transfected with either control siRNA
(siCtrl) or siRNA against MSK1 (siMSK1). 48 h post transfection, confluent keratinocyte monolayers were treated with 2 mM Ca2+, before being scratched with a pipette
and imaged overnight. Confluent Ca2+ treated keratinocyte monolayers were scratched with a pipette tip 1 h prior to treatment with vehicle control (DMSO) or RMM46
and imaging overnight. Scale bar � 50 μm. Images representative of three independent experiments. Quantitative analysis of scratch closure after treatment for 6 h. Data
pooled from nine movies per condition from three independent experiments showing mean ± s.e.m.; *p < 0.05, **p < 0.005.

FIGURE 5 | Proposed signaling pathway regulated by α4/α9 integrins in keratinocytes. (A) In untreated keratinocytes, α4 and α9 integrins complex with Importin 7.
This suppresses ERK1/2 activation and signalling. As MSK1 and ERK1/2 phosphorylation is low, they are retained in the cytoplasm. This maintains the appropriate level
of adhesion and protrusions required for collective cell migration. Proliferation rate is appropriately regulated, enabling lost cells to be replenished without impeding
migrational persistence. (B) Integrins are internalised following inhibition, and this leads to the disruption of the integrin/Importin complex. This disruption induces
ERK1/2 phosphorylation by a currently unknown mechanism. Active ERK1/2 phosphorylates and activates MSK1. This signalling cascade culminates with both MSK1
and ERK1/2 localising to the nucleus, which induces proliferation. MSK1 also accumulates in the protrusive tips, interacting with currently undefined cytoplasmic
partners to induce cytoskeletal reorganisation at the leading edge.
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additional MSK1 dependent targets that play a role in actin
dynamics and motility.

In summary, we have identified α4 and α9 integrins as key
regulators of CCM in keratinocytes. This study also identifies a
previously undescribed role for MSK in the regulation of
cytoskeletal dynamics during keratinocyte migration. These findings
contribute towards our understanding of the regulation of keratinocyte
migration within wound healing, and therefore offer interesting
insights into the signaling cascades regulated by this integrin subfamily.
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Supplementary Figure S1 | (A, B)Cross-section of human skin. Ep, Epidermis.
De, Dermis. Dermal-epidermal boundary highlighted with orange dashed line.

(A) Section stained for α4 integrin and nuclei. Scale bar � 100 µm. (B) Section
stained for α9 integrin and nuclei. Scale bar � 100 µm. (C) Single confocal Z
image at the basal plane at leading edge. Confluent Ca2+ treated keratinocyte
monolayers were scratched with a pipette tip 1 h prior to treatment with
vehicle control (DMSO) or BOP for 1 h. Fixed cells were then stained for nuclei,
paxillin, integrin, and F-actin. Scale bar � 10 μm. Images representative of two
independent experiments. (D) Confluent Ca2+ treated keratinocyte
monolayers were scratched with a pipette tip 1 h prior to fixing. Stained
for nuclei, focal adhesion marker (talin or vinculin), α9 integrin, and F-actin.
Scale bar � 10 μm. White box indicates magnified ROI. Images representative
of three independent experiments. (E) Binding of BOP-JF549 to α4β1 and
α9β1. Dissociation constants are reported. Affinity for both α4β1 and α9β1 is in
the low nanomolar range, and marginally higher for α9β1. Protein
concentration is shown using a logarithmic scale. Data shown represent
three independent experiments and are expressed as mean fluorescence
polarization ±s.e.m.

Supplementary Figure S2 |Blocking α4/α9 integrins activity induces α4/α9 integrin
internalization but does not degrade target integrins. (A) Single confocal Z image in
the central plane of confluent Ca2+ treated keratinocyte monolayer transiently
transfected with GFP tagged α4 integrin 48 h prior to imaging. Cells were
imaged using time-lapse confocal microscopy, and after 10 min cells were
treated with BOP-JF646 for 1.5 h. Time displayed in white text as hours:
minutes. Scale bar � 10 μm. Images representative of two independent
experiments. (B) Quantitative analysis of internalized α4 integrin in follower cells.
Confluent Ca2+ treated keratinocyte monolayers were scratched with a pipette tip
1 h prior to treatment with vehicle control (DMSO), BOP, BIO1211, or LDV for 1 h.
Fixed cells were then stained for α4 integrin. The percentage of α4 integrin signal in
the cytoplasm compared to the whole cell was calculated. Data pooled from 30 cells
per condition from three independent experiments showing mean ± s.e.m.; **p <
0.01. All other comparisons were not significant. (C) Single confocal Z image at the
basal plane of keratinocytes in scratch assay. Confluent Ca2+ treated keratinocyte
monolayers were scratched with a pipette tip 1 h prior to treatment with vehicle
control (DMSO), BOP, BIO1211, or LDV for 1 h. Fixed cells were stained for nuclei,
α9 integrin, and F-actin. Scale bar � 10 μm. Images representative of three
independent experiments. (D) Quantitative analysis of α9 integrin signal in leader
cells. Data pooled from 15 fields of view per condition from three independent
experiments showing mean ± s.e.m.; ***p < 0.001. All other comparisons were not
significant. (E) Keratinocytes were treated with either vehicle control (DMSO),
BOP, BIO1211, or LDV for 24 h before lysates were collected for Western blot
analysis. Western blot analysis representative of three independent experiment,
probed for α4 integrin, α9 integrin, β1 integrin, and HSC70. No change in integrin
levels was observed. (F) Keratinocytes were treated with either vehicle control
(DMSO), cycloheximide, MG132, or leupeptin for up to 24 h before lysates were
collected for Western blot analysis. Western blot analysis representative of two
independent experiment, probed for p53, TNF-R1, α4 integrin, α9 integrin, α2
integrin, and HSC70. Quantitative analysis of α4 and α9 integrin blots.
Densitometric analysis from two independent experiments showing mean ±
s.e.m; no significance was calculated. (G) Keratinocytes were treated either
vehicle control (DMSO), MG132, or leupeptin for up to 48 h before lysates were
collected for Western blot analysis. Western blot analysis representative of two
independent experiment, probed for α4 integrin, α9 integrin and GAPDH.
Quantitative analysis of α4 and α9 integrin blots. Densitometric analysis from
two independent experiments showing mean ± s.e.m; no significance was
calculated.

Supplementary Figure S3 | Kinase array reveals novel targets regulated by α4β1/
α9β1 integrins. Ca2+ treated keratinocyte colonies treated with DMSO (vehicle
control), BOP, BIO1211, or LDV for 0.5 or 6 h. Lysates were collected for
Human Phospho-Kinase Array Analysis. Phosphorylation of proteins in samples
was calculated using densiometric analysis. Signal intensities were normalized to
Heat Shock Protein 60 (HSP60) internal control, and the fold change in
phosphorylation relative to DMSO was calculated.
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Integrin α6β4-Containing Type II
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Which Contribute to Anticancer Drug
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Integrins are heterodimeric cell surface glycoproteins used by cells to bind to the
extracellular matrix (ECM) and regulate tumor cell proliferation, migration and survival. A
causative relationship between integrin expression and resistance to anticancer drugs has
been demonstrated in different tumors, including head and neck squamous cell
carcinoma. Using a Cal27 tongue squamous cell carcinoma model, we have previously
demonstrated that de novo expression of integrin αVβ3 confers resistance to several
anticancer drugs (cisplatin, mitomycin C and doxorubicin) through a mechanism involving
downregulation of active Src, increased cell migration and invasion. In the integrin αVβ3
expressing Cal27-derived cell clone 2B1, αVβ5 expression was also increased, but
unrelated to drug resistance. To identify the integrin adhesion complex (IAC)
components that contribute to the changes in Cal27 and 2B1 cell adhesion and
anticancer drug resistance, we isolated IACs from both cell lines. Mass spectrometry
(MS)-based proteomics analysis indicated that both cell lines preferentially, but not
exclusively, use integrin α6β4, which is classically found in hemidesmosomes. The
anticancer drug resistant cell clone 2B1 demonstrated an increased level of α6β4
accompanied with increased deposition of a laminin-332-containing ECM.
Immunofluorescence and electron microscopy demonstrated the formation of type II
hemidesmosomes by both cell types. Furthermore, suppression of α6β4 expression in
both lines conferred resistance to anticancer drugs through a mechanism independent of
αVβ3, which implies that the cell clone 2B1 would have been even more resistant had the
upregulation of α6β4 not occurred. Taken together, our results identify a key role for α6β4-
containing type II hemidesmosomes in regulating anticancer drug sensitivity.
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INTRODUCTION

Integrins are transmembrane cell adhesion receptors consisting
of α and β subunits. Eighteen α and eight β subunits are present in
mammals, which can assemble to form 24 different dimers
(Hynes, 2002). During tumorigenesis, the integrin repertoire is
often switched to enable proliferation, survival, migration and
invasion (Desgrosellier and Cheresh, 2010; Cooper and Giancotti,
2019; Samaržija et al., 2020). Cell adhesion is also associated with
resistance to anticancer drugs (Damiano et al., 1999; Desgrosellier
and Cheresh, 2010; Seguin et al., 2015; Dickreuter and Cordes,
2017). In head and neck squamous cell carcinoma (HNSCC),
expression of several integrins, including αVβ3 and/or αVβ5, is
increased compared to normal epithelium (Ahmedah et al.,
2017). Changes in integrin expression have been observed in
clones of human laryngeal carcinoma HEp2 cells produced by
acute (Ambriović-Ristov et al., 2004) or chronic (Majhen et al.,
2014) exposure to cisplatin (cDDP), respectively. A causative
relationship between de novo expression of integrin αVβ3 and
cDDP, mitomycin C (MMC) or doxorubicin (DOX) resistance
through increased total amount of glutathione, which conferred
survival due to better elimination of reactive oxygen species
induced by anticancer drugs, has been demonstrated in the
same model of HEp2 cells (Brozović et al., 2008). Similar
effects have been reported in the HNSCC model Cal27
(tongue squamous carcinoma cells), although the mechanism
of cDDP, MMC and DOX resistance was not the same, i.e., de
novo expression of integrin αVβ3 conferred anticancer drug
resistance through deactivation of Src (Stojanović et al., 2016).
De novo expression of integrin αVβ3 in both cell models resulted
in increased migration and invasion (Brozović et al., 2008;
Stojanović et al., 2016).

Integrins bind to ECM proteins and, upon clustering, trigger
signaling pathways through recruitment of multimolecular
integrin adhesion complexes (IACs) to their cytoplasmic tails
and through association with the cell cytoskeleton (Winograd-
Katz et al., 2014). Integrins, together with associated IAC
components, have been termed the adhesome (Zaidel-Bar
et al., 2007; Kuo et al., 2011; Schiller et al., 2011; Byron et al.,
2015; Jones et al., 2015; Chastney et al., 2020). Functional and
morphological analyses have defined several major forms of
IACs, including focal complexes, focal adhesions (FAs),
fibrillar adhesions, hemidesmosomes (HDs) and reticular
adhesions, also called clathrin lattices or plaques (Zuidema
et al., 2020). FAs are strongly associated with actin filaments
that link neighboring structures (Albiges-Rizo et al., 2009).
Fibrillar adhesions are long, stable structures that run parallel
to bundles of fibronectin (FN) in vivo and are highly enriched in
tensin and α5β1 integrin (Zamir et al., 1999), while reticular
adhesions are formed by integrin αVβ5 in the absence of both
talin and F-actin (Lock et al., 2018, 2019). HDs facilitate stable
adhesion of basal epithelial cells to the underlying basement
membrane (BM) via integrin α6β4 and are associated with

keratin intermediate filaments. The classical type I HDs
consist of the integrin α6β4, plectin (PLEC; isoform 1a),
tetraspanin CD151, BP230 (known as dystonin or BPAG1-e)
and BP180 (known as BPAG2 or collagen XVII) (Walko et al.,
2015), while type II HDs consist of only α6β4 and plectin
(Uematsu et al., 1994; Fontao et al., 1999).

The ventral IACs from 2D cell cultures have been isolated
using several protocols (Humphries et al., 2009; Kuo et al., 2011;
Schiller et al., 2011; Jones et al., 2015) and analyzed by MS.
However, most IAC preparations have been isolated from cells
seeded on FN, which led to the definition of an FN-induced meta
adhesome composed of over 2,400 proteins. Subsequent
reduction defined 60 core proteins, termed the consensus
adhesome (Winograd-Katz et al., 2014; Horton et al., 2015).
There is less information on the adhesome of cells cultured on
dishes without prior coating with ECM proteins. Lock et al.
(2018) analyzed IACs of osteosarcoma U2OS cells cultured for
72 h and demonstrated that the most abundant integrin subunits
were αV and β5, with much lower levels of β1, β3, β8, α5 and α3.
Using a similar approach, we have recently analyzed the
adhesome of the melanoma cell line MDA-MB-435S and
found that these cells preferentially use integrin αVβ5 for
adhesion during in vitro cultivation, forming either FAs or
RAs (Paradžik et al., 2020). MS-based IAC analysis has an
advantage over other adhesome analysis methods because it
enables the simultaneous identification of ECM proteins
secreted by cells and may therefore enable the identification of
integrin-ECM interactions.

We have previously demonstrated that de novo expression of
integrin αVβ3 in Cal27 cells confers resistance to cDDP, MMC
and DOX through Src deactivation and contributes to increased
migration and invasion. De novo expression of integrin αVβ3
caused an integrin crosstalk event, i.e., upregulation of integrin
αVβ5 expression through increased production of integrin β5
mRNA. Integrin αVβ5 was not involved in the mechanism of
anticancer drug resistance (Stojanović et al., 2016). To extend our
understanding of the adhesion components and complexes whose
differential expression contributes to the observed changes in
adhesion and anticancer drug resistance, we isolated IACs from
Cal27 cells and the Cal27-derived cell clone 2B1, with de novo
expression of integrin αVβ3 and increased levels of αVβ5. MS
analysis of isolated IACs showed that both cell lines preferentially,
but not exclusively, use integrin α6β4. We showed that integrin
α6β4 in Cal27 and 2B1 cells form type II HDs consisting of
integrin α6β4 and PLEC. Moreover, in 2B1 cells, MS analysis
revealed increased abundance of integrin α6β4 and PLEC, but
decreased abundance of keratins KRT-5 and KRT-14 suggesting
that these type II HDs have reduced anchorage to keratins. In
addition, 2B1 cells demonstrated increased expression of BM
components, i.e., integrin α6β4 receptor laminin-332 and
collagen VII (COL7A1) which supports our conclusion of
increased anchorage of cells via type II HDs. Finally, we
showed that integrin β4 knockdown in Cal27 and 2B1 cells
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decreased expression of the integrin α6β4 heterodimer on the cell
surface and conferred resistance to cDDP, MMC and DOX, thus
showing an independent resistance mechanism than the one
triggered by de novo expression of integrin αVβ3. This work
contributes to the understanding of both the close connection
between FAs and HDs in HNSCC cells and to the diversity of HD
composition able to regulate sensitivity to anticancer drugs.

MATERIALS AND METHODS

Cells
The human tongue squamous cell carcinoma cell line Cal27 was
obtained from the American Type Culture Collection (ATCC,
United States). Integrin αVβ3-expressing cell clone 2B1 was
established from Cal27 cells by stable transfection with the
pcDNAβ3 containing integrin subunit β3 cDNA (kindly
provided by E. H. Danen, Leiden, Netherlands) as described
(Stojanović et al., 2016). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, United States)
supplemented with 10% (v/v) fetal bovine serum (FBS;
Invitrogen, United States) at 37°C with 5% CO2 (v/v) in a
humidified atmosphere.

Survival Analysis
The anticancer drugs cDDP, MMC and DOX (Sigma-Aldrich,
Germany) were dissolved in water and stored at −20°C. MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Millipore, United States) assay was used to determine the
sensitivity of cells to anticancer drugs. Briefly, cells were
treated 24 h after seeding in 96-well tissue culture plates (5 ×
103 cells/well). Cells previously transfected with siRNA were
seeded 24 h upon transfection. Seventy-two hours upon
anticancer drug exposure, the absorbance of MTT-formazan
product dissolved in DMSO, which is proportional to the
number of viable cells, was measured with a microplate reader
(Awareness Technology, Inc., United States) at 600 nm.

siRNA Transfection
For transient siRNA transfection experiments, cells were
transfected with 25 nM siRNA specific for integrin subunit β4
(target sequence: GCGACTACACTATTGGATT, Sigma,
Germany) by Lipofectamine RNAiMax (Thermo Fisher
Scientific, United States). Transfection efficacy was validated
by sodium dodecyl sulphate-polyacrylamide-gel electrophoresis
(SDS-PAGE) and western blot (WB) using integrin subunit β4-
specific antibody and matching, labelled secondary antibodies
(listed in Supplementary Table S1).

Immunofluorescence and Confocal
Microscopy
Cal27 and 2B1 cells were plated on coverslips at density of 3.5 ×
104 cells per well in a 24-well plate. After 48 h, cells were fixed
with 4% (w/v) paraformaldehyde, permeabilized with 0.1% (v/v)
Triton X-100, and the immunostaining was performed with the
appropriate antibodies for 1 h, followed by incubation with

conjugated secondary antibodies for 1 h. All antibodies are
listed in Supplementary Table S1. Cells were mounted with
DAPI Fluoromount-G (SouthernBiotech, United States).
Fluorescence and respective IRM z-stack images (starting from
the cell ventral surface) were acquired using an inverted confocal
microscope (Leica TCS SP8 X, Leica Microsystems, Germany)
with the HC PL APOCS2 63 ×/1.40 oil-immersion objective,
zoom set at ×2.15. LAS X 3.1.1 (Leica Microsystems, Germany)
software was used to analyze the images.

Isolation of IACs, Sample Preparation for
MS and Data Analysis
Integrin adhesion complexes were isolated as previously described
(Jones et al., 2015; Paradžik et al., 2020). For each cell line, five
biological replicates were analyzed. In short, cells (1 × 106 for Cal27
and 9,4 × 105 for 2B1) were plated on 10 cm diameter cell culture
dishes (at least six dishes per cell line) and after 72 h washed with
DMEM-HEPES and incubated with Wang and Richard’s reagent
for 10 min (6 mMDTBP, Thermo Fisher Scientific, United States).
DTBP was quenched by 0.03M Tris-HCl (pH 8) and cells were
lysed using modified RIPA buffer (50 mM Tris-HCl, pH 7.6;
150 mM NaCl; 5 mM disodium EDTA, pH 8; 1% (w/v) Triton
X-100, 2.5% (w/v) SDS, 1% (w/v) sodium deoxycholate). Cell
bodies were removed by high-pressure washing and remaining
adhesion complex components were collected by scraping into the
adhesion recovery solution (125mM Tris-HCl, pH 6.8; 1% (w/v)
SDS; 150 mM dithiothreitol). Isolated IACs were acetone
precipitated and processed for either MS or WB analysis. For
MS analysis, samples were prepared using in-gel trypsin digestion
(Jones et al., 2015; Paradžik et al., 2020), and analyzed using a
modified version of the LC-MS/MS method, as previously
described (Horton et al., 2015). Briefly, an UltiMateR 3000
Rapid Separation LC (RSLC, United States) coupled to an
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific,
United States) with electrospray ionization was used. Peptide
mixtures were eluted for 44 min using a gradient containing
92% of solution A (0.1% formic acid in water) and 8% up to
33% of solution B (0.1% formic acid in acetonitrile). Solvent flow
was set to 300 nl per minute. To identify proteins, data were
searched against the human Uniprot database (version 2018_01)
using Mascot (Matrix science, version 2.5.1). Fragment ion
tolerance was set to 0.50 Da and parent ion tolerance was 5
PPM. Protein identifications were further refined using Scaffold
(Proteome software). Protein (99%) and peptide (90%)
probabilities were assigned using the Protein Prophet algorithm
(Nesvizhskii et al., 2003) as incorporated by Scaffold including a
minimum of four spectral counts per protein. Spectral counts were
used as a measure of protein abundance.

Protein-Protein Interaction (PPI) Network
Analysis and Functional Enrichment
Analysis
A protein–protein interaction network of the proteins identified
with a minimum of four spectral counts in at least three out of five
biological replicates was constructed using STRING (v. 11.0,
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medium confidence of minimum required interaction score �
0.40) (Szklarczyk et al., 2019) and visualized with Cytoscape
(version 3.7.1) (Shannon et al., 2003; Doncheva et al., 2019).
Proteins were manually assigned to functional groups using the
Uniprot database (Apweiler et al., 2004). For functional
annotation and enrichment calculation, Database for
annotation, visualization and integrated discovery (DAVID),
version 6.8 (Huang et al., 2009a; 2009b) was used by utilizing
DAVID_CC subontology list (Benjamini–Hochberg corrected
p-value < 0.05, EASE score < 0.1, at least four identified
proteins). To visualize the enrichment, REViGO tool was used
(with allowed similarity: small (0.5), semantic similarity measure
to use: Resnik-normalized) (Supek et al., 2011).

Transmission Electron Microscopy
Cal27 and 2B1 cells were grown on Aclar film (Agar Scientific
Ltd.) for 7 days in culture medium and fixed with 4% (v/v)
formaldehyde plus 2.5% (v/v) glutaraldehyde in 0.1 M HEPES
buffer (pH 7.2). Subsequently samples were post-fixed with 1%
(w/v) osmium tetroxide and 1.5% (w/v) potassium ferricyanide in
0.1 M cacodylate buffer (pH 7.2) for 1 h, then 1% (w/v) tannic
acid in 0.1 M cacodylate buffer (pH 7.2) for 1 h and finally in 1%
(w/v) uranyl acetate in distilled water for 1 h. Samples were then
dehydrated in an ethanol series infiltrated with TAAB Low
Viscosity resin and polymerized for 24 h at 60°C as thin layers
on Alcar sheets. After polymerization Aclar sheets were peeled off
and layers of polymerized resin with cells were re-embedded with
the same resin as stacks. Sections were cut with a Reichert
Ultracut ultramicrotome and observed with a FEI Tecnai 12
Biotwin microscope at 100kV accelerating voltage. Images
were taken with a Gatan Orius SC1000 CCD camera.

SDS-PAGE and Western Blot
Total cell lysates were obtained by lysing 1.2 × 106 cells in 200 μl
RIPA buffer (Thermo Fisher Scientific, United States), mixed
with 5 × Laemmli loading buffer (125 mM Tris-HCl (pH 6.8),
25% (w/v) glycerol, 10% (w/v) SDS, 0.01% (w/v) bromophenol
blue, 20% (v/v) 2-mercaptoethanol) to reach a final 1×
concentration and heated for 5 min at 96°C. Isolated IACs
from at least six 10 cm diameter culture dishes were dissolved
in 2× Laemmli loading buffer and heated for 20 min at 70°C. Total
cell lysates or isolated IACs were analyzed by SDS-PAGE and
WB. Isolated IACs were loaded onto gradient pre-cast gels
(Biorad, United States), separated with SDS-PAGE and
transferred to a nitrocellulose membrane (Amersham,
Germany). The membrane was blocked in 5% (w/v) non-fat
dry milk, and incubated with the appropriate antibodies,
followed by incubation with horseradish peroxidase coupled
secondary antibody. All antibodies are listed in
Supplementary Table S1. Detection was performed using
chemiluminescence (GE Healthcare) and visualized using
iBright CL1000 (Thermo Fisher Scientific, United States) or
Uvitec Alliance Q9 mini (BioSPX b.v., Netherlands).

Statistical Analysis
MTT experiments were repeated at least three times, expressed as
mean ± standard deviation (SD) and analyzed by related-measure

two-way analysis of variance (ANOVA) with Bonferroni posttest
in GraphPad Prism v8.0 (GraphPad Software, United States) to
assess significance. QSpec Spectral counter tool was used for MS
data to measure the significance of differentially identified
proteins in 2B1 versus Cal27 (Choi et al., 2008, 2015) and
GraphPad Prism v. 8 was used for visualization.

RESULTS AND DISCUSSION

Cal27 Cells Primarily Utilize Integrin α6β4 for
Adhesion
To define the adhesome composition in Cal27 and Cal27-derived
2B1 cells with de novo expression of integrin αVβ3 (Stojanović
et al., 2016) we first optimized the IAC isolation and defined the
adhesome for the Cal27 cell line. IACs were isolated from cells in
long-term culture (72 h), without prior coating of the cell culture
dish with ECM proteins (Jones et al., 2015). This approach was
selected because it enables the analysis of IAC proteins as well as
cell-secreted ECM proteins, as shown recently (Paradžik et al.,
2020). The optimal crosslinking duration of 10 min was selected
based on WB analysis of the marker IAC components, focal
adhesion kinase (FAK), talin 1 (TLN1), integrin linked kinase
(ILK) and paxillin (Horton et al., 2015) from the isolated IACs
(Supplementary Figure S1).

MS analysis of the Cal27 IACs detected 120 proteins with at
least four spectral counts in minimum three out of five analyzed
replicates (Supplementary Table S2.1), 68 of which were in the
meta adhesome (Horton et al., 2015). The only integrin subunits
identified were α6 (ITGA6) and β4 (ITGB4), indicating that
Cal27 in cell culture primarily utilize α6β4 for adhesion.
Classically, α6β4 forms HDs, which are multiprotein
complexes that facilitate the stable adhesion of basal epithelial
cells to the underlying BM. The extracellular region of α6β4 binds
to laminin ligands, in particular the epithelial BM-specific variant
laminin-332 (Aumailley et al., 2005; Walko et al., 2015).
Consistent with this, the Cal27 IAC preparations contained all
three chains of laminin-332 (laminin subunit α3 (LAMA3);
laminin subunit β3 (LAMB3) and laminin subunit γ2
(LAMC2)) (Figure 1A).

To further analyze the dataset, gene ontology (GO)
enrichment analysis was performed on proteins identified in
IACs isolated from Cal27 cells. A significant enrichment of
GO terms related to extracellular exosome, cell-cell adherens
junctions, ECM, membrane, intermediate filament and
intracellular ribonucleoprotein complex was observed. Other
GO terms such as ribosome and actin cytoskeleton were less
well represented (Figure 1B and Supplementary Table S2.2).
Therefore, the GO analysis supports the successful isolation of
IACs from Cal27 cells.

Our previously published data showed that Cal27 cells express
integrin β1, β5, β6 and αVmRNAs, cell surface αVβ5, and adhere
to vitronectin (VTN) and FN (Stojanović et al., 2016). Therefore,
we expected that the composition of ECM proteins secreted by
Cal27 cells reflects this integrin profile. We identified several
ECM components, including established integrin ligands such as
VTN, tenascin C (TNC) and cysteine-rich 61 (CYR61)
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(Figure 1A). VTN is recognized by αVβ1, αVβ3, αVβ5 and
αIIbβ3 (Felding-Habermann and Cheresh, 1993), TNC by
αVβ1, αVβ3, αVβ6, α2β1, α9β6 and α8β1 (Midwood et al.,
2016) and CYR61 by αVβ3 and αVβ5 (Lau, 2016). We also
identified annexins A1 and 2 (ANXA1/2), for which both cellular
and extracellular localizations have been demonstrated (Wang
and Lin, 2014; Boudhraa et al., 2016), and transforming growth

factor beta induced (TGFBI) which connects various ECM
components, and interacts with several integrins including
α1β1, α3β1, αVβ3, and αVβ5 (Ween et al., 2012). We also
detected caveolin-1 (CAV1), a structural protein of caveolae/
lipid rafts involved in integrin-dependent signaling (Echarri and
Del Pozo, 2006), and chloride intracellular channel 1 (CLIC1),
upregulated in several cancers (Peretti et al., 2015).

FIGURE 1 |Mass spectrometry analysis of IACs isolated from Cal27 cells. (A) Protein–protein interaction network of proteins identified in IACs isolated from Cal27
cells. Shapes represent proteins identified via MS and are labelled with gene symbols and manually grouped and assigned color according to their functional group, as
indicated on the left. Only proteins identified with a minimal number of four spectral counts in at least three out of five analyzed biological replicates, FDR < 5%, probability
for protein identification ≥ 99.9% were visualized. The network was generated with Cytoscape 3.7.2. (B) IACs isolated from Cal27 were enriched with proteins
connected to the membrane, cytoskeleton and ECM components. Proteins from (A) were assigned to functional groups using the DAVID GO database
(GOTERM_CC_DIRECT) and visualized using the REViGO tool, where p-values related to GO terms of cellular components were represented by the color bar and size of
the circle. Statistically significant GO terms (p > 0.05) are presented.
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Our recently published data, obtained by differential
analysis between melanoma cells MDA-MB-435S and
MDA-MB-435S-derived cell clones with decreased
expression of integrin αV, identified key components of
integrin αVβ5 adhesion complexes, namely talin 1 and 2
(TLN1 and 2), α-actinin 1 and 4 (ACTN1 and 4), filamin A
and B (FLNA and B), PLEC and vinculin (VCL) (Paradžik
et al., 2020), which are all part of the consensus adhesome
(Horton et al., 2015). All these proteins, except TLN2, were
detected in Cal27 IACs, whereas VCL was detected in only two
out of five samples. These data indicate that Cal27 cells in long
term culture do form FAs, despite the fact that the relevant
integrin subunits were not detected by MS (Figure 1A).
Therefore, these data suggest that αV integrin heterodimers
are likely to be a low abundant component of the Cal27
adhesome under the conditions tested.

Type I HDs, found in stratified and pseudostratified epithelia,
consist of integrin α6β4, PLEC, CD151, BP230 and BP180
(Owaribe et al., 1990). Type II HDs, found in simple epithelia,
consist only of integrin α6β4 and PLEC (Uematsu et al., 1994;
Fontao et al., 1999). Since the main integrin identified in IACs
from Cal27 cells was α6β4, we searched the MS data for other HD
components. Out of the known HD-specific proteins, we detected
only PLEC suggesting that Cal27 cells form type II HDs.

Type II HDs are characterized by electron-dense regions
connected to cytokeratin filaments (Fontao et al., 1997). It is
well known that intermediate filaments assembled from basal cell
keratins KRT-5 and KRT-14 associate with the inner plaque of
HDs via PLEC and BP230 (Walko et al., 2015). Interestingly, both
KRT-5 and KRT-14 and a plethora of additional keratins,
i.e., KRT-1/2/4/6A/6B/8/9/10/13/15/16/17/18 were identified in
Cal27 IACs. Since keratins can originate from MS sample
preparation contamination (Hodge et al., 2013) and provide
false positives, we evaluated their significance by comparing
the number of spectra for these keratins in Cal27 isolates with
the adhesome of human breast carcinoma MDA-MB-231 cells
which were simultaneously analyzed (unpublished data, data not
shown). The most important difference was in the number of
spectra for KRT-5 and KRT-14, which were represented with the
highest number of spectra of all keratins and had a 10-fold higher
number of spectra in Cal27 cells as compared to MDA-MB-231
cells (unpublished data, data not shown). In addition, a striking
difference was observed in KRT-15/16/17 which were absent in
IACs from MDA-MB-231 cells but present in Cal27 cells
(Supplementary Table S2.1). Indeed, it has been
demonstrated that the expression of KRT-17 is higher in oral
squamous cell carcinoma tissues compared to non-tumor tissues
(Coelho et al., 2015) but is also expressed in breast carcinoma
(Turashvili et al., 2007). Conversely, KRT-19 was not detected in
the Cal27 adhesome unlike the MDA-MB-231 adhesome
(Supplementary Table S2.1). Together, these data indicate
that enrichment in KRT-5 and KRT-14 is a feature of Cal27
cells, which further supports the formation of HDs by integrin
α6β4. However, these data do not allow us to conclude whether
KRT-5 and KRT-14 are an integral part of HDs. Therefore, based
on the adhesome data we hypothesize that Cal27 cells in cell
culture adhere preferentially through formation of type II HDs.

A constructed PPI network (Figure 1A) further shows a group
of desmosomal proteins, i.e., periplakin (PPL), desmogleins 2 and
3 (DSG2/3), plakophilins 1, 2 and 3 (PKP1/2/3), junction
plakoglobin (PLAK) and desmoplakin (DSP). These proteins
are not frequently detected in adhesome analysis and were
absent in the MDA-MB-435S adhesome analyzed in the same
manner (Paradžik et al., 2020). However, melanoma cells MDA-
MB-435S are metastatic and express mesenchymal markers, such
as vimentin (Han et al., 2014), unlike Cal27 cells which possess an
epithelial phenotype (Yadav et al., 2011). DSGs and PLAK, but
also integrins α6 and β4, were detected in two types of human oral
squamous carcinoma cell lines byMS in deroofed cells attached to
glass coverslips (Todorović et al., 2010).

MS analysis identified heat shock proteins and many
ribosomal proteins (ribosomal protein large (RPL) and small
(RPS)) and those related to RNA and protein synthesis such as
DEAD box proteins (DDX). A plausible explanation is that
adapter proteins, which interact with integrin mRNAs, could
support specific integrin dimer formation (Hatzfeld and Magin,
2019). Actually, ribosomes have been found to co-localize with
β3 integrin-enriched FAs on engagement with ECM proteins
(Willett et al., 2010). Similarly, the α6 integrin 3′UTR is essential
not only for the formation and localization of the α6β4
heterodimer to cell-matrix adhesions but also its stability
(Woychek et al., 2019). Finally, the Cal27 PPI network
contains a group of nuclear proteins (Figure 1A).

In conclusion, our results indicate that Cal27 cells use
preferentially, but not exclusively, integrin α6β4 for adhesion
in cell culture, unlike melanoma MDA-MB-435S (Paradžik et al.,
2020), osteosarcoma U2OS, lung carcinoma A549 and melanoma
A375 (Lock et al., 2018) which all use integrin αVβ5. The
composition of the Cal27 adhesome and the absence of BP180
and BP230 indicate that these cells form type II HDs composed of
α6β4 and PLEC, but these data do not allow us to conclude
whether KRT-5 and KRT-14, which represent the majority of
keratins in this cell line, are linked to these HDs.

Comparison of Cal27 and 2B1 Adhesomes
Suggests That De Novo Expression of
Integrin αVβ3 Increased the Abundance of
FAs and Type II HDs
Since our previous data showed de novo expression of integrin
αVβ3 in Cal27 cells induced differences in sensitivity to
anticancer drugs (Stojanović et al., 2016), we aimed to identify
IAC proteins that contributed to the observed phenotype changes
(Supplementary Table S2.3). MS identified differences in IAC
composition between Cal27 and 2B1 cells (Figures 2A, B). Since
2B1 cells have increased expression of both αVβ3 and αVβ5, and
demonstrated increased adhesion to both FN and VN (Stojanović
et al., 2016), we expected to detect more FA proteins in 2B1
compared to Cal27 cells. Indeed, we observed higher levels of
proteins implicated in FA formation, i.e., FLNB, tensin-3
(TENS3) and myosin 10 (MYH10) in the 2B1 adhesome.
FLNB and TENS3 were both found to be part of the integrin
αVβ5 adhesome (Paradžik et al., 2020). FLNB is an actin-binding
protein whose expression has been associated with invasiveness in
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osteosarcoma and radioresistant lung cancer cells (Iguchi et al.,
2015), in line with higher expressing and more invasive 2B1 cells.
Tensins are regulators of Rho GTPase signaling and cell adhesion
(Blangy, 2017). An unbiased assessment of IAC proteins with
higher abundance in 2B1 compared to Cal27 cells using DAVID
GO analysis suggested that they are mostly components of the

ECM and FAs. Conversely, proteins present in lower levels in
clones 2B1 compared to Cal27 cells were classified as intermediate
filaments, ECM and cell-cell adherent junctions (Figure 2B and
Supplementary Table 2.3).

Other proteins detected at higher levels in IACs from 2B1
compared to Cal27 were the ECM proteins TNC,

FIGURE 2 | Analysis and validation of IACs isolated from Cal27 cells and clone 2B1. (A) Volcano plot analysis of proteins detected in IACs isolated from Cal27 cells
versus clone 2B1. IAC proteins from Cal27 and 2B1 cells are visualized as volcano plot after the analysis with QSpec/QProt to generate -Log (FDR) and fold change
values. Cut off values of −Log (FDR) ≥ 1 (red horizontal dotted line) corresponding to FDR ≤ 0.05 and −Log (FDR) ≥ 1,3 (black horizontal dotted line) corresponding to FDR
≤ 0.1; and fold change ≥ 1.5 (black vertical dotted line) or 2 (red vertical dotted line) were used. Each dot on the plot represents 1 protein. Proteins with significantly
different abundance between IACs of Cal27 and 2B1 cells, and of interest for this paper are marked with their gene name. Upper left quadrant–proteins detected with
lower levels of spectra in 2B1, upper right quadrant–proteins detected with higher levels of spectra in 2B1, compared to Cal27. For this analysis, only proteins identified
with a minimal number of spectral counts ≥ 4 in at least three out of five biological replicates in either of Cal27 or 2B1 set were used, FDR < 5%, probability for protein
identification ≥ 99.9%were visualized. (B) DAVID GO analysis of proteins from (A)with FDR ≤ 0.1 and fold change ≥ or ≤ 1.5, detected with higher (green) and lower (red)
abundances in 2B1 as compared to Cal27. Statistically significant GO terms were presented in reverse x-axis of p-value from lowest (top) to the highest significance
(bottom). Green represents GO terms annotated to the proteins whose abundance is higher in 2B1 than Cal27, and red to reverse. The p-value represents Benjamini
corrected p-value. (C)WB analysis of IAC proteins from Cal27 and 2B1 cells. Seventy-two hours after seeding, IACs were isolated andWB analysis was performed. The
results presented are representative of two independent experiments yielding similar results. PLEC, plectin; COL7A1, collagen VII; TLN1, talin 1; ITGB4, integrin subunit
β4; LAMB3, laminin subunit β3; ITGB5, integrin subunit β5; KRT-14, keratin 14.
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thrombospondin-1 (THBS1), TGFBI and EGF-like repeat,
discoidin I-like domain-containing protein 3 (EDIL-3), high-
temperature requirement serine protease (HTRA1) and
heparan sulphate proteoglycan 2 (HSPG2, perlecan). Although
the spectral counts for THBS1, EDIL-3, HTRA1 and HSPG2 in
Cal27 cells were below the selected cut off value (Supplementary
Table S2.3), they showed increased abundance in 2B1 cells. TNC
is an ECM protein which binds to many different integrin
heterodimers, especially αVβ3, but not αVβ5 (Midwood et al.,
2016) and THBS1 is an extracellular mediator of matrix
mechanotransduction that acts via integrin αVβ1 to establish
FAs (Yamashiro et al., 2020). Therefore, their increased
abundance in 2B1 IACs very likely reflects the de novo
expression of integrin αVβ3-containing FAs in 2B1 cells and/
or increased expression of integrin αVβ5 (Stojanović et al., 2016).
THBS1 is also closely associated with transforming growth factor
β (TGF-β). Latent TGF-β can be activated through different
mechanisms, including integrins in concert with mechanical
forces due to ECM stiffness and/or cytoskeletal forces, or by
binding to the secreted and ECM protein THBS1 (Atanasova
et al., 2019). TGFBI, an ECM interacting protein, activates the
FAK signaling pathway through its binding to integrin αVβ5,
enhances glycolysis and promotes pancreatic cancer cell
migration (Costanza et al., 2019) which is in line with our
data of increased migration of 2B1 cells. The observed higher
levels of actin are also in line with migration data (Stojanović
et al., 2016). Higher level of EDIL3 in 2B1 cells is consistent
with the increased amount of integrin αVβ3 FAs (Stojanović
et al., 2016). EDIL-3 (DEL-1) is a ECM protein that promotes
adhesion of endothelial cells through interaction with the
αVβ3 (Hidai et al., 1998; Yuh et al., 2020). The connection
between integrin αVβ3 and EDIL3 has been shown in HNSCC
samples compared with non-cancerous controls. Namely, Cen
et al. (2018) demonstrated decreased expression of MiR-375-
3p, thus acting as a tumor suppressor via regulating tumor-
related genes LAMC1, EDIL3, FN1, VEGFA, IGF2BP2, and
IGF2BP3 in HNSCC, which were greatly enriched in the
pathways of integrin β3 cell surface interactions. Moreover,
EDIL3 is significantly correlated with mesenchymal
phenotype, angiogenesis, and tumor progression in lung
adenocarcinoma (Jeong et al., 2017). It also promotes
epithelial–mesenchymal transition (EMT) and paclitaxel
resistance through interaction with integrin αVβ3 in cancer
cells and its blockade by cilengitide restores sensitivity and
reverts EMT (Gasca et al., 2020). HTRA1, a serine protease
shows higher levels in 2B1 IACs compared to Cal27. It has a
variety of targets, including ECM proteins such as FN (Jiang
et al., 2012). Higher levels of HSPG2 (perlecan) in 2B1 is
consistent with data showing that intercellular deposition of
HSPG2, a basement-membrane type heparan sulphate
proteoglycan which can interact with β1 and β3 integrins
(Hayashi et al., 1992), is enhanced in oral epithelial
dysplasia and carcinoma in situ (Hasegawa et al., 2016). In
conclusion, many proteins detected at higher levels in IACs
from 2B1 compared to Cal27 are related to increased amount
of integrins, either αVβ3 and/or αVβ5, detected previously
(Stojanović et al., 2016).

As we emphasized previously, the main integrin used by Cal27
cells in long term culture is integrin α6β4. Interestingly, we found
increased levels of both integrin subunits α6 and β4 in IACs of
2B1 cells, compared to Cal27, although this difference wasn’t
statistically significant. We wondered whether laminin-332, the
main laminin used by integrin α6β4 for adhesion (Walko et al.,
2015), was also present in higher amounts in 2B1 cells. The IAC
MS data showed higher levels of all three laminin subunits
LAMA3, LAMB3 and LAMC2 (only LAMA3 difference wasn’t
statistically significant) in IACs from 2B1 cells compared to Cal27
(Supplementary Table S2.3), indicating that 2B1 cells secrete an
increased abundance of laminin-332. Interestingly, higher levels
of the α6β4 interacting ECM protein laminin subunit α5
(LAMA5) were also detected in 2B1. LAMA5 is a part of
laminin-511 (α5β1γ1), a potent adhesive and pro-migratory
ECM substrate for a variety of normal and tumor cell lines
in vitro (Pouliot and Kusuma, 2013). In Cal27 neither laminin
β1 nor γ1 specific spectra were observed, while in 2B1 none or
very low number of spectra in different samples for laminin β1 or
γ1 were detected, thus preventing us to conclude on the actual
difference in laminin-511 expression between the two cell lines
(Supplementary Table S2.3).

Many proteins were found to be present in lower amounts in
IACs from 2B1 compared to Cal27 (Figure 2A; Supplementary
Table S2.3) including many keratins, i.e., KRT-5, -6A, -6B, -13,
-14, -15, -16 and -17. KRT-5 and KRT-14 are the main keratins
employed by Cal27 cells. This finding was surprising, as 2B1 cells
showed an increased amount of integrin α6 and β4 subunits. This
indicated that they are not part of type II HDs. Te Molder et al.
(2019) described hybrid cell-matrix adhesions which are present
in the central region of the cells containing CD151 - α3β1/α6β4
integrin complexes and PLEC, which were not anchored to the
keratin filaments. In addition, CD151 was necessary for proper
organization of these integrins in the central region of the cells.
However, we did not observe CD151 nor integrin α3 in the
adhesome of Cal27 or 2B1 cells.

Other proteins found at lower levels in IACs from 2B1 cells
were PPL and DSP. PPL is a member of plakin family of proteins
implicated in crosstalk between three major cytoskeletal
networks. PPL, together with DSP, envoplakin, and epiplakin
is predominantly involved in intermediate filament binding as
components of desmosomes and the cornified envelope (Quick,
2018). Since PPL is mostly downregulated in cancer, e.g., in
esophageal squamous cell carcinoma (Nishimori et al., 2006) and
many other cancers regulating cancer cell growth, survival,
migration, invasion and drug resistance (Wesley et al., 2021),
its downregulation in more therapy resistant and more migratory
2B1 cells (Stojanović et al., 2016) was expected. In Cal27 cells we
detected almost all components of desmosomes, i.e., DSG 2/3,
PKP 1/2/3, PLAK and DSP. We also detected KRT-5 and KRT-14
filaments which were shown to support stable desmosomes
(Loschke et al., 2016). Both plakophilins (PKP1/2), DSP, KRT-
5 and KRT-14 were less abundant in 2B1 cells while DSG 2/3 were
detected with low number of spectra preventing us to conclude on
its differential expression. These data indicate that both cell lines
form desmosomes which are less abundant in 2B1 compared to
Cal27 cells, and indicate that KRT-5 and KRT-14 filaments are
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very likely anchored with desmosomes. The observed reduced
cell-cell contact in 2B1 compared to Cal27 cells is in line with
increased migration of 2B1 compared to Cal27 (Stojanović et al.,
2016). It remains to be determined how desmosome components
are retained through the IAC isolation protocol.

Additional proteins found in lower amount in 2B1 cells
compared to Cal27 were two nuclear proteins, nuclear mitotic
apparatus protein 1 (NUMA1) and nucleoporin 153
(NUP153). Finally, neuroblast differentiation-associated
protein AHNAK is also present in reduced amount in 2B1
IACs. AHNAK was found in several adhesomes (Kuo et al.,
2012; Horton et al., 2015; Paradžik et al., 2020), in RAs (Lock
et al., 2018) and as β4 interacting protein (Myllymäki et al.,
2019; Wang et al., 2020) and was shown to function as a tumor
suppressor via modulation of TGFβ/Smad signaling pathway
(Lee et al., 2014). However, its involvement in tumor
progression is still unknown.

Validation of IAC Proteins Differentially
Detected in Cal27 and 2B1 Adhesomes
The increased abundance of β4 in IACs of 2B1 cells was
confirmed using WB of isolated IACs (Figure 2C), while
increased expression of integrin subunit α6 in 2B1 was
confirmed by flow cytometry (Supplementary Figure S2A).
The formation of HDs can be initiated through laminin-332
deposited by the cells (Litjens et al., 2006). Therefore, the
increased level of HDs is in line with increased deposition of
corresponding ECM proteins, i.e., laminin-332 whose increased
expression in 2B1 was confirmed by WB of LAMB3 (Figure 2C)
supporting theMS analysis of all laminin-332 components in IAC
isolates. We have also found COL7A1 expression in IAC isolates
of both Cal27 and 2B1 cells and the expression was increased in
2B1 (Figure 2C). Type VII collagen (COL7A1) is a major
component of anchoring fibrils, providing mechanical strength
via linking the basal lamina and the underlying connective tissue,
and is synthesized by keratinocytes and fibroblasts (Goletz et al.,
2017). The cytoskeletal linker PLEC, part of HDs type I and II,
was shown to mediate crosstalk between HDs which oppose force
transduction and traction force generation by FAs by coupling
intermediate filaments to the actin cytoskeleton (Zuidema et al.,
2020). In accordance, WB analysis of IAC isolates demonstrated
increased levels of PLEC in 2B1 cells compared to Cal27
(Figure 2C) in contrast to the MS analysis which indicated
similar amounts (Supplementary Table S2.3). Although the
classical type I HD component BP180 was not detected by
MS, we did observe similar BP180 expression in both cell lines
byWB and the BP180 was weak, if at all present, in isolated Cal27
and 2B1 IACs (data not shown). These results support the
conclusion that both cell types form type II HDs. Finally, we
confirmed decreased levels of KRT-14 in 2B1 cells compared to
Cal27 (Figure 2C), thus supporting the conclusion that HDs in
Cal27 and 2B1 cells have reduced anchorage to KRT-5 and
KRT-14. Interestingly, WB analysis of KRT-14 in Cal27 and
2B1 cells upon integrin β4 knockdown showed that the
expression of KRT-14 does not change in Cal27 or 2B1 cells
upon integrin β4 knockdown (Supplementary Figure S2B).

Integrin subunit β5 was not detected by MS in Cal27, but in
2B1 cells there was a low detection in 1 repeat, while integrin
subunits αV and β3 were not detected at all. However, the
expression of integrin heterodimer αVβ5 in Cal27 and its
increased expression in 2B1 cells, as well as the de novo
expression of αVβ3 in 2B1 cells was demonstrated previously
(Stojanović et al., 2016). In addition, the difference in αVβ5
integrin abundance in Cal27 and 2B1 IAC isolates was confirmed
using WB (Figure 2C). Although TLN1 was found at low levels
by MS in IACs, WB analysis demonstrated increased levels of
TLN1 in 2B1 cells compared to Cal27, demonstrating further
increased amount of FAs in 2B1 compared to Cal27 (Figure 2C).

Analysis of the Cal27 and 2B1 adhesome upon long-term
culture detected only α6 and β4 integrin subunits, indicating that
these cells preferentially, but not exclusively, use integrin α6β4 for
adhesion. We have recently published results of adhesome
analysis of human melanoma cell line MDA-MB-435S in
which we found predominantly integrin subunits αV and β5
(Paradžik et al., 2020), that is in accordance with our unpublished
results for human melanoma cell line RPMI-7951 and breast
carcinoma cell line MDA-MB-231, as well as with results
published by Lock et al. (2018) in human osteosarcoma U2OS,
lung carcinoma A549 and melanoma A375 cells. Unlike Cal27, all
these cell lines are highly metastatic cells with more mesenchymal
than epithelial characteristics (Yadav et al., 2011).We have shown
that 2B1 cells express increased amount of integrin α6β4 on the
cell surface. Integrin α6β4 has been shown to form HDs (Walko
et al., 2015) and therefore we searched for more HD components
and found only PLEC which was more abundant in 2B1
compared to Cal27 cells only in further validation experiments
using WB. The differential expression of α6β4 also has an effect
on ECM protein characteristics for HDs, i.e., in 2B1 cells we
found increased laminin-332 as well as COL7A1, confirming
existence of HDs in both cell lines. Interestingly, we also observed
increased amount of another BM component, perlecan which is
also more abundant in 2B1 compared to Cal27. An important
gene expression signature highly expressed in a subset of
recurrent HNSCC includes laminin α3, β3 and γ2,
components of the laminin-332, as well as integrins α6 and β4
forming integrin α6β4, which serves as its ligand, suggesting a
potentially aggressive phenotype prone to invasion and
metastasis (Ginos et al., 2004). HNSCC tumor biology is
strongly associated with deregulations within the ECM
compartment. Laminin-332 is one of the main isoforms
associated with malignant transformation, contributing to
proliferation, adhesion, migration, invasion, and metastasis
(Ramovs et al., 2017), due to its involvement in the regulation
of several pathways, including the activation of the EGFR/MAPK
as well as PI3K/AKT. Therefore, laminin-332 may represent an
attractive potential therapeutic target for these tumors (Meireles
Da Costa et al., 2021).

Todorović et al. (2010) used a method for IAC enrichment
(deroofing the cells with ammonium hydroxide and the removal
of cytosolic and organellar proteins by stringent water wash)
and MS analysis of proteins associated with the basal surface of
the cell and its underlying ECM. They analysed differential
expression in PLAK-null cells compared to PLAK
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heterozygous mouse keratinocytes and observed strong
downregulation of FN, TNC, integrins α6 and β4 and
hemidesmosome component BP180. They applied the same
method to compare human oral squamous carcinoma lines
CAL33 and UM-SCC-1 which originate from tongue and the
roof of the mouth, respectively, and again found differential
expression of cell-cell adhesion proteins DSG2 and PLAK and
integrin α4, thus supporting the important role of desmosomes
and HDs in HNSCC. These results indicate regulation of HDs
by desmosomes. However, little is known about the regulation of
desmosome adhesion by cell-ECM interaction, FAs and HDs.
Latest data clearly showed that HDs and FAs affect each other’s

distribution. In normal human epithelial keratinocytes they are
identified as separate but linked entities which cooperate to
coordinate the dynamic interplay between the keratin and
actin cytoskeleton (Pora et al., 2019). FAs and HDs share only
one component, namely PLEC, while HDs and desmosomes
share keratins. Our data indicate that there is crosstalk
between FAs, HDs and desmosomes. A better understanding
of FAs, HDs and desmosomes will provide novel clues into the
molecular mechanisms that regulate adhesion, migration and
survival in cancer cells. These studies may reveal new
strategies for cancer treatment. In conclusion, our data
indicate that de novo expression of integrin αVβ3 in Cal27

FIGURE 3 | Integrin subunits α6 and β4 co-localize in both Cal27 or 2B1 cells. Confocal z stack images of Cal27 and 2B1 cells. Forty-eight hours after seeding on
coverslips, cells were fixed, permeabilized, incubated with antibodies against integrin anti-β4 (ITGB4) antibody followed by Alexa-Fluor 488-conjugated antibody (green)
and integrin anti-α6 (ITGA6) antibody followed by Alexa-Fluor 555-conjugated antibody (red). Nuclei were stained with DAPI (blue). Analysis was performed using TCS
SP8 Leica. Scale bar � 10 μm.
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results in upregulation of αVβ5, either of them contributing to the
upregulation of HDs leading to an altered ventral membrane
environment with different links from integrins and the ECM to
IAC components and the cytoskeleton. MS data suggest that it is
possible that a reduced amount of desmosomes has occurred but
this should be verified by other methods and is outside the scope
of the research presented in this paper.

Cal27 and 2B1 Cells Form Type II HD-Like
Structures
Our MS analysis of the Cal27 cell adhesome identified only
type II HD components, α6β4 integrin and PLEC
(Supplementary Table 2.1). Differential analysis showed
increased levels of integrins α6, β4 and PLEC, and
decreased levels of KRT-5 and KRT-14 in IACs from 2B1

FIGURE 4 | Cal27 and 2B1 cells form HD-like structures which are indicative as type II HDs. (A–C)Cal27 and 2B1 cells were cultured on Aclar for up to 7 days and
transverse sections of the cell-ECM interface were prepared, imaged by TEM, and a range of magnifications shown. (A) Lower magnification images of cell monolayers
that have formed a flattened basal surface with a thin layer of ECM ($) proximal to the area where the Aclar film (@) would have occupied. (B)Higher magnification images
of the cell-ECM interface. Arrowheads (▲) indicate the approximate position of some type II HDs (indicated from the extracellular side) which are located at the
plasmamembrane (*) and link to cytoplasmic cytokeratin filaments (#). (C) Areas of cells to illustrate the formation of desmosomes. All images are orientated with the cell-
ECM interface towards the top of the images. Other symbols used are [N � nucleus; Open arrow � luminal side with microvilli; Filled arrow � basal surface next to ECM
and aclar.; † � cell-cell junction where you can sometimes see electron dense desmosomes (▲▲) as shown in (C).
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cells, suggesting a reduced link of type II HDs adhesions with
keratins. To analyze the cellular localization of integrin
heterodimer α6β4 we performed IF analysis using antibodies
directed against integrins α6 and β4 and demonstrated typical
integrin α6 and β4 staining, i.e., diffuse ventral membrane
localization in cauliflower or leopard skin pattern (Figure 3).
We also performed IF analysis using antibodies against KRT-14
(Supplementary Figure S3). Surprisingly, we observed a
different KRT-14 pattern between the cell types. In Cal27
cells KRT-14 was distributed at cell edges, whilst in 2B1 cells
KRT-14 was more diffuse, and the KRT-14 network was
dispersed throughout the cytoplasm, which was particularly
visible when moving away from the bottom of the cell into
the cell body.

Due to the limited resolution of IF microscopy, we analyzed
HDs in Cal27 and 2B1 cells by transmission electron
microscopy (TEM). In TEM, HDs appear as tripartite
structures consisting of an inner and outer plaque and a sub-
basal dense plate. The inner hemidesmosomal plaque is
composed of the PLEC and BP230 proteins, which are
involved in connecting the HD to the keratin intermediate
filament system. The outer plaque contains the
hemidesmosomal transmembrane proteins α6β4 and BP180.
The integrin α6β4, a receptor for laminin-332 in the
epidermal basement membrane, binds to the intermediate
filament anchoring protein PLEC (Borradori and
Sonnenberg, 1999; Walko et al., 2015). Cal27 and 2B1 cells
were cultured for 7 days on Aclar to allow transverse sections to
be viewed by TEM (Figure 4). Both Cal27 and 2B1 cells formed
cell layers of 1–2 cell depth. Polarization of cells was apparent,
with flattened ventral membrane surfaces next to a small layer of
secreted ECM and microvilli on the dorsal membrane
(Figure 4A). We observed many areas with increased plasma
membrane density that were in close proximity to the secreted
ECM (Figure 4A). In addition, many areas displayed increased
plasma membrane density alone. Therefore, in agreement with
the MS data, the TEM analysis identified plasma membrane
adhesion structures that did not display the fully mature HD
stratification observed for type I HDs that contain all HD
components (Uematsu et al., 1994; Fontao et al., 1999), and
supports the conclusion that Cal27 and 2B1 cells form type II
HDs. Of interest, the TEM analysis also revealed the presence of
cell-cell junctions such as desmosomes (Figure 4C), that is in
line with MS data containing many desmosomal proteins
(Supplementary Table S2.3).

Knockdown of Integrin β4 Confers
Resistance to CDDP, MMC and DOX in Both
Cal27 and 2B1 Cells
The de novo expression of integrin αVβ3 in Cal27 cells confers
resistance to cDDP, MMC and DOX (Stojanović et al., 2016).
Since we found increased expression of integrin α6β4 in 2B1
compared to Cal27 cells we aimed to investigate the possible
involvement of α6β4 integrin in sensitivity to these anticancer
drugs. We transfected Cal27 and 2B1 cells with siRNA specific for
integrin β4 and measured sensitivity to anticancer drugs as

compared to the cells transfected with control siRNA. WB
confirmed the decreased expression of integrin β4
(Supplementary Figure S2B). Of interest, this analysis also
revealed that integrin β4 expression was increased in 2B1 total
cell lysate compared to Cal27. To test whether integrin β4
knockdown decreased the amount of integrin α6β4

FIGURE 5 | Cal27 and 2B1 cells demonstrate decreased sensitivity to
CDDP, MMC or DOX upon knockdown of integrin β4 (si(β4)) as compared to
control Cal27 and 2B1 cells transfected with control siRNA (si(-)). Twenty-four
hours upon siRNA transfection, cells were seeded in 96-well plates and
24 h later treated with different concentrations of CDDP, MMC or DOX.
Cytotoxicity was measured by MTT assay 72 h later. Average absorbance
data ± S.D. indicating survival, are representative of at least three independent
experiments yielding similar results. Data were analyzed by two-way ANOVA
with Bonferroni post-test. ns, not significant; **p < 0.01; ***p < 0.001.
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heterodimer at the cell surface we measured the expression of
integrin subunit α6 using flow cytometry. Indeed, integrin β4
knockdown decreased the amount of α6 integrin subunit on the
cell surface (Supplementary Figure S2A), thus confirming that
integrin β4 knockdown decreases the expression of α6β4
heterodimer at the cell surface.

Both Cal27 and cell clone 2B1 transfected with control
siRNA retained similar sensitivity to cDDP, MMC and DOX
as nontransfected cells (data not shown). However, Cal27 and
2B1 cells transfected with β4-specific siRNA demonstrated
resistance, i.e., decreased sensitivity to cDDP, MMC and
DOX compared to cells transfected with control siRNA
(Figure 5). In the absence of the anticancer drug, both
Cal27 and 2B1 cells transfected with integrin β4-specific
siRNA demonstrate decreased proliferation compared to
control transfection. Upon exposure to different
concentrations of cDDP, MMC or DOX, the resistance of
2B1 cells compared to Cal27, both transfected with control
siRNA, was retained which corresponds to previously
published data (Stojanović et al., 2016). However, in both
cells transfected with integrin β4-specific siRNA we observed
increased survival (resistance) compared to their own controls.
This result confirms the involvement of integrin α6β4 in
signaling pathways affecting sensitivity of both cell lines to
anticancer drugs (Figure 5). However, since we observed a
similar effect of decreased expression of α6β4 in both Cal27 and
2B1 cells, we conclude that mechanisms of anticancer drug
resistance triggered by de novo expression of integrin αVβ3 and
decreased expression of α6β4 are independent, i.e., have
different mechanisms.

The expression of integrin αVβ3 is significantly higher in
tongue SCC cells than in epithelium cells in normal tissues
(Ahmedah et al., 2017). In our previous work we showed the
integrin crosstalk event in tongue squamous carcinoma cells
Cal27-derived drug resistant cell clone 2B1, obtained by de
novo expression of integrin αVβ3, i.e., increased amount of
integrin αVβ5 in 2B1 cells whose expression was unrelated to
integrin αVβ3-mediated anticancer drug resistance to
cDDP, MMC and DOX (Stojanović et al., 2016). Therefore,
our cell model imitates what might happen during
progression of HNSCC. Here, we assessed the adhesome of
both cell lines in order to obtain further information on the
components of the adhesion complexes and their possible role
in regulation of the sensitivity to the anticancer drugs. In
conclusion, our major finding is that both Cal27 and 2B1
cells preferentially, but not exclusively, use integrin α6β4 for
adhesion forming type II HDs. Integrin α6β4 also provides a
physiological role in sensitivity to three different
anticancer drugs.

CONCLUSION

Since integrins have been implicated in sensitivity to
chemotherapy they are therefore potential therapeutic targets,
in addition to their already well-described roles as therapeutics in
anti-clotting, multiple sclerosis and ulcerative colitis

(Desgrosellier and Cheresh, 2010; Seguin et al., 2015;
Dickreuter and Cordes, 2017; Raab-Westphal et al., 2017).
HDs are important in epithelial cell adhesion, and mutations
in any of the six genes encoding the structural components of
HDs cause the hereditary skin blistering disorder epidermolysis
bullosa (McGrath, 2015). In addition to their adhesion
function, HDs may also play an important role in signal
transduction (Wang et al., 2020). Finally, HDs play a role in
HNSCC progression since its metastatic growth is correlated
with upregulation and redistribution of HD components
(Herold-Mende et al., 2001). Our results indicate that
type II HDs in both Cal27 and 2B1 cells regulate sensitivity
to cDDP, MMC and DOX independently of αVβ3. These
data also reveal another integrin crosstalk event in Cal27
tongue squamous cell carcinoma cells, i.e., integrin αVβ3-
induced upregulation of α6β4, in addition to the previously
described integrin crosstalk event, i.e., upregulation of
integrin αVβ5 upon de novo expression of αVβ3 (Stojanović
et al., 2016).

Only those integrins assembled as heterodimers, a process
which occurs in the endoplasmic reticulum, are displayed on the
cell surface and able to bind their ligands and trigger signaling.
Therefore, it is not possible to determine a cell specific integrin
repertoire, that is used for cell adhesion and signaling, using
transcription analysis (Samaržija et al., 2020). With the
development of protocols to permit the isolation and
proteomic analysis of IACs it is possible to study the integrins
used by particular cell type as well as IAC composition
(adhesome) in detail (Humphries et al., 2019). Our data
comparing adhesomes of HNSCC cell line Cal27, and its clone
2B1 obtained by de novo expression of integrin αVβ3, represent a
valuable resource to improve our understanding of the
involvement of integrins in sensitivity to chemotherapy as well
as integrin crosstalk mechanisms.
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GLOSSARY

ACTN1 α-actinin 1

ACTN4 α-actinin 4

AHNAK neuroblast differentiation-associated protein

ANOVA related-measure two-way analysis of variance

ANXA1/2 annexins A1 and 2

BM basement membrane

BP180 BPAG2 or collagen XVII

BP230 dystonin or BPAG1-e

Cal27 tongue squamous carcinoma cells

CAV1 caveolin-1

CD151 tetraspanin

cDDP cisplatin

CLIC1 chloride intracellular channel 1

COL7A1 collagen VII

CYR61 cysteine-rich 61

DAVID database for annotation, visualization, and integrated discovery

DDX DEAD box proteins

DMEM Dulbecco’s modified Eagle’s medium

DMSO dimethyl sulfoxide

DOX doxorubicine

DSG2 desmoglein 2

DSG3 desmoglein 3

DSP desmoplakin

DTBP dimethyl 3,3’-dithiobispropionimidate, Wang and Richard’s reagent

ECM extracellular matrix

EDIL-3 EGF-like repeat and discoidin I-like domain-containing protein 3

EDTA ethylenediaminetetraacetic acid

EMT epithelial–mesenchymal transition

FA focal adhesion

FAK focal adhesion kinase

FBS foetal bovine serum

FLNA filamin A

FLNB filamin B

FN fibronectin

HEPES hydroxyethyl piperazineethanesulfonic acid

HD hemidesmosome

HNSCC head and neck squamous cell carcinoma

HSPG 2 heparan sulphate proteoglycan 2 or perlecan

HTRA-1 high-temperature requirement serine protease

IAC integrin adhesion complex

IF immunofluorescence

ILK integrin linked kinase

IRM interference reflection microscopy

ITGA6 integrin subunit α6

ITGB4 integrin subunit β4

ITGB5 integrin subunit β5

KRT-5 keratin 5

KRT-14 keratin 14

LAMA3 laminin subunit α3

LAMB3 laminin subunit β3

LAMC2 laminin subunit γ2

MMC mitomycin C

MS mass spectrometry

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

NUMA1 nuclear mitotic apparatus protein 1

NUP153 nucleoporin 153

PBS phosphate-buffered saline

PKP1/2/3 plakophilins 1/2/3

PLAK junction plakoglobin

PLEC plectin

PPL periplakin

PTX paclitaxel

MT microtubule

PPI network protein-protein interaction network

RPL ribosomal protein large

RPS ribosomal protein small

SDS-PAGE sodium dodecyl sulphate-polyacrylamide-gel electrophoresis

Src nonreceptor tyrosin kinase Src

TEM transmission electron microscopy

TGFBI transforming growth factor beta induced

TGF-β transforming growth factor β

THBS1 thrombospondin-1

TLN1 talin 1

TLN2 talin 2

TNC tenascin C

VCL vinculin

VCR vincristine

VTN vitronectin

WB Western blot
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Thy-1 (CD90), Integrins and Syndecan
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Acute skin wound healing is a multistage process consisting of a plethora of tightly
regulated signaling events in specialized cells. The Thy-1 (CD90) glycoprotein interacts
with integrins and the heparan sulfate proteoglycan syndecan 4, generating a trimolecular
complex that triggers bi-directional signaling to regulate diverse aspects of the wound
healing process. These proteins can act either as ligands or receptors, and they are critical
for the successful progression of wound healing. The expression of Thy-1, integrins, and
syndecan 4 is controlled during the healing process, and the lack of expression of any of
these proteins results in delayed wound healing. Here, we review and discuss the roles and
regulatory events along the stages of wound healing that support the relevance of Thy-1,
integrins, and syndecan 4 as crucial regulators of skin wound healing.

Keywords: Thy-1, CD90, integrins, mesenchymal cells, wound healing, cell migration, angiogenesis, syndecan 4

1 INTRODUCTION

The skin is considered the largest human organ and functions as a natural barrier that protects the
organs from environmental factors, such as light, heat, chemicals, dehydration, and infections
(Yousef et al., 2020). After an acute skin injury, the body initiates a wound repair process, which is
necessary to restore skin integrity and homeostasis. Wound repair consists of a plethora of tightly
regulated biological and molecular processes that can be divided into four continuous and
overlapping phases: hemostasis, inflammatory, proliferative, and remodeling. Hemostasis occurs
immediately after an injury. Platelets aggregate and form a blood clot, which is mainly constituted by
extracellular matrix (ECM) proteins forming the provisional matrix, which acts as a scaffold for cell
migration (Chen and Lopez, 2005). The inflammatory phase involves the migration of cells, such as
phagocytic neutrophils, macrophages, and leukocytes to the wound site. Subsequently, the
phagocytic cells release cytokines and other soluble factors to induce fibroblast migration and
proliferation (Martin and Leibovich, 2005; Nathan, 2006). During the proliferative phase, new blood
vessels are formed (either by angiogenesis or neovascularization), giving rise to the synthesis of ECM
components, as well as re-epithelialization. The final phase comprises collagen deposition and
remodeling (Thiruvoth et al., 2015; Cañedo-Dorantes and Cañedo-Ayala, 2019).

These four phases can be arrested at any point, leading to the formation of a chronic non-healing
wound. Alterations in any mediators, including soluble factors (e.g., inflammatory molecules and
growth factors), proteases (e.g., matrix metalloproteinases), blood elements, the ECM, parenchymal
and inflammatory cells, can also lead to impaired healing. Other comorbidities, such as diabetes,
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immunosuppression, renal failure, infection, and smoking,
negatively affect the wound healing process.

Thy-1 (CD90), a glycosylphosphatidylinositol (GPI)-
anchored protein, has been described as one of the cell
receptors that participates in the acute wound healing process
(Lee et al., 2013). Thy-1 is expressed in a variety of cells, including
fibroblasts, neurons, endothelial, and hematopoietic cells. Thy-1
expression is tightly regulated during development,
inflammation, and fibrosis. Moreover, Thy-1 is considered a
cell marker for fibroblast and mesenchymal stem cells (MSCs),
both of which play a transcendental role during wound repair.
Most importantly, Thy-1 is the ligand/receptor for integrins and
syndecan 4, and their interaction generates a trimolecular
complex that triggers bi-directional signaling pathways to
regulate several cellular processes, including cell adhesion,
differentiation, migration, and proliferation (reviewed in
Leyton et al., 2019).

Here, we review the direct role of Thy-1 and its co-receptors,
integrins and syndecan 4, during the different phases of the acute
skin wound healing process. Moreover, based on previously
published functions related to other pathophysiological
situations, we propose and critically discuss some new putative
roles for the Thy-1/integrin/syndecan 4 trimolecular complex in
the skin healing process, which could translate into potential
therapeutics to improve clinical outcomes.

2 THY-1, INTEGRINS AND SYNDECAN 4
ARE CELL-CELL AND CELL-MATRIX
COMMUNICATION MOLECULES
Thy-1 is a small (25–37 kDa) glycoprotein that possesses two
N-glycosylation sites in humans, and three in mice. Reports
indicate differential Thy-1 expression between tissues and
during development. In adults, Thy-1 protein is highly
expressed in the brain, smooth muscle, kidney, and colon. In
contrast, RNA studies have shown that Thy-1 is transcribed in
many other tissues and cell types, such as the endometrium,
adipose tissue, the urinary bladder, and T cells (Thul et al., 2017).
During development, Thy-1 is undetectable in the neonatal and
developing brain, compared to the higher levels observed in the
adult brain. Thy-1 expression can also vary within the same cell
type, defining cell subpopulations that possess different functions.
For example, lung fibroblasts expressing higher levels of Thy-1
secrete ECM and inflammatory molecules different from those of
fibroblasts expressing lower levels. Thy-1 presence in fibroblasts
can also dictate if they differentiate into myofibroblasts or
lipofibroblasts (Koumas et al., 2003).

Thy-1 localizes in lipid rafts at the cell membrane, but it can
also be shed by specific phospholipases (PI-PLC or PLC-β) and
other proteases not yet identified. Soluble Thy-1 (sThy-1) has
been detected in serum, urine, wound fluid, and synovial fluid. In
vitro, lung fibroblasts treated with IL-1β or TNFα shed Thy-1 into
the culture media. Increased levels of sThy-1 exist in wound fluid
from venous ulcers and synovial fluid from knee punction in
patients with rheumatoid arthritis, as well as in serum from
patients with systemic sclerosis and diabetic kidney disease,

suggesting that sThy-1 exerts a role during inflammation and
some pathological conditions (Freimuth et al., 1978; Saalbach
et al., 1999; Kollert et al., 2013; Wu et al., 2021).

Thy-1 is a very versatile glycoprotein that can act as a receptor,
a ligand, or a cell adhesion molecule. Thy-1 possesses an integrin-
binding domain (RGD-like tripeptide: RLD) and a heparin-
binding domain (HBD: REKRK, in mouse), which allow its
interactions with several integrins and syndecan 4,
respectively. The interaction of Thy-1 with its receptors occurs
within the same cell (in Cis) or between cells (in Trans) to trigger
diverse signaling pathways downstream of Thy-1, integrins, and/
or syndecan 4 (reviewed in Herrera-Molina et al., 2013; Leyton
et al., 2019).

Integrins are transmembrane receptors formed by α and β
heterodimers that bind ECM proteins, cell surface molecules,
and soluble ligands. At least 18 α and 8 β subunits have been
described in humans, generating 24 different heterodimers,
which recognize and interact with specific ligands. Integrins
transduce signals from the ECM into the cell (outside-in), but
the cell can also regulate the integrin affinity for its ligand
(inside-out). To date, Thy-1 has been shown to interact with
the αvβ3, αxβ2, αMβ2, α5β1, and αvβ5 integrins (Table 1)
(Leyton et al., 2001; Wetzel et al., 2004; Saalbach et al., 2005;
Hermosilla et al., 2008; Avalos et al., 2009; Zhou et al., 2010;
Fiore et al., 2014).

The syndecan family is comprised of four members (syndecan
1, 2, 3, and 4), which are timely and spatially expressed across
every cell of the body. Syndecans are transmembrane heparan
sulfate proteoglycans, composed of a divergent ectodomain, a
conserved transmembrane region, and a short cytoplasmic tail.
The ectodomain possesses glycosaminoglycan chains (GAGs) of
heparan sulfate that interact with ECM proteins, cytokines,
chemokines, growth factors, and its receptors. The
ectodomain can also be shed from the cell surface to
sequester soluble factors or compete for binding to the ECM.
The cytoplasmic domain possesses two conserved regions (C1
and C2), flanking a variable (V) region unique to each syndecan,
which triggers specific cell signaling pathways (Simons and
Horowitz, 2001; Bertrand and Bollmann, 2019; Gondelaud
and Ricard-Blum, 2019).

Of interest for this review, integrins act cooperatively with
syndecan 4 to regulate focal adhesion (FA) and actin stress fiber
formation in a RhoA-dependent manner (Avalos et al., 2009;
Fiore et al., 2014). FA turnover is an important event during
directional cell migration. Moreover, Thy-1 has been shown to
directly interact with integrins and syndecan 4 to form a
trimolecular complex that facilitates initial cell adhesion by
enhancing FA formation and subsequently, promoting
migration by regulating contractility and FA turnover (Avalos
et al., 2004; Hermosilla et al., 2008; Avalos et al., 2009; Kong et al.,
2013; Fiore et al., 2014; Fiore et al., 2015; Lagos-Cabre et al., 2017;
Burgos-Bravo et al., 2020; Valdivia et al., 2020). Although the
bidirectional signaling pathways triggered by Thy-1/integrin/
syndecan 4 clustering and activation remain unexplored
during skin injury, the biological significance of each of these
molecules by themselves has been proven important for an
efficient wound healing process.
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Most of the cell types participating in the wound healing
process express integrins, syndecan 4 and Thy-1 (Table 1).
Furthermore, Thy-1, integrins and syndecan 4 are upregulated
after skin injury and in response to inflammation (Table 1)
(Lefcort et al., 1992; Sepp et al., 1994; Gallo et al., 1996; Lee
et al., 1998; Goutebroze et al., 2003). The Thy-1 promoter
becomes active right at the wound area and remains active up
to 36 days after injury (Josvay et al., 2014). Similarly,
transcriptome analysis has shown that human blood vessels in
a wounded area express 24-fold higher Thy-1 levels than normal
tissue vessels (Roy et al., 2007). Additionally, decreasing Thy-1
levels delays the wound healing process by generating abnormal
re-epithelialization and TGFβ secretion (Lee et al., 2013).

Syndecan 4 is also upregulated in the epidermis after injury,
and disruption of the syndecan 4 gene in mice delayed skin
wound healing and impaired angiogenesis (Gallo et al., 1996;
Echtermeyer et al., 2001). Syndecan 4 regulates wound healing
in vitro by controlling the levels of integrins at the membrane to
allow an efficient directional cell migration, and in vivo, by
upregulating its levels within the granulation tissue, implying a
role during wound-related angiogenesis (Fuster and Wang, 2010;
Bass et al., 2011; Brooks et al., 2012; Vuong et al., 2015).

On the other hand, integrins have been proven transcendental
for the recruitment of leukocytes, keratinocytes, and fibroblasts to
the wound area, as well as for myofibroblast differentiation and
blood vessel sprouting during angiogenesis (Columbo and
Bochner, 2001; Annes et al., 2004; Asano et al., 2005; Asano
et al., 2006; Carracedo et al., 2010; Zarbock et al., 2012; Darby
et al., 2014; Koivisto et al., 2014; Kenny and Connelly, 2015;
DiPersio et al., 2016; Lishko et al., 2018). Aberrant integrin
signaling is associated with defective ECM deposition, which
affects normal fibroblast differentiation and function, and also
generates inefficient cell recruitment and insufficient
angiogenesis, which cause a hypertrophic scar or chronic
wounds (Koivisto et al., 2014).

Substantial evidence supports the importance of Thy-1 and its
counteracting receptors during wound closure. In the next
sections, we review the specific roles that Thy-1, integrins, and
syndecan 4 play in each one of the phases of the acute skin wound
healing process, with a special emphasis on yet unexplored
functions, which may be relevant for future therapeutic
development.

3 HEMOSTASIS PHASE

The immediate response after an acute wound is vasoconstriction
and clot formation to prevent blood loss. Vasoconstriction is
mediated by prostaglandins and endothelin released from
circulating platelets and the damaged endothelial layer
(Menter et al., 2017; Rodrigues et al., 2019). Moreover,
circulating catecholamines and prostanoids, such as
epinephrine, norepinephrine, and thrombocyclin can also
generate vasoconstriction (Feletou et al., 2010). Platelet-derived
growth factor (PDGF) activates smooth muscle cells in the vessel
to cause contraction (Berk et al., 1986). After the initiation of the
coagulation cascade, vasoconstriction resolves the bleeding

through thromboxane A2, bradykinin, serotonin, and
fibrinopeptide (Rodrigues et al., 2019). The clot formation
process is initiated in response to the vascular wall damage,
which exposes the subendothelial collagen to blood
components (Chen and Lopez, 2005). Platelets adhere to
collagen, become activated, and aggregate to form the initial
hemostatic plug. At this point, the coagulation and complement
cascades are activated, mediating the cleavage of prothrombin to
thrombin, which subsequently cleaves fibrinogen to fibrin. Fibrin
strands bind at the hemostatic plug along with platelets and
erythrocytes to form an insoluble clot. Apart from the crosslinked
fibrin strands, the clot also contains other ECM proteins, such as
collagen type I, fibronectin, vitronectin, and thrombospondin
(TSP), which create a provisional ECM that favors fibroblast and
leukocyte migration. The active platelets in the clot will also
undergo degranulation, and release soluble factors to mediate
vasoconstriction, endothelial and fibroblast activators (e.g.,
TGFβ, VEGF, FGF2, and PDGF), and chemoattractant and
inflammatory mediators [e.g., chemokine (C-X-C motif) ligand
4 (CXCL4 or PF4), chemokine (C-C motif) ligand 5 (CCL5),
Interleukin 6 (IL-6), Interleukin 8 (IL-8), and Insulin growth
factor 1 (IGF1)] (Martins-Green et al., 2013; Ridiandries et al.,
2018; Cañedo-Dorantes and Cañedo-Ayala, 2019; Rodrigues
et al., 2019).

Integrin αIIbβ3 is the main integrin on the surface of platelets
and mediates adhesion to fibrinogen, fibronectin, vitronectin, and
the Von Willebrand Factor (vWF). The function of αIIbβ3 is
indispensable for platelet aggregation, clots retraction, and
thrombus stability during wound healing. Platelets also
express, to a lesser extent, α2β1, α5β1, α6β1, and αvβ3
integrins (Table 1) (Bennett, 2005; Bennett et al., 2009; Haling
et al., 2011; Eisinger et al., 2018). Although, α2β1 mediates
adhesion to collagen and αvβ3 to osteopontin, as well as to
vitronectin during in vitro assays, it is uncertain whether they
play a role during hemostasis or if they can interact with Thy-1
expressed on other cell types present in the wounded area
(Bennett et al., 1997; Paul et al., 2003).

Syndecan 4 is ubiquitously expressed in adult human cells.
Particularly in healthy skin, tissue analysis shows medium-to-
high levels of syndecan 4 protein expression in keratinocytes,
Langerhans (tissue-resident macrophages in epidermis),
fibroblasts, and epidermal cells. Single-cell RNA analysis has
also shown that skin endothelial cells, smooth muscle cells,
melanocytes and T cells express syndecan 4 (Thul et al., 2017;
Sole-Boldo et al., 2020; Karlsson et al., 2021; The Human Protein
Atlas, 2021). Platelets themselves express syndecan 4, and
clustering of syndecan 4 using antibodies increases platelet
aggregation, though the role of syndecan 4 in platelet
aggregation has not been described during skin hemostasis
(Kaneider et al., 2005).

Single-cell RNA analysis of healthy skin shows that Thy-1 is
normally expressed in fibroblasts and smooth muscle cells, while
lower levels are observed in endothelial cells, keratinocytes,
melanocytes, resident skin macrophages, and granulocytes (Thul
et al., 2017; Sole-Boldo et al., 2020; Karlsson et al., 2021; The Human
Protein Atlas, 2021). Even though Thy-1 is considered a dermal
fibroblast and dermal mesenchymal stem cell marker, its expression
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levels in healthy skin are very low compared to other tissues, such as
the cerebral cortex (<30-fold) (Thul et al., 2017; Sole-Boldo et al.,
2020; Karlsson et al., 2021; TheHumanProteinAtlas, 2021). To date,
it remains unknown whether Thy-1 basal levels play a relevant role
in skin physiology or during the hemostasis phase. However, Thy-1
levels rapidly increase after skin injury (Figure 1). Indeed, using an
ear injury model on transgenic mice expressing YFP under the
control of the Thy-1 promoter, Jósvay et al., showed that a halo of
fluorescence appears right at the wound edge, as soon as day 1 after
injury. At day 3, the fluorescent area expands to the surrounding
wounded area, and the fluorescence remains up to 2 weeks after the
injury (Josvay et al., 2014). The fluorescent area around the wound
starts decreasing at day 21 and disappears by day 36, indicating that
the activity of the Thy-1 promoter is tightly controlled during the
wound healing process (Freimuth et al., 1978). These changes in
Thy-1 expression presumably occur in response to the inflammatory
molecules and growth factors that are released in the wound area
early during the hemostasis phase. Supporting this idea, cytokines
such as IL-1β, IL-2, and TNFα, and growth factors such as VEGF can
induce Thy-1 synthesis in other systems (Mason et al., 1996; Lee
et al., 1998;Weston et al., 2002; Zhao et al., 2003;Wetzel et al., 2004).
Notably, IL-1β, IL-6, and TNFα levels are elevated in the diabetic
wound healing process. High levels of these chemokines during
hemostasis activates the secretion of acute-phase proteins from the
liver and recruit an excessive number of inflammatory cells to the
wound site, thus affecting the healing process (Strang et al., 2020).
Moreover, Thy-1 levels are also increased during diabetic foot ulcers
(Januszyk et al., 2020). Therefore, we speculate that at least during
diabetic wound healing these cytokines can induce Thy-1

overexpression to mediate the migration of inflammatory cells.
Some of the mechanisms by which Thy-1 can stimulate cell
migration on the surface of inflammatory cells will be discussed
in detail in the description of the inflammatory phase (Section 4).
Similarly, the expression of integrins and syndecan 4 is also regulated
by inflammatory mediators (Herzberg et al., 1996; Werner and
Grose, 2003; Okuyama et al., 2013; Lagos-Cabre et al., 2017;
Schnittert et al., 2018; Gopal, 2020). It is noteworthy that CXCL4,
the main chemokine secreted by platelets during the hemostasis
phase, binds integrin αMβ2 (MAC-1) on leukocytes, as well as
αvβ3 and α5β1 on endothelial cells (Figure 1) (Aidoudi et al.,
2008; Lishko et al., 2018). Therefore, Thy-1 could potentially
modulate the effects of CXCL4 by competing for its integrin
receptor, although this idea needs to be evaluated in the context
of skin wound healing.

The role of syndecans in the activation of chemokines has been
broadly studied. Chemokines such as CCL5 and CXCL4, which
are secreted by activated platelets during the hemostasis phase,
require both chemokine oligomerization and binding to GAGs to
participate in cell recruitment. CCL5 induces syndecan 4
shedding from the surface of HeLa cells, and syndecan 4 can
bind chemokines and induce chemokine oligomerization
(Figure 1) (Charnaux et al., 2005; Dyer et al., 2016).
Nonetheless, further research is necessary to establish a
specific role of syndecan 4 in the oligomerization of
chemokines during the hemostasis phase after acute skin injury.

Thy-1 can also be related to the secretion of ECM in other cell
types not associated with skin. For instance, the induction of Thy-
1 in human ovarian cancer cells enhances the expression of

TABLE 1 | Thy-1 and its integrins/syndecan 4 receptors are expressed in different cell types that participate in the wound healing process.

Cell type Integrins/syndecan 4 expression Thy-1 expression Effect

Platelets αIIβ3a, α2β1a (Rodrigues et al., 2019) ND May bind to endothelial cells expressing Thy-1
αvβ1a, α6β1a, αvβ3, αIIbβ3a (Bennett, 2005)
syndecan 4b (Kaneider et al., 2005)

Mast cells α4a, α5a, α6a, β1, β7a (Grodzki et al., 2003) Thy-1 (Draberova et al., 1996) Cell adhesion, stabilization of lipid rafts
syndecan 4b (Higashi et al., 2018)

Monocytes αMβ2 syndecan 4b (Kaneider et al., 2002) ND Adhesion and migration
Macrophages αMβ2 Thy-1 (Thul et al., 2017) Adhesion and migration

syndecan 4b (Hamon et al., 2004)
Leukocytes αMβ2 (Wetzel et al., 2004) ND Extravasation of leukocytes

Secretion of MMP9 and CXCL8syndecan 4b (Gopal, 2020)
MSCs α3a, αv (Lee H. M et al., 2020) Thy-1 (Saalbach and Anderegg,

2019)
Cell differentiation

Keratinocytes αvβ5a, αvβ6a, α5β1a, Thy-1 (Nakamura et al., 2006) Migration and cell proliferation
α3β1a, α6β4a
syndecan 4b (Rousselle et al., 2019)

Endothelial
cells

β3b (Sepp et al., 1994) Thy-1b (Lee et al., 1998) Transendothelial migration of leukocytes
syndecan 4b (Vuong et al., 2015)

Pericytes α6β1a (Reynolds et al., 2017) Thy-1 (Billaud et al., 2017) Angiogenesis and deposition of the ECM
syndecan 4 ND

Fibroblasts αvβ3, αvβ1 (Bates et al., 1991), α5β1 Thy-1 (Koumas et al., 2003) Cell differentiation, latent activation of TGFβ; expression of PDGF, the
ECM and cytokinessyndecan 4b (Fiore et al., 2014)

Schwann αvβ3 (Milner et al., 1997), α5β1b (Lefcort et
al., 1992)

ND May bind to endothelial cells expressing Thy-1

syndecan 4b (Goutebroze et al., 2003)

ND, not determined.
aIntegrin heterodimers or monomers have not been described as a Thy-1 ligand.
bExpression is either triggered or increased after injury or inflammation.
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fibronectin and TSP1 (Figure 1). In addition, pulmonary Thy-1
(+) and Thy-1 (−) fibroblasts synthesize fibronectin, but the
subpopulation of Thy-1 (+) fibroblasts produces two- to three-
fold more collagen than the Thy-1 (−) cells (Derdak et al., 1992;
Abeysinghe et al., 2005). Moreover, TSP1, one of the provisional
ECM components, induces the disassembly of focal adhesions
necessary to induce fibroblast migration in a Thy-1-dependent
manner (Barker et al., 2004). However, it remains unknown
whether Thy-1 can trigger ECM secretion or interact with
TSP1 during skin wound healing.

Therefore, the expression of Thy-1, integrins, and syndecan 4
can potentially be modulated by soluble signals released during
hemostasis, although more research is necessary to elucidate if
Thy-1 and its receptors also exert a role in controlling key events
for hemostasis, such as activation of chemokines, ECM secretion
and early cell migration to the wounded area.

4 INFLAMMATORY PHASE

During the inflammatory phase, neutrophils, macrophages, and
lymphocytes are recruited to the wound site. Bradykinin and
anaphylatoxins (C3a and C5a), generated by the coagulation and
complement cascades, respectively, disrupt cell-cell junctions of
the endothelial cells and increase the permeability of the local
vessels, facilitating the infiltration of inflammatory cells.
Neutrophils are the first to arrive to the wound area, following
a gradient of chemoattractant molecules composed of several
growth factors and chemokines released by activated platelets
in the blood clot, as well as N-formyl peptides released by
bacteria and damaged cells (Mantovani et al., 2011). Within
the wound, neutrophils will decontaminate the wound using
diverse strategies, including phagocytosis, proteases, secretion
of antimicrobial peptides, generation of reactive oxygen

FIGURE 1 | Thy-1 (CD90), integrins, and syndecan 4 could participate in multiple stages of skin wound healing. Based on data obtained in similar cell types from
organs other than skin, we have proposed putative roles for Thy-1, integrins and syndecan 4 during the wound healing process. (*) Shows functions for these molecules
that have already been studied in skin and/or skin wound models. In brief, the acute skin wound healing process consists of four phases that overlap and are tightly
regulated. (1) The hemostasis phase starts immediately after injury. Platelets aggregate and form a blood clot containing ECM proteins and secrete soluble factors,
such as CXCL4, which lead cell migration into the wound area; (2) The inflammatory phase involves the migration of neutrophils, macrophages, and leukocytes to the
wound site. The inflammatory cells release cytokines, chemokines, and growth factors to recruit fibroblasts into the wound; (3) The proliferation phase is characterized by
proliferation of fibroblasts, angiogenesis, formation of granulation tissue, peripheral nerve repair, recruitment of keratinocytes, and re-epithelization; (4) The remodeling
phase is characterized by wound contraction and collagen remodeling. The roles for Thy-1 (CD90) and its co-receptors integrins and syndecan 4 are highlighted in
each phase. Created with Biorender.com.
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species (ROS), and neutrophil extracellular traps (NETs) to
immobilize and kill microorganisms (Brinkmann et al., 2004;
Nathan, 2006; Kolaczkowska and Kubes, 2013). Despite their
relevant role in controlling infection, the absence of
neutrophils does not impair the healing process. Indeed,
wound repair can happen faster in animals deficient in
neutrophils, suggesting that neutrophils can be inhibitory to
some extent during the repair process (Simpson and Ross,
1972; Dovi et al., 2003; Martin and Leibovich, 2005). On the
other hand, the sustained presence of neutrophils in the wound
could be one of the causes of chronic non-healing wounds
(Martin and Leibovich, 2005).

In addition to NET function as a host defense mechanism,
NETs also participate in thrombus formation and metastatic
dissemination of cancer cells. In this context, α9β1 integrin in
the neutrophil plasma membrane promotes thrombosis and
clot formation, and the adhesion of different tumor cells to
NETs is facilitated by high expression of α5β1, αvβ3, and αvβ5
integrins (Martinod and Wagner, 2014; Monti et al., 2018).
Similarly, integrins reportedly regulate neutrophil activation
and NET formation (NETosis). In a mouse model of
ventilator-induced lung injury, blocking integrin-mediated
outside-in signaling decreases NET formation and lung
injury (Rossaint et al., 2014). Alternatively, stimulation of
neutrophils with phorbol 12-myristate 13-acetate (PMA), a
potent protein kinase C (PKC) activator, induces complete
NET formation independent of cell adhesion (Erpenbeck et al.,
2019). Therefore, NET formation could occur in an integrin-
dependent and -independent manner. However, the exact
mechanism by which PMA induces NET formation remains
unclear. Currently, there is no evidence that the Thy-1/
integrin/syndecan 4 trimolecular complex can control
NETosis, although, syndecan 4 can regulate PKC activity,
and PMA can increase Thy-1 expression on endothelial
cells to facilitate wound healing (Oh et al., 1997; Murakami
et al., 2002; Wen et al., 2018). More importantly, increased
NETosis is associated with delayed wound healing in diabetic
skin wounds, which therefore posit NET formation
mechanisms as an attractive subject of study (Wong et al.,
2015; Fadini et al., 2016; Erpenbeck et al., 2019; Lee, Y. S. et al.,
2020).

Following neutrophils, monocytes are recruited to the wound
via C-C chemokines, such as CCL2. These chemokines are
secreted initially by neutrophils and subsequently by
keratinocytes and monocytes themselves (Gillitzer and
Goebeler, 2001; Rees et al., 2015; Ridiandries et al., 2018).
Within the wound, monocytes mature into macrophages,
which initially acquire a pro-inflammatory phenotype (M1),
and subsequently, as the wound heals, they transition to an
anti-inflammatory and pro-regenerative phenotype (M2). As
proposed by Krzyszczyk and other researchers, the M1/M2
definition is oversimplified, since in the wound bed,
macrophages exhibit a different spectrum of M1- or M2-like
characteristics (Martinez and Gordon, 2014; Krzyszczyk et al.,
2018). M1-like macrophages remove dead cells, apoptotic
neutrophils, bacteria, tissue debris, and foreign materials. They
function as antigen-presenting cells, and secrete cytokines and

growth factors, such as TGFα, TGFβ, bFGF, VEGF, and PDGF
(Martins-Green et al., 2013; Krzyszczyk et al., 2018). These
soluble factors attract and activate endothelial cells, fibroblasts,
and keratinocytes. Subsequently, M2-like macrophages favor
wound healing by inducing cell proliferation, angiogenesis,
and ECM synthesis during the proliferative phase, and also by
secreting matrix metalloproteinases (MMPs) in the remodeling
phase, as discussed later (Sections 5 and 6). In a guinea pig
wound model, macrophage depletion using antisera and steroids
results in impaired disposal of damaged tissue and matrix, a
decreased fibroblast count, and delayed wound healing
(Leibovich and Ross, 1975; Martin and Leibovich, 2005).
Surprisingly, antisera depletion of neutrophils does not affect
the healing process (Simpson and Ross, 1972). More recent
research using leukocyte-deficient mice has shown that not
one of the inflammatory cell lineages is absolutely necessary to
favor wound healing. Indeed, the absence of some leukocytes
lineages can cause a faster wound repair and can also diminish
scarring later during remodeling phase, suggesting that
inflammatory cells can have an inhibitory effect during
healing. In this context, neutrophil knockdown mice show
faster wound repair than the control littermates, if the
conditions are sterile (Dovi et al., 2003). Additionally, in PU.1
null mice, which lack macrophages and neutrophils, wound
healing is not impaired; it follows a similar time course as in
their WT littermates and healing occurs in the absence of fibrosis
and scar formation, similarly to embryonic wound healing
(Martin et al., 2003). Cytokines and growth factor levels are
reduced in PU.1 null mice. However, they are not entirely absent,
as observed in wounded embryonic tissue, since these soluble
signals can still be produced in small amounts by keratinocytes
and fibroblasts, suggesting that inflammation and macrophages
are somehow not crucial for healing, although they may play an
essential role in scar formation.

Evidence suggests that Thy-1 might mediate the recruitment
of inflammatory cells to the wound site. As reported, Thy-1
expressed on endothelial cells mediates the binding of neutrophils
and monocytes to activated microvascular endothelial cells
(Figure 1) (Saalbach et al., 2000). Furthermore, αMβ2 integrin
(Mac-1 or CD11b/CD18) expressed in the leukocyte membrane
was identified as the counterreceptor for Thy-1 (Wetzel et al.,
2004). Moreover, Thy-1 mediates the extravasation of monocytes
and neutrophils in a thioglycollate-induced peritonitis model and
the extravasation of eosinophils and monocytes in a lung
inflammation model (Schubert et al., 2011). Additionally, the
interaction between Thy-1 and αMβ2 integrin on neutrophils
triggers effector functions in neutrophils, inducing the secretion
of MMP9 and CXCL8 (Saalbach et al., 2008). Hence, by bringing
together inflammatory cells to the wound bed, Thy-1 may
contribute to modulate the inflammatory microenvironment.

The innate skin immune system, including neutrophils and
monocyte/macrophages, provides a non-specific first-line
response to pathogens, toxins, and foreign material. The
innate response comprises toll-like receptors (TLRs) and
receptor for advanced glycation end products (RAGE)
receptors that recognize stress signals, such as
lipopolysaccharide (LPS). These receptors then trigger signal
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transduction pathways that culminate with the release of TNF,
IL-1β, IL-6, and NO. On the other hand, B- and T-lymphocytes
complement the innate response more specifically:
B-lymphocytes produce specific antibodies, and T-lymphocytes
secrete cytokines and elicit cytolytic activity (Strbo et al., 2014).
B-lymphocytes are present in the wound area from day 4 to day
17 after injury (Sirbulescu et al., 2017). In splenectomized nude
mice, wound healing is delayed, and this effect is recovered after
the addition of external antibody-producing B cells (Nishio et al.,
2009). Similarly, topical treatment with B cells improves healing
of acute wounds by 2–3 days in wild-type animals and 5–6 days in
obese diabetic mice (Sirbulescu et al., 2017). Thy-1 is expressed on
early B-cells in the thymus and has been related to the
proliferation of B-cell lymphomas (Ritter et al., 1983; Ishiura
et al., 2010). Nonetheless, Thy-1 is not expressed in mature
B-cells. Relatedly, syndecan 4 blocking antibodies inhibit the
directional migration of B-cells in an asthma model, and
B-cells from syndecan 4−/− mice also show impaired
directional cell migration in an arthritis model (Endo et al.,
2015; Polte et al., 2015). Although these results suggest a
possible role of syndecan 4 during B-cell migration, further
experiments are necessary to elucidate its role in skin wound
repair.

T-lymphocytes in the skin consist of regulatory cells, CD4+

helper cells, and CD8+ killer cells, which can be present in the
circulation or be permanent residents of the skin. Regulatory
CD4+ T cells migrate and accumulate in the skin, where they
participate in skin homeostasis and tolerance to normal skin flora
(Ali and Rosenblum, 2017). The role of regulatory T cells in skin
injury was recently reviewed (Boothby et al., 2020). In brief,
regulatory T cells control inflammation and reduce the number of
macrophages and upregulate the expression of EGFR to favor re-
epithelialization and wound closure. As proposed, skin regulatory
T cells play an important role in preventing an immune response
against self-antigens during cutaneous injury (Metzger and
Anderson, 2011). On the other hand, helper CD4+ T cells
contribute to the inflammatory response against pathogens by
releasing cytokines that mediate the secretion of antimicrobial
peptides. Several subsets of helper T cells (Th1, Th2, Th17, and
Th22) secrete unique cytokines, which orchestrate defensins and
antimicrobial peptides to protect the skin from infection. Skin
resident dendritic cells participate in the phagocytosis of
microorganisms and present the antigens to naïve CD8+ cells.
Active CD8+ killer cells differentiate in homing effector memory
(TEM) T cells and central memory (TCM) T cells. TEM cells migrate
to the wound area and release proinflammatory cytokines to
mediate pathogen clearance. After the infection is resolved, most
of the TEM cells die by apoptosis, and the few remaining cells are
known as tissue-resident memory (TRM) T cells. After reinfection,
dendritic cells present the antigen to the TRM cells, which
proliferate and recruit circulating TEM cells to mediate
pathogen clearance. Human hypertrophic scars generated after
a burn injury show a high infiltration of T cells, and murine
models have shown that scar formation is mediated by cytokines
secreted by Th2 helper T cells (Cañedo-Dorantes and Cañedo-
Ayala, 2019; Rodrigues et al., 2019). Interferon γ secreted by Th1
cells can attenuate tissue fibrosis by downregulating collagen

synthesis and decreasing fibroblast proliferation (Harrop et al.,
1995; Wynn, 2004). Similarly, keloid fibroblasts synthetize less
collagen when co-cultured with regulatory T cells (Murao et al.,
2014; Chen et al., 2019). Therefore, regulatory T cells maintain
immune homeostasis.

Thy-1 can also induce T lymphocyte activation. Thy-1 is
abundantly expressed on CD4+ CD8+ double-positive
thymocytes and, to a lesser extent, at the T cell surface
(Haeryfar and Hoskin, 2004). Although early research showed
that Thy-1 expression was restricted to mature mouse T cells and
that mature human T cells did not express Thy-1, more recent
reports have shown that Thy-1 is expressed in specific subsets of
human T cells (Th17/Tc17) (Guillot-Delost et al., 2012).
Differentiation into Th17/Tc17 is enhanced after tissue
damage and the dysregulation of these cells can lead to skin
inflammatory conditions, such as atopic dermatitis, psoriasis, and
Lichen Planus (Baurecht et al., 2015; Brockmann et al., 2017;
Linehan et al., 2018; Norsgaard et al., 2019; Solimani et al., 2019).
Moreover, single-cell RNA data has shown that T cells express
low Thy-1 levels in healthy human skin; nonetheless, the
significance of this observation has not been studied in healthy
skin nor in wound healing models (Thul et al., 2017; Sole-Boldo
et al., 2020; Vorstandlechner et al., 2020; Karlsson et al., 2021; The
Human Protein Atlas, 2021). The role of Thy-1 in T cell function
has been studied primarily on T cells from rodent models. In this
context, it is known that T cells from Thy1−/− mice show
enhanced T cell antigen receptor (TCR) activity. Additionally,
anti-Thy-1 antibodies activate mouse T cell proliferation and
cytokine synthesis in the absence of an antigen-specific signal in
the context of CD28 co-stimulation (Pont, 1987; Hueber et al.,
1994) or a co-stimulatory signal from syngeneic bone marrow-
derived dendritic cells (Haeryfar and Hoskin, 2001). Thus, Thy-1
can regulate the T cell response in the absence of TCR activation
and enhance antigen-induced T cell responses in mouse cells.
Noteworthy, Thy-1-regulated TCR activation has not been shown
in human skin resident T cells during wound healing nor in the
aforementioned skin conditions, where Th17/Tc17 cells are
relevant.

The last leukocytes recruited to the wound area are the mast
cells, which typically reside in the skin. They play an essential role
in innate immunity during the healing process of infected
wounds, where they release TNFα to chemoattract professional
phagocytic cells, such as polymorphonuclear neutrophils (PMN).
Knockout of mast cells in mice impairs wound healing and
reduces the inflammatory response that diminishes fibrosis
and scar formation (Szpaderska et al., 2003; Gallant-Behm
et al., 2008; Shiota et al., 2010). In the activation of mast cells,
Thy-1 membrane microdomains serve as a platform to aggregate
Src-related proteins to induce activation of rat mast cells
(Figure 1) (Draberova, 1989; Draberova et al., 1996). This
activation also involves Thy-1 ligands, such as integrins, and
in this context, the engagement of β1 integrin in mast cells
increases their sensitivity to cellular activation (Ra et al.,
1994). Mast cells can show an adherent or non-adherent
behavior according to the integrin profile, which might include
the expression of α4, α5, α6, β1, and β7 integrin subunits. The
expression of α4 integrin is higher in adherent mast cells (Grodzki
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et al., 2003). β1 and αvβ3 integrin expression have also been
related to mast cell adhesion in human skin (Columbo et al., 1995;
Columbo and Bochner, 2001). Interestingly, α5β1 and αvβ3
integrins are reported Thy-1 receptors/ligands, and therefore,
their interaction in this biological process could potentially
contribute to the adhesive behavior of mast cells.

A role of Thy-1 in recruiting leukocyte cells and regulating
inflammation has been sustained by studies that show that
monocytes and neutrophils expressing αxβ2 and αMβ2
integrins use Thy-1 expressed on the surface of activated
endothelial cells to migrate (Wetzel et al., 2004). The
recruitment of leukocytes and the subsequent increase in
cytokines can exacerbate the expression of Thy-1 in the
endothelial cells at the wound site, as discussed during
angiogenesis in the proliferative phase (Section 5). Thy-1 also
interacts with CD97, an adhesion G-protein coupled receptor
(GPCR) present at the adherent junctions formed between
endothelial cells; such interaction probably mediates the
transmigration of the leukocytes to the wound (Figure 1).
Additionally, Thy-1 regulates the extravasation of leukocytes
during acute lung inflammation, controlling the recruitment of
different cells and preparing the inflammatory environment
(Schubert et al., 2011).

Inflammatory cell recruitment and subsequent secretion of
regenerative factors at the wound bed are tightly coordinated
processes (Cañedo-Dorantes and Cañedo-Ayala, 2019). As
discussed before, changes in the timing and inflammatory
components can both positively and negatively affect the
healing process. Another component reviewed in the literature
is the heparan sulfate proteoglycan syndecan. Its role during
inflammation depends on the degree of sulfation of the heparan
sulfate chains, the rate of ectodomain shedding, the solubility of
the ectodomains, and the expression levels of different syndecan
family members (Gopal, 2020).

On the other hand, integrins mediate leukocyte accumulation
at the sites of inflammation. Inflammatory mediators trigger
integrin activation, and this is a crucial step to initiate
leukocyte migration to inflamed tissues. Subsequently, integrin
deactivation is indispensable for maintaining proper leukocyte
migration (Zarbock et al., 2012; Park et al., 2015). Integrins are
also important for leukocyte adhesion and transmigration
through blood-vessel walls to get access to the site of
inflammation, in neutrophil recruitment, lymphocyte
recirculation, and monocyte trafficking. Specifically, β1 and β2
integrins have been addressed as central players in regulating
leukocyte recruitment and vascular permeability during acute
inflammation (Figure 1) (Rhee et al., 2003; Ley et al., 2007; Ou
et al., 2021). Taken together, Thy-1 and its receptors integrins and
syndecan 4 play a crucial role in recruiting leukocytes and
restraining the immune response in the wound area.
Therefore, further studies are necessary to evaluate if, for
instance, the shedding of Thy-1 and syndecan 4 or changes in
the expression of these receptors are important to clear up
inflammation and lead to the remodeling phase of wound healing.

Lymphocyte-induced inflammation is cleared by a massive
apoptosis process induced by interferon (INFc) and TNFα
production at the wound site (Martins-Green et al., 2013). Liu

et al., demonstrated that Bcl-2 and Bcl-xL synthesis was decreased
in response to Thy-1 expression and could lead to apoptosis by
activating the effector caspase-3 and poly ADP-ribose polymerase
(PARP). In addition, they demonstrated that Thy-1 mediates
apoptotic signaling via both caspase-9- and caspase-8-dependent
pathways (Liu X. et al., 2017). Moreover, Thy-1/β3 integrin-
induced apoptosis of dermal fibroblasts is mediated by
upregulation of Fas ligand (FasL) expression (Figure 1)
(Schmidt et al., 2016). FasL binds to and activates Fas, a cell-
surface death receptor belonging to the TNF receptor
superfamily, to induce apoptosis through the activation of
caspase-8. Therefore, we hypothesize that Thy-1 and β3
integrin could play a vital role in terminating the
inflammatory phase by inducing apoptosis of lymphocytes.

5 PROLIFERATIVE PHASE

During the proliferative phase, fibroblasts, keratinocytes, and
endothelial cells divide, differentiate, and migrate to the
wound area. This phase overlaps with the inflammatory phase,
starts 2 days after injury with the degradation of the fibrin matrix
and invasion of fibroblasts and endothelial cells, and lasts up to
3 weeks to completely repair the wounded area. The signature
events during this phase include:

a) Fibroplasia, which consists in the formation of fibrous tissue
to fill the wound area. During this phase, fibroblasts are
stimulated by multiple cytokines and growth factors released
by platelets, macrophages, keratinocytes, mast cells and
endothelial cells. The fibroblasts become active, start to
proliferate, and secrete MMPs and other proteases to allow
cell migration through the provisional fibrin matrix. Active
fibroblasts produce fibronectin, hyaluronic acid, proteoglycans,
and collagen to form a new ECM that allows keratinocyte
migration. The provisional fibrin matrix becomes the
granulation tissue formed by a loose ECM, embedding blood
vessels, macrophages, and fibroblasts. The fibroblasts differentiate
in myofibroblasts, which contract to pull the wound together and
decrease its area (Li and Wang, 2011; Darby et al., 2014). The
myofibroblast differentiation process is mediated by TGFβ and
CXCL8 and requires the interaction between fibronectin and
αvβ5 integrin (Asano et al., 2006). Similarly, αvβ3 integrin
upregulation contributes to establish an autocrine TGFβ loop
in scleroderma fibroblasts (Asano et al., 2005). Interestingly, αvβ5
integrin is a reported Thy-1 ligand/receptor, and Thy-1 has been
addressed as a negative regulator of latent TGFβ activation
induced by fibroblast contraction, and as an inhibitor of
myofibroblast differentiation through its interaction with αvβ5
integrin in lung cells (Zhou et al., 2010). TGFβ itself can also be
regulated bymechanical strain.Within the wound, TGFβ is found
inactive, and interacts with the latency-associated peptide (LAP)
and the latent TGFβ binding proteins (LTBP). LTBPs (LTBP1, 3,
and 4) link the TGFβ/LAP complex to the ECM, providing a
dormant TGFβ pool that can be activated as wound healing
progresses. The myofibroblasts express integrins that bind to the
LAP, and mechanical force transduced by these integrins either
from the ECM-bounded LTBP or from the myofibroblast
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contraction can release TGFβ by pulling LAP and allowing the
TGFβ to bind its receptor (Munger et al., 1998; Annes et al., 2002;
Annes et al., 2004; Wipff et al., 2007). The newly released TGFβ
can increase the myofibroblast contractile phenotype and its
ECM synthetic activity. Here, it is possible that Thy-1 in the
same cell (Cis interaction) and through its RLD motif, compete
with LAP and the ECM for integrin binding, maintaining the
inactive state of the integrin and thus, allowing displacement of
the other interactions without inducing myofibroblast
differentiation (Zhou et al., 2010; Herrera-Molina et al., 2013).
Blocking other integrins such as α3β1, α11β1, αvβ5 also inhibits
myofibroblast development (Figure 1), highlighting the
importance of integrin signaling during fibroplasia (Asano
et al., 2006; Kim et al., 2009; Carracedo et al., 2010).

Thy-1 has a crucial role in suppressing proliferation and
promoting differentiation of dermal fibroblasts. The lack of
Thy-1 in dermal fibroblasts increases proliferation rates and
reduces apoptosis by modulating β3 integrin function.
Moreover, Thy-1−/− fibroblasts display reduced expression of
myofibroblast differentiation markers, such as αSMA,
fibronectin, collagen I and III, and a reduced amount of
biologically active TGFβ (Schmidt et al., 2015). Consistently,
increased fibroblast proliferation in the absence of Thy-1
expression has also been described in fibrotic foci in lungs of
patients with pulmonary fibrosis and fibroblasts derived from
patients with hypersensitivity pneumonitis, supporting the idea
that Thy-1 expression is necessary to avoid fibrosis (Ramirez
et al., 2011). Alternatively, syndecan 4 regulates fibroblast
migration during wound healing (Bass et al., 2011; Brooks
et al., 2012). Interestingly, Thy-1-mediated migration and focal
adhesion dynamics in embryonic fibroblasts depend on the
recruitment of Partitioning-defective 3 (PAR3) to the
cytoplasmic tail of syndecan 4. Consequently, PAR3 silencing
inhibits FA disassembly triggered by Thy-1 stimulation, favoring
fibroblast adhesion instead of migration (Valdivia et al., 2020).
Further research is necessary to determine if the Thy-1/syndecan
4 interaction can also modulate fibroblast proliferation,
differentiation, or ECM secretion.

b) Re-epithelialization starts approximately 16–24 h after
injury, and during this phase, keratinocytes and MSCs work
together to resurface the skin wound with new epithelium.
Growth factors, chemokines, and cytokines released in the
wound bed activate the keratinocytes adjacent to the wound
edge to allow migration and proliferation (Peplow and
Chatterjee, 2013). The keratinocyte-activated phenotype is
characterized by changes in the cytoskeleton and membrane
receptors, allowing keratinocytes to migrate. Wound
keratinocytes express at least seven different integrins, which
cooperatively control essential cell functions to promote proper
re-epithelialization, including adhesion, migration, proliferation,
survival, and basal membrane assembly (DiPersio et al., 2016).
Migrating keratinocytes exhibit upregulation of keratins (K6,
K16, and K17), MMPs, ECM proteins (Laminin), integrins
(αvβ5, αvβ6, α5β1), and proteoglycans (perlacan and
syndecans) (Figure 1) (Rousselle et al., 2019). In a porcine
wound model, TGFβ stimulates expression of keratinocyte
integrins during re-epithelialization of cutaneous wounds, and

increases mRNA levels of integrin subunits α5, αv, and β5, with
little effect on β1 in human keratinocytes (Gailit et al., 1994).
Integrins and proteoglycans are essential for the keratinocytes to
interact with the fibronectin-rich provisional matrix and later,
with the collagen-rich matrix (Rousselle et al., 2019). Indeed,
keratinocyte-specific β1 integrin knockout mice show a severe
defect in wound healing. Furthermore, α3β1 integrin has been
related to inhibition of migration and wound re-epithelialization
in the skin, where α3-deficient keratinocytes migrate with an
increased velocity and persistence (Margadant et al., 2009).
Furthermore, the role of α6β4 integrin was determined in a
human three-dimensional wound healing model by blocking
β4 integrin with antibodies, which delay keratinocyte re-
epithelialization (Egles et al., 2010). Additionally, epithelial-
mesenchymal interactions between keratinocytes and
fibroblasts generate a bidirectional signaling, in which
keratinocytes stimulate fibroblasts to release growth factors
that, in return, stimulate keratinocyte proliferation (Werner
et al., 2007). Syndecan expression is increased in proliferating
and migrating keratinocytes at the periphery of wounds in the
skin (Figure 1) (Elenius et al., 1991). Particularly, syndecan 4
protein expression is significantly increased during tissue repair
in the mouse and human dermis and is localized at the site of
injury. Importantly, mice deficient in syndecan 4 experience
delayed healing of excisional dermal wounds (Gallo et al.,
1996; Echtermeyer et al., 2001). In a mouse wound healing
model, Gallo and co-workers studied the upregulation of
syndecan 4 throughout the dermis at the injury site; however,
they observed that expression of syndecan 4 returns to basal levels
in the re-epithelialization stage (Gallo et al., 1996). In addition,
dermal fibroblasts isolated from syndecan 4 null mice exhibit
decreased cell migration in wound healing assays in vitro and the
inability to contract three-dimensional fibrin/fibronectin
matrices during in vitro wound closure experiments (Midwood
et al., 2004). On the other hand, Thy-1 expression in
keratinocytes has been reported as a helpful marker of human
keratinocyte stem cells (Nakamura et al., 2006). However, a role
for Thy-1 in keratinocyte function and re-epithelialization has
not been investigated yet.

The ECM plays a transcendental role not only during re-
epithelialization, but also during every phase of the wound
healing process (reviewed in Olczyk et al., 2014; Maquart,
2015; Xue and Jackson, 2015; Tracy et al., 2016; Rousselle
et al., 2019). The secretion of ECM components occurs in a
coordinated fashion in response to specific inflammatory and
growth factors. The sequential deposition of ECM, along with
cell-specific expression of receptors that interact with the ECM,
are responsible for the synchronized recruitment of specific cell
types to the wound area. Additionally, the ECM retains and
modulates the delivery of growth factors and inflammatory
molecules. Thus, aberrant ECM leads to delayed wound
healing and abnormal scarring. Therefore, both ECM proteins
and their integrin receptors play a key role in the re-
epithelialization phase.

c) Angiogenesis is the formation of new capillaries from pre-
existent blood vessels. This process starts approximately 4 days
after the injury and forms the microvascular network throughout
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the granulation tissue. The granulation tissue is a stroma
composed of connective tissue containing ECM proteins, as
well as the cells necessary to allow the sprouting of blood
vessels and subsequent wound closure. The reduction in blood
supply and the exacerbated metabolism of the cells actively
working in the healing process cause hypoxia, a major
angiogenesis stimulus (Semenza, 2007; Castilla et al., 2012;
Kimmel et al., 2016). This hypoxic environment induces an
increase in the levels of the hypoxia inducible factor 1 (Hif-1)
in macrophages, endothelial cells, fibroblasts, and keratinocytes
(Andrikopoulou et al., 2011). Hif-1 activates the transcription of
the main angiogenic factors, including VEGF, angiopoietin 1,
TSP, and CXCL8. The presence of VEGF and macrophages
induce the differentiation of endothelial cells into three
different phenotypes: tip cells that secrete proteases, which
degrade the basement membrane to allow them to detach
from the vessel wall and migrate; proliferative stalk cells that
elongate the new capillary sprout; and the quiescent phalanx cells
that form the vessel lining. After the new capillaries are formed,
PDGF, along with TGFβ and angiopoietin 1, stimulate
mesenchymal cells to differentiate into pericytes and recruit
other pericytes into the wound area. The pericytes wrap
around immature capillaries and contribute to vessel
maturation (Gaengel et al., 2009).

Even though the Thy-1 promoter lacks hypoxia regulatory
elements, Thy-1 expression can be enhanced by Hif-1
downstream targets, such as cytokines and growth factors, as
observed in the hypoxic-ischemic brain after injury or stroke. In a
model of choroidal neovascularization, Thy-1 expression
increases in primary endothelial cells after VEGF or CCL11
treatment, and after laser-induced injury. Moreover, Thy-1
ablation or inhibition reduces VEGF-induced migration and
proliferation of endothelial cells, as well as VEGFR2, Rac and
β3 integrin activation (Wang et al., 2016). Noteworthy, CCL11—a
CCR3 ligand—is expressed by fibroblasts after the initial
recruitment of lymphocytes during the inflammatory phase
(Section 4). CCL11 positively affects neovascularization and
enhances wound repair in vitro by inducing the migration of
human primary dermal microvascular endothelial cells, dermal
fibroblasts, and epidermal keratinocytes into the wound area
(Salcedo et al., 2001; Park et al., 2017; Bunemann et al., 2018).
Additionally, CCR3 is markedly expressed in dermal fibroblasts,
and it is upregulated after cutaneous injury (Bunemann et al.,
2018). Altogether, these findings suggest that CCL11 and its
receptor CCR3 play a crucial role during the wound healing
process; however, further studies are necessary to relate these
effects to CCL11-CCR3-induced Thy-1 expression enhancement
and to integrin/syndecan 4 signaling during wound closure.

Lee et al., showed that Thy-1 is expressed in newly formed
vessels in four different models of adult angiogenesis: balloon
injury of the carotid, tumor implantation in the cornea, renal
artery ligation, and uterine capillaries formed during pregnancy
(Lee et al., 1998). Accordingly, since embryonic angiogenesis
occurs by different mechanisms than those of adult angiogenesis,
Thy-1 is not detected on blood vessels of rat embryos. Moreover,
cytokines such as IL-1β and TNFα upregulate the expression of
Thy-1 in endothelial cells, and after carotid damage, Thy-1

appears in the newly formed vessels adjacent to zones with
macrophage infiltration, indicating a biological function of
Thy-1 during inflammation (Lee et al., 1998; Wen et al.,
2013). Similarly, Thy-1 is upregulated in the EA.hy926
endothelial cell line when treated with TNFα (Brenet et al.,
2020). Thy-1 expression in glioblastoma vasculature is
associated with endothelial, smooth muscle, and pericyte cells,
supporting Thy-1 function during angiogenesis (Inoue et al.,
2016). Further in vitro studies have shown that Thy-1
overexpression decreases migration and tube formation of
endothelial cells (Wen et al., 2013). Although the effect on
tube formation can sound contradictory for a successful
angiogenesis process, these results cannot be easily
extrapolated to in vivo angiogenesis since they were performed
in cells overexpressing Thy-1 and in Matrigel containing high
amounts of cytokines and growth factors that can overstimulate
the endothelial cells. One possible interpretation of these results is
that the role of Thy-1 is to stabilize the newly formed blood
vessels.

Most importantly, transcriptome analysis of blood vessels from
chronic wound edge tissue showed that Thy-1 expression is 24-fold
higher than in vessels from healthy human skin (Figure 1) (Roy
et al., 2007). The biological significance of Thy-1 expression on the
surface of endothelial cells after a skin wound is still not fully
understood. However, Thy-1 would exert a role in recruiting
lymphocytes and allowing trans-epithelial migration, as discussed
in detail above (Section 4).

One of the essential factors for wound angiogenesis is αvβ3
integrin, a receptor for provisional matrix proteins, including
vitronectin, fibronectin, and fibrin, which is expressed on the tips
of angiogenic capillary sprouts (Figure 1) (Tonnesen et al., 2000).
Blockage of αvβ3 integrin using antibodies or specific cyclic
peptides inhibits the formation of granulation tissue and
wound healing (Clark et al., 1996). Provisional matrix
proteins, such as fibronectin and fibrin, increase αvβ3 integrin
expression in endothelial cells, while a collagen-rich matrix has
the opposite effect (Tonnesen et al., 2000). Noteworthy, the
provisional matrix deposited during the hemostasis phase is
subsequently replaced by collagen type I during the
remodeling phase, suggesting that the distribution of αvβ3 at
the tip of the capillaries is spatially and temporally regulated by
the ECM. On the other hand, β1 integrins are expressed along the
full length of the blood vessels, supporting the growing and
sprouting of the vasculature when the new capillaries are
extending (Yamamoto et al., 2015). β1 integrin expression
increases when endothelial cells are plated on collagen-rich
coated surfaces, suggesting a role in stabilizing the newly
formed blood vessels at the end of the wound healing process
(Tonnesen et al., 2000). Likewise, syndecan 4 is upregulated
throughout the granulation tissue in endothelial cells and
fibroblasts after injury (Gallo et al., 1996). In vitro assays using
endothelial cells have shown that syndecan 4 is regulated by
inflammatory factors, such as TNFα and IL-1β, and that
decreasing syndecan 4 expression in endothelial cells impairs
tube formation (Figure 1) (Vuong et al., 2015). Accordingly, mice
lacking syndecan 4 expression showed reduced angiogenesis and
delayed wound healing (Echtermeyer et al., 2001). The syndecan
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4 cytoplasmic domain has also been described to be important for
the function of FGF2, a potent angiogenesis inducer and signaling
molecule in endothelial cells. Cells transfected with syndecan 4
mutated in the cytoplasmic domain show decreased PKCα
activation, which is associated with impaired migration,
proliferation, and tube formation (Horowitz et al., 2002). Full
activation of FGF2 requires not only its interaction with the FGF
receptor, but also its internalization (Goldfarb, 2001).
Interestingly, FGF2 binds to and activates syndecan 4 (Simons
and Horowitz, 2001). At the same time, active syndecan 4 leads to
FGF2 complete activation by triggering FGF2 internalization
through macropinocytosis in endothelial cells (Tkachenko
et al., 2004). Recent reports indicate that FGF2 also
upregulates syndecan 4 in endothelial cells at a high cell
density, an event which might help repair damaged vascular
endothelial cell layer or that could be related to the regulation of
angiogenesis (Hara et al., 2020).

Thy-1 is also found in pericytes and mesenchymal progenitor
cells that can differentiate into pericytes. A recent study identified
two different pericyte populations associated with brain vessels,
based on Thy-1 expression levels. Pericytes expressing high levels
of Thy-1 exhibit a blunted inflammatory response, produce less
ECM, and express lower levels of pericyte markers (e.g., SMA and
PDGFR-β), when compared with pericytes expressing lower Thy-
1 levels (Park et al., 2016). Although such heterogenicity in
pericytes has not been determined after skin injury, these
results suggest that Thy-1 may play a role in microvessel
maturation and ECM deposition to form the granulation
tissue (Figure 1). Moreover, pericytes expressing Thy-1 appear
to secrete vesicles that exhibit Thy-1 on their surface and localize
in the intercellular area (Bukovsky et al., 2001). Although these
Thy-1 (+) vesicles are present between the epithelial-
mesenchymal interphase, their biological role remains uncertain.

d) Peripheral nerve repair occurs by collateral reinnervation and
nerve regeneration. After an injury, the undamaged axons are
stimulated to produce collateral sprouting to reinnervate the skin.
Severed nerves of the peripheral nervous system (PNS) can regrow
the tips of two myelinated axon stumps and reconnect them to
restore their homeostatic function in the skin (Gaudet et al., 2011).
During this process, Schwann cells (SCs) present at the distal
degenerating stump lose their myelin sheath and dedifferentiate
to a progenitor-like cell to promote axonal regrowth. SCs leave the
damaged nerve stump by directly interacting with fibroblasts
accumulated at the wound bed, migrate, align, and form
columnar bands of Büngner, which provide a substrate for
axonal regeneration. Simultaneously, macrophages help to clean
myelin and axon debris. The hypoxic environment and
chemoattractant molecules released by SCs and other cell types,
recruit macrophages/monocytes, which contribute to angiogenesis,
as discussed above. Subsequently, SCs use the newly formed
vasculature as a scaffold to guide the regrowing axons. Once the
axons reinnervate, SCs differentiate and remyelinate the axons
(Chernousov and Carey, 2000; Gaudet et al., 2011).

SCs express integrins that bind laminin (α2β1, α6β1, α6β4),
collagen (α1β1, α2β1), and fibronectin (αvβ3, α5β1). Following a
peripheral nerve lesion, both α5β1 and syndecan 4 levels are strongly
increased in SCs nearby the wounded nerve (Lefcort et al., 1992;

Milner et al., 1997; Chernousov and Carey, 2000; Goutebroze et al.,
2003). On the other hand, fibroblasts in the wound area overexpress
Thy-1 on their membranes. Since fibroblasts are responsible for
guiding the SCs to the lesion site, this close interaction likely occurs
by engagement of α5β1 integrin and syndecan 4 on the surface of
SCs, with Thy-1 present at the fibroblast membrane (Figure 1).
Similarly, our group has described in other glial cells (astrocytes)
expressing αvβ3 and syndecan 4, that binding to Thy-1 promotes
astrocyte adhesion to the ECM and subsequent cell migration
(Hermosilla et al., 2008; Avalos et al., 2009; Kong et al., 2013;
Valdivia et al., 2020).

An early investigation showed that Thy-1 expression in the PNS
is restricted to the nodes of Ranvier within the sciatic nerve and that
it colocalizes with laminin at the SC membranes (Liesi et al., 1990).
Further research using transgenic rodents expressing fluorescent
proteins under the control of the Thy-1 promoter (Thy-1-YFP)
revealed that most of the neurons in the PNS were fluorescent,
suggesting that Thy-1 is broadly expressed in the axons of adult
peripheral neurons (Morris et al., 1983). Noteworthy, this kind of
evidence is not functional and does not discard the possibility of a
differential Thy-1 distribution in microdomains within the axon.
Perhaps the area closer to the wound has a different density or less
active Thy-1 than the rest of the axon, in order to favor the extension
of the axon during repair. Indeed, experiments using the saphenous
nerve crush model in Thy-1-YFP mice, followed by transcutaneous
imaging to evaluate nerve generation, implied that the Thy-1
promoter is timely and spatially regulated after nerve damage.
YFP expression driven by the Thy-1 promoter decreased nearby
the crush injury. After 7 days, a second crush injury prompted a
decrease in YFP levels distal to the crush site, up to complete
disappearance 24 h later. After 2 days, YFP expression started
increasing proximal to the crush site, to fully recover 7 days post-
injury. Moreover, YFP expression at the crush site is exceptionally
high compared with distal areas (Yan et al., 2011). This study
suggests that the Thy-1 promoter is active in healthy and
fully regenerated axons and at the site of nerve injury. Even
though these cell-specific fluorescent reporters are highly
popular to study peripheral nerve repair, very few studies
have focused on the role of Thy-1 during this type of nerve
repair in wounded skin (Feng et al., 2000; Pan et al., 2003; Kemp
et al., 2013). For example, Thy-1 expressed on the axons of PNS
facilitates the regeneration of peripheral nerves, such as the
sciatic nerve (Kemp et al., 2013).

6 REMODELING PHASE

The remodeling phase, also known as the maturation phase, is the
final and longest phase of the wound healing process. It can last
from 21 days to 2 years and occurs concurrently with granulation
tissue formation. During remodeling, all the tissues formed in the
previous phases, including the epidermis, vasculature, nerves, and
myofibers, are mature and functional. In parallel, there is a
decreased tissue cellularity due to apoptosis of fibroblasts,
myofibroblasts, endothelial cells, pericytes, and inflammatory
cells present within the granulation tissue. Additionally, the
number of proteoglycans and glycosaminoglycans diminished,
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reducing the amount of water in the wound. The remodeling
phase is characterized by wound contraction and ECM turnover.
Myofibroblasts direct wound contraction, in which wound tensile
strength increases as the collagen fibers are cross-linked by lysyl
oxidase. The scar tissue has a tensile strength that is never greater
than 80% of the unwounded skin, but this can be improved using
MMP inhibitors. Throughout matrix turnover, MMPs released by
fibroblasts and macrophages break down collagen type III and
replace it with collagen type I, which is organized into parallel
fibers (Toriseva and Kahari, 2009). As the remodeling process
progresses, the ECM is reorganized and later suffers degradation,
which is controlled by the balance of MMPs and tissue inhibitors
of MMPs (TIMPs).

Remodeling is also regulated by growth factors such as TGFβ,
PDGF, and FGF. TGFβ can increase collagen deposition by
enhancing the synthesis of TIMPs. In contrast, PDGF and
FGF increase the expression of collagenase. The balance
between these growth factors controls the rate of remodeling.
Importantly, PDGF also mediates fibroblast differentiation into
myofibroblasts, which participate in wound contraction (Jinnin
et al., 2005; Barrientos et al., 2008).

Macrophages are also crucial during remodeling since they adopt
a fibrolytic phenotype to help engulf the ECM and cell debris. The
removal of fibrous tissue is an important step during remodeling.
When myofibroblasts express the CD47 on their surface (a “don’t-
eat-me-signal”), they are not phagocyted by macrophages, resulting
in excessive matrix deposition and hypertrophic scarring (Lech
and Anders, 2013). As proposed, activation of the fibrolytic
phenotype on macrophages and blockade of CD47 are
relevant factors in reversing tissue fibrosis (Wernig et al.,
2017). Interestingly, CD47, integrins, and syndecan 4 can bind
and activate TSP1 and TSP2. Although controversial, TSP can
regulate tissue remodeling and act as a negative regulator of
wound healing (Kyriakides et al., 1999; Streit et al., 2000;
Kyriakides et al., 2001; Agah et al., 2002; Kyriakides and
Maclauchlan, 2009; Soto-Pantoja et al., 2014). Indeed, blocking
of CD47/TSP signaling is effective in promoting wound closure
and preventing necrosis of skin graft (Isenberg et al., 2008; Soto-
Pantoja et al., 2014; Kale et al., 2021). However, the role of Thy-1/
integrin/syndecan 4 trimolecular complex has not been studied in
the context of CD47/TSP signaling in wounded skin.

Scar formation is the final step of wound repair. Occasionally,
an imbalance may occur during ECM turnover, resulting in
abnormal scar formation, such as hypertrophic or keloid
scarring. Keloid scars are characterized and differentiated from
hypertrophic scars by an excess of connective tissue forming a
firm and raised scar that extends beyond the original wound
limits and does not regress over time. A TGFβ signaling
dysregulation, in which overexpression of TGFβ1 and β2, and
blunted expression of β3, is believed to cause hyperactivation of
fibroblasts, leading to increased ECM production. Consequently,
collagen production is increased 3-fold in hypertrophic scars and
20-fold in keloids (Carswell and Borger, 2021). Likewise, a change
in the expression of pro-inflammatory (IL-6 and IL-8) and anti-
inflammatory (IL-10) cytokines have been associated with
increased incidence of hypertrophic and keloid scarring
(Berman et al., 2017). Despite this knowledge, the etiology of

hypertrophic and keloid scarring is not fully understood yet;
however, mechanical tension seems to be relevant, among
other pathological factors (Butler et al., 2008). Physical
tension has been proposed as a guide in keloid growth
patterns, and skin areas subject to stretching have an
increased incidence of keloid formation due to high
mechanical stimulation (Akaishi et al., 2008; Carswell and
Borger, 2021). Therefore, mechanical tension could play an
important role during wound remodeling.

Every phase of the wound healing process is influenced by
mechanical forces (Agha et al., 2011). Mechanical strain can alter
the microenvironment of a healing wound, causing changes in
cellular function, motility, and signaling (Kuehlmann et al., 2020).
Fibroblasts are essential in supporting wound healing, and the
signaling between the ECM-integrin-cytoskeleton is the classical
pathway of mechanotransduction that regulates fibroblast viability,
collagen production, and myofibroblast transformation during the
remodeling phase (Bainbridge, 2013; Sun et al., 2016; Tschumperlin
et al., 2018). Integrins are the main mechanotransducers of
bidirectional information between cells and the ECM, and
fibroblasts transduce mechanical strain predominantly through β1
integrins (Table 1) (Katsumi et al., 2004). Other important cells
participating in wound healing that are affected bymechanical forces
are keratinocytes, endothelial cells, and adipocytes (Fu et al., 2021).
Cultured human keratinocytes and fibroblasts on a collagen
membrane in a tensile device show asymmetric keratinocyte
migration regulated by growth factors secreted by fibroblasts (Lu
et al., 2016). Keratinocyte proliferation is regulated by mechanical
strain through matrix-integrin signaling, epithelial-mesenchymal
interactions, and Ca2+ channels, which transduce mechanical
signals to PKC, PLC, and mitogen-activated protein (MAP)
kinase pathways (Reichelt, 2007; Fu et al., 2021). Additionally,
keratinocyte migration requires integrins to facilitate wound
closure, as previously described during re-epithelialization
(Section 5, c) (Kenny and Connelly, 2015). Indeed, β1 integrin
can sense collagen and fibronectin ECM stiffness, and β1-null
keratinocytes show a severe defect in skin wound healing
(Figure 1) (Grose et al., 2002; Reynolds et al., 2008). Moreover,
keratinocytes and fibroblasts rearrange their cytoskeleton in
response to matrix stiffness, and the scar hardness and elevation
observed in hypertrophic/keloid scarring can be influenced by
rigidity-induced collagen production and cell proliferation
(Hossain et al., 2005; Solon et al., 2007; Hadjipanayi et al., 2009).
Focal adhesion kinase (FAK) is the most studied signaling pathway
in skin mechanotransduction. FAK is activated downstream of
integrins in fibroblasts and keratinocytes, and mechanical strain
during wound healing leads to FAK hyperactivation, which
correlates with hypertrophic scarring and fibrosis (Aarabi et al.,
2007; Kuehlmann et al., 2020). In contrast, blunted FAK activation
has been related to nonhealing wounds and delayed healing (e.g.,
diabetic wounds) (Wong et al., 2014; LiuW. et al., 2017). These data
support the idea that the cell-centric view of wound remodeling is
incomplete and suggests that tissue stiffness and mechanical strain
within the wound may significantly influence the healing process.
More investigations are necessary to unravel themechanotransducer
proteins that communicate internal with external forces in cells and
their microenvironment.
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The role of Thy-1 in integrin-mediated mechanotransduction
has been mainly studied in Trans interactions, and little is known
about Cis interactions (Hu and Barker, 2019). Thy-1, as well as
integrins and syndecan 4, have been described as
mechanotransducer proteins (Figure 1). Barker and co-
workers showed that Thy-1 regulates fibroblast
mechanotransduction. Thy-1 binding to αvβ3 integrin
modulates rigidity-dependent Rho signaling, cytoskeleton
remodeling, focal adhesion formation, and substrate rigidity
sensing (Fiore et al., 2015). Furthermore, syndecan 4 is also
considered a mechanotransducer protein (Bellin et al., 2009;
Ross et al., 2013). Remarkably, integrins and syndecan 4 form
a trimolecular complex with Thy-1, where two triads have been
reported: α5β1/Thy-1/syndecan 4 in melanoma/endothelial cells
and αvβ3/Thy-1/syndecan 4 in a neuron/astrocyte model (Fiore
et al., 2014; Burgos-Bravo et al., 2020). However, further
investigation is necessary to assess the specific role of Thy-1
and its binding partners during force transduction in cells
involved in every phase of the skin wound healing process.

Additionally, tissue stiffness has been posited to drive stromal
cells to differentiate into active myofibroblasts, which remodel the
tissue, leading to fibrosis progression. Interestingly, fibroblasts
show reduced Thy-1 expression in areas of active fibrogenesis in
human idiopathic pulmonary fibrosis, and in vitro experiments
have shown that the lack of Thy-1 expression in fibroblasts is
enough to induce myofibroblast differentiation on soft matrix
substrates (Hagood et al., 2005; Fiore et al., 2015; Fiore et al.,
2018). Thus, Thy-1 expression in fibroblasts may represent a
physiological mechanism relevant to fibrosis.

7 MESENCHYMAL STEM CELLS

MSCs are multipotent stromal cells with the potential to
differentiate into a variety of cell types, including adipocytes,
chondrocytes, osteoblasts, myocytes, and stromal cells. MSCs can
promote angiogenesis, granulation tissue formation, and
epithelialization, which result in accelerated wound healing
(Hu et al., 2018). MSCs have an anti-inflammatory effect
during the inflammatory phase and can also stimulate
fibroblasts, keratinocytes, and endothelial cells during the
proliferative phase of wound healing.

Thy-1 (CD90) is a marker of MSCs and has a role regulating
the fate of cells during cell differentiation. For instance, Thy-1
positive-MSCs follow osteogenic differentiation, while MSCs
expressing reduced Thy-1 levels can promote adipogenic
differentiation in cells isolated from dental pulp, adipose
tissue, and amniotic fluid (Moraes et al., 2016; Picke et al.,
2018). Additionally, strong evidence indicates that resident
MSCs are activated to differentiate into other cell types, such
as pericytes, myofibroblasts, and endothelial cells during wound
healing and fibrosis (Yamaguchi et al., 2005; Wu et al., 2007;
Sasaki et al., 2008; Lozito et al., 2009; Jeon et al., 2010; Nie et al.,
2011; Ojeh and Navsaria, 2014; Park et al., 2016; Michelis et al.,
2018). However, it is still unknown whether Thy-1 participates in
MSC differentiation into these cell types in the skin. In addition,
the mechanisms by which Thy-1 promotes MSCs differentiation

are still controversial and need further investigation (Yang et al.,
2020).

8 CURRENT THERAPEUTIC STRATEGIES
TARGETING THY-1, INTEGRINS AND
SYNDECAN 4
Different therapeutic approaches to promote wound healing have
been reported. Among these, ECM-based skin substitutes and
cell-based therapies, such as implantation of MSCs, hydrocolloid
pads, and chitosan dressing have shown promising results
(Dreifke et al., 2015). In view of the important role that
integrins, syndecan 4 and Thy-1 play in the wound healing
process, we summarize and discuss here some of the current
therapeutic efforts to modify these molecules and their
interactions in order to improve wound healing outcomes and
design potential future applications.

Integrins have been related with important roles along most of
the wound healing stages (Figure 1). Impaired wound healing by
overhealing (hypertrophic scar) or failure to heal (chronic
wound) can result from aberrant integrin signaling. Many
clinical studies in cancer and fibrosis have used integrin
antagonists, such as blocking peptides, antibodies, and small
molecules, to inhibit angiogenesis, cell migration, and
proliferation (Silva et al., 2008; Lasinska and Mackiewicz,
2019; Su et al., 2020; Zhang et al., 2021). However, less is
known about the advantages of these therapeutical approaches
during wound healing of the skin.

To date, several pre-clinical studies in skin models have shown
that integrin antagonists can potentially improve wound
healing. For example, the antibody P1F6 (against αvβ5) and
LM609 (against αvβ3) are effective in decreasing myofibroblast
differentiation markers and TGFβ-induced gel contractility in
human dermal fibroblasts (Lygoe et al., 2004). Similarly, both
anti αvβ5 antibodies and RGD synthetic peptides have been
used for blocking the interaction of this integrin with LAP-β1
and small latent complex (SLC) binding during the activation of
latent TGFβ in dermal fibroblasts (Asano et al., 2006).
Furthermore, blockade of other integrins, such as α3β1 and
α11β1, also inhibits myofibroblast development (Kim et al.,
2009; Carracedo et al., 2010). Thus, integrins related to TGFβ
activation are biological targets for preventing fibrosis
(Nishimura, 2009).

Integrins can also be targeted by creating substrates that
mimic ECM components or binding peptides. The conjugation
of integrin-targeting peptides to biomaterials has been shown
transcendental for therapeutic success and has been recently
reviewed (Zhao et al., 2020). In this context, for example, a
thermoresponsive hydrogel formulated with laminin-derived
peptides (PPCN-A5G81) that activate α3β1 and α6β1
integrins, has been tested in a diabetic mouse model,
showing significant acceleration of wound closure (Zhu
et al., 2018). During in vitro assays, the PPCN-A5G81
hydrogel induces cell spreading and migration of
keratinocytes and dermal fibroblasts and controls the
integrin α3- and α6-dependent proliferation of human
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dermal fibroblasts. As found in in vivo assays, the PPCN-
A5G81 hydrogel accelerates the closure of excisional splinted
wounds in diabetic mice by enhancing the granulation tissue
formation and re-epithelialization (Zhu et al., 2018). Similarly,
a peptide derived from angiopoietin 1 (QHREDGS), delivered
as a soluble peptide, or collagen-chitosan hydrogel, or covering
nanosheets of silk fibroin, positively influences re-
epithelialization, angiogenesis, and granulation tissue
formation to accelerate wound healing by binding αvβ3 and
α5β1 integrins (Miklas et al., 2013; Xiao et al., 2016; Zhao et al.,
2020). Moreover, a clinical trial indicated that the topical
application of RGD peptide matrix scaffold, on partial-
thickness scald burns in pediatric patients accelerates
wound healing (Hansbrough et al., 1995). Therefore, to
positively influence wound healing, the efforts to develop
therapeutic tools can be focused on the activation or
inhibition of specific integrins.

Some yet unexplored roles of syndecan 4 during wound
healing include its function in regulating oligomerization and
activation of chemokines, shedding from the cell surface in
response to inflammatory molecules, and acting as a co-
receptor for growth factors to enhance the signaling
downstream of the growth factor receptor. In diabetic and
obese mouse models, proteoliposomes containing syndecan 4
and PDGF-BB enhance PDGF-BB activity, improving wound
healing. These proteoliposomes increase re-epithelialization and
angiogenesis, compared to the treatment with PDGF-BB alone.
The proportion of M1/M2 macrophages also improves,
suggesting that the syndecan 4 proteoliposomes improve
PDGF-BB efficacy in wound healing (Das et al., 2016). Most
of syndecan 4 functions are mediated by their extracellular HS
moiety (Bernfield et al., 1999; Tumova et al., 2000). Alternatively,
heparanase, an endoglycosidase that cleaves HS from the cell
surface and ECM, leads to the release and activation of HS-bound
growth factors and cytokines that participate in the wound
healing process. Heparanase itself is expressed in the
granulation tissue and transgenic mice overexpressing
heparanase show increased wound angiogenesis (Zcharia et al.,
2005). Remarkably, topical application of heparanase enhances
wound healing, vessel maturation and skin survival, suggesting
that syndecan and other HS-proteoglycans can be important
therapeutic targets (Zcharia et al., 2005; Fuster and Wang, 2010).

Thus far, the potential of Thy-1 as a therapeutic target has not
been studied in skin wound healing. Some pre-clinical studies
have provided some clues about the delivery of recombinant Thy-
1 being beneficial in reversing fibrosis in biological systems other
than skin. For instance, during idiopathic pulmonary fibrosis,
fibroblasts lacking Thy-1 have increased proliferation and
decreased myofibroblast differentiation markers. Similarly,
Thy-1 deficit in an in vivo lung fibrosis mouse model is
restored by administrating soluble Thy-1, showing that
treatment with soluble Thy-1 therapeutically inhibits integrin-
mediated fibrosis (Tan et al., 2019). Even though fibrosis
mechanisms are considered to be similar between different
tissues, the fibroblast heterogenicity within and between tissues
suggest that these observations need to be carefully evaluated in
skin wound healing fibrosis models.

9 CONCLUDING REMARKS

Here, we have reviewed diverse instances where either Thy-1,
integrins or syndecan 4 are biologically relevant during wound
healing. Specifically, we described that each of these proteins are
upregulated during wound healing and that wound closure is
delayed after decreasing the expression of any of these proteins.
Our revision also pointed out to some putative functions of Thy-
1, integrins and syndecan 4, based in observations performed in
similar cell types in different biological systems. However, the
effect of the Thy-1/integrin/syndecan 4 trimolecular complex
remains mostly unexplored during skin injury.

Integrin or syndecan 4modulation by itself has been shown to be
effective in improving wound outcomes during pre-clinical assays.
However, most of the successful treatments currently used in the
clinic consist of complex skin substitutes or allographs composed of
numerous ECM proteins, GAGs, growth factors, and cytokines,
suggesting that a simplistic approach of modulating only one
molecule may not be ideal.

Much less is known regarding the role of Thy-1 during skin
wound and its potential as a therapeutic agent. Nonetheless, the
fact that Thy-1 can act as the ligand of several integrins and
syndecan 4, expressed by diverse cell types, highlights the
importance of this glycoprotein as a broad modulator of cell
function, and posits Thy-1 as an adequate biological target to
develop future therapeutics for wound healing.

Wound healing is a complex process that involves an
orchestrated plethora of events and requires the participation of
many molecules and cells. An altered balance of these events results
in aberrant wound phenotypes, where too little (chronic wounds) or
too much (scarring and fibrosis) leads to unwanted outcomes. The
trilogy of Thy-1/integrin/syndecan 4 proteins and its interaction as a
trimolecular complex, either in Cis or Trans, offers an interesting
window of opportunity for the development of new combined
therapies to control the process of wound healing.
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GLOSSARY

αSMA α smooth muscle actin

bFGF basic fibroblast growth factor

CD90 cluster of differentiation 90

ECM extracellular matrix

FA focal adhesion

FAK focal adhesion kinase

Fas TNF receptor superfamily, member 6

FasL Fas ligand

FGF2 fibroblast growth factor 2

GAGs glycosaminoglycans

GPCR G-protein coupled receptor

HBD heparin-binding domain

Hif-1 hypoxia inducible factor 1

IGF1 insulin growth factor 1

INFc interferon c

LAP latency-associated peptide

LPS lipopolysaccharide

LTBP latent TGF-β binding protein

MAPK mitogen-activated protein kinase

MMPs matrix metalloproteinases

MSCs mesenchymal stem cells

NETs neutrophil extracellular traps

NO nitric oxide

PARP poly ADP-ribose polymerase

PDGF platelet-derived growth factor

PI-PLC phosphoinositide-specific phospholipase C

PMA phorbol 12-myristate 13-acetate

PMN polymorphonuclear neutrophils

RAGE receptor for advanced glycation end products

ROS reactive oxygen species

SCs Schwann cells

TCR T-cell antigen receptor

TGFβ transforming growth factor subunit β

Thy-1 thymus cell antigen 1

TIMPs tissue inhibitors of matrix metalloproteinases

TLR toll-like receptor

VEGF vascular endothelial growth factor

YFP yellow fluorescent protein
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Targeting Integrins for Cancer
Therapy - Disappointments and
Opportunities
Cecilia Bergonzini, Kim Kroese, Annelien J. M. Zweemer and Erik H. J. Danen*

Leiden Academic Center for Drug Research, Leiden University, Leiden, Netherlands

Integrins mediate adhesive interactions between cells and their environment, including
neighboring cells and extracellular matrix (ECM). These heterodimeric transmembrane
receptors bind extracellular ligands with their globular head domains and connect to the
cytoskeleton through multi-protein interactions at their cytoplasmic tails. Integrin
containing cell–matrix adhesions are dynamic force-responsive protein complexes that
allow bidirectional mechanical coupling of cells with their environment. This allows cells to
sense and modulate tissue mechanics and regulates intracellular signaling impacting on
cell faith, survival, proliferation, and differentiation programs. Dysregulation of these
functions has been extensively reported in cancer and associated with tumor growth,
invasion, angiogenesis, metastasis, and therapy resistance. This central role in multiple
hallmarks of cancer and their localization on the cell surface makes integrins attractive
targets for cancer therapy. However, despite a wealth of highly encouraging preclinical
data, targeting integrin adhesion complexes in clinical trials has thus far failed to meet
expectations. Contributing factors to therapeutic failure are 1) variable integrin expression,
2) redundancy in integrin function, 3) distinct roles of integrins at various disease stages,
and 4) sequestering of therapeutics by integrin-containing tumor-derived extracellular
vesicles. Despite disappointing clinical results, new promising approaches are being
investigated that highlight the potential of integrins as targets or prognostic
biomarkers. Improvement of therapeutic delivery at the tumor site via integrin binding
ligands is emerging as another successful approach that may enhance both efficacy and
safety of conventional therapeutics. In this review we provide an overview of recent
encouraging preclinical findings, we discuss the apparent disagreement between
preclinical and clinical results, and we consider new opportunities to exploit the
potential of integrin adhesion complexes as targets for cancer therapy.

Keywords: integrin, extracellular matrix, therapy, clinical trial, cancer

INTRODUCTION

Integrin Structure
Integrins represent a family of transmembrane adhesion receptors, facilitating the adhesive
connection between cells and their surrounding extracellular matrix (ECM) or neighboring cells
(Takada et al., 2007; Barczyk et al., 2009; Kadry and Calderwood, 2020). They comprise a group of
heterodimeric proteins generated by non-covalent association of an a- and a ß-subunit (Ginsberg,
2014). Both subunits are classified as type 1 transmembrane proteins, composed of a rather large
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extracellular domain and a relatively small transmembrane- and
intracellular region (Calderwood, 2004; Ginsberg, 2014). The
globular head domain creates a binding site for extracellular
ligands while the short cytoplasmic tails interact with a cluster
of associated proteins that ultimately connects to the
cytoskeleton. In total there are 18 α-and eight ß-subunits,
generating 24 different heterodimers, known to be expressed
in humans (Calderwood, 2004). This variety in combinations
allows integrins to interact with—and respond to a broad range of
ligands, including insoluble ECM proteins, matricellular proteins,
cell surface proteins, and soluble proteins (Alday-Parejo et al.,
2019). Several recognition motifs for integrin-binding have been
identified. The Arg-Gly-Asp (RGD) motif is recognized by eight
different integrins and has been found in a plethora of molecules
ranging from ECM proteins to growth factors to coats of
microorganisms.

Integrin Function
Integrin transmembrane receptors execute two core functions:
they mediate adhesion of cells to the ECM or neighboring cells,
and they engage in transduction of signals received from the
microenvironment. Integrin-mediated cell adhesion is dynamic:
flexibility in integrin conformation allows a balance between
active (open; high affinity) and inactive (closed; low affinity)
states. The active state is regulated by interaction of the
intracellular adaptor proteins talin and kindlin with the ß-
subunit cytoplasmic tail and is further stabilized by interaction
with ligand at the extracellular integrin head domain
(Calderwood, 2004; Sun et al., 2019). Moreover, firm cell
adhesion requires integrins to cluster in cell adhesion
complexes that connect to the cytoskeleton.

Integrin-mediated cell adhesion controls many aspects of cell
behavior including survival, proliferation, metabolism,
differentiation, as well as cell shape and motility (Huveneers
and Danen, 2009). Several mechanisms of such outside-in
signaling have been proposed. First, integrins allow cells to
interact with the ECM in which soluble growth factors such as
VEGF, TGFβ and many others are concentrated, modified, and
presented to cells (Hynes, 2009). Second, integrins can directly
bind and activate growth factors such that they can stimulate their
cognate receptors, a process currently established for activation of
TGFβ by αvβ6 and αvβ8 (Margadant and Sonnenberg, 2010).
Third, integrin engagement and clustering can lead to local
activation of receptors for soluble ligands such as EGF, PDGF,
and others, often involving receptor crosstalk via Src family
kinases (Ivaska and Heino, 2011; Brizzi et al., 2012). Fourth,
the dynamic intracellular complex of adaptor and signaling
proteins that couples integrins to the cytoskeleton allows 1)
local signaling through GTPases and kinases and 2) sensing
of- and responding to mechanical aspects of the
microenvironment by mechanoresponsive interactions
(Huveneers and Danen, 2009; Kechagia et al., 2019).

Integrins in Cancer
Dysregulation of integrin expression on cancer cells has been
extensively studied in cell culture and animal models and shown
to provide therapeutic opportunities for arresting tumor growth,

reducing resistance to chemo-or radiotherapy, or attenuating
invasion and metastasis. Studies using genetically engineered
mouse models or using human tumor cells transplanted in
immune deficient mice have extensively shown that deletion of
integrins in cancer cells or preventing integrin function with
blocking antibodies or peptides could interfere with tumor
growth, metastasis, and resistance to chemo- or radiotherapy
(Juliano and Varner, 1993; Danen, 2005; Desgrosellier and
Cheresh, 2010; Hamidi and Ivaska, 2018; Cooper and
Giancotti, 2019). For the large family of β1 integrins, dual
roles have been identified in growth versus metastasis,
indicating that caution is warranted for their application as
therapeutic targets (Ramirez et al., 2011; Moran-Jones et al.,
2012; Truong et al., 2014; Moritz et al., 2021). Integrins such
as αvβ3, αvβ5, and α5β1, are not only expressed on tumor cells
but are also induced on endothelial cells during the process of
angiogenesis (Friedlander et al., 1995; Avraamides et al., 2008).
These integrins have indeed been shown to serve as targets for
anti-angiogenic therapies in cancer, although the mode of action
of anti-angiogenic drugs targeting integrins remains enigmatic
(Friedlander et al., 1995; Hynes, 2002; Alavi and Cheresh, 2008;
Avraamides et al., 2008).

Recent studies have added a range of novel emerging cancer-
related processes that require the participation of integrins,
including the establishment of a pre-metastatic niche,
epithelial-to-mesenchymal transition (EMT), metabolic
rewiring, cancer cell stemness and dormancy (Barkan et al.,
2010; Goel et al., 2014; Seguin et al., 2015; Ata and Antonescu,
2017; Ji et al., 2020; Park and Nam, 2020; Winkler et al., 2020;
Coban et al., 2021). The involvement of integrin αvβ6 in
activation of TGFβ was recently connected to SOX4 mediated
cancer immune evasion: αvβ6 blocking antibodies could inhibit
SOX4 expression and sensitize mouse models for triple negative
breast cancer to T cell mediated killing in response to immune
checkpoint inhibitors (Bagati et al., 2021). Integrin αvβ8, which
can also activate TGFβ, represents a target expressed on immune
cells for modulating anti-tumor immunity. I.e., αvβ8 blocking
antibodies or specific depletion of integrin αvβ8 from the surface
of CD4+CD25+ regulatory T cells could attenuate TGFβmediated
inhibition of CD8+ T cells and thereby restore tumor killing
capacity of CD8+ T cells and synergizing with radio- or immune
therapy (Dodagatta-Marri et al., 2021).

The expression of integrins on the cell-surface and their apparent
role in several cancer related processes makes them appealing targets
for the development of cancer therapies. However, despite the
abundance of promising preclinical data, integrin targeting
therapies in clinical studies have thus far largely failed to deliver.
Notably, although not within the scope of this review, components
of the integrin signaling complexes represent additional targets in
cancer. For example, focal adhesion kinase (FAK) is overexpressed
or activated in multiple cancers and supports tumor cell
proliferation, migration, and therapy resistance. Small molecule
inhibitors targeting FAK, such as defactinib, GSK2256098, VS-
6063, and BI 853520, are currently being investigated in several
clinical trials, mostly in combination with other agents (Mohanty
et al., 2020; Dawson et al., 2021). Src is another interesting target
associated with integrin signaling. Dasatinib, a Src inhibitor, showed
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efficacy when combined with docetaxel in castration-resistant
prostate cancer patients (Araujo et al., 2012) (NCT00439270),
and was more effective than imatinib in Pediatric Philadelphia
Chromosome–Positive Acute Lymphoblastic Leukemia (Shen
et al., 2020). On the other hand, dasatinib monotherapy failed to
meet expectations in patients with recurrent glioblastoma (Lassman
et al., 2015) or in patients with locally advanced or stage IVmucosal,

acral, or vulvovaginal melanoma (Kalinsky et al., 2017). The
challenges of targeting Src family proteins were recently reviewed
byMartellucci and others (Martellucci et al., 2020). Integrins interact
with many other cytoplasmic proteins, which are being investigated
for their potential as therapeutic targets, however these have not yet
been translated to the clinic (Cabodi et al., 2010; Bachmann et al.,
2019).

TABLE 1 | Overview of failed or terminated major clinical trials for the assessment of integrin targeting therapeutics in cancer.

Clinical
trial
identifier

Phase Name
therapeutic

Type
therapeutic

Target
integrin

Combination
therapy
with

Condition Result Mode
of action

NCT01360840 II Abituzumab
(EMD525797)

Antibody αV — Metastatic Castration-
Resistant Prostate
cancer

PFS not
significantly
different

Blocks cell
adhesion

NCT01008475 I/II Abituzumab
(EMD525797)

Antibody αV Cetuximab
Irinotecan

Metastatic colorectal
cancer

PFS not
significantly
different

Blocks cell
adhesion

NCT00246012 II Intetumumab
(CNTO 95)

Antibody αV Dacarbazine Stage IV Melanoma PFS not
significantly
different

Blocks ligand
binding site

NCT00537381 II Intetumumab
(CNTO 95)

Antibody αV Docetaxel
Prednisone

Metastatic Hormone
Refractory Prostate
Cance

All efficacy
endpoints
better in
placebo

Blocks ligand
binding site

II Vitaxin
(MEDI-523)

Antibody αVβ3 — Metastatic cancers No tumor
regression

Blocks ligand
binding site

II Etaracizumab
(MEDI-522,
Abegrin)

Antibody αVβ3 Dacarbazine Stage IV metastatic
melanoma

PFS not
significantly
different

Blocks ligand
binding site

NCT00842712,
NCT00121238,
NCT00705016

II Cilengitide (EMD
121974)

Inhibitory
peptide

αVβ3/αVβ5 Multiple
combinations

Multiple cancers No benefits
compared to
standard of
care

Blocks ligand
binding site

NCT00689221 III Cilengitide (EMD
121974)

Inhibitory
peptide

αVβ3/αVβ5 Temozolomide +
Radiotherapy

Newly Diagnosed
Glioblastoma

Median OS not
significantly
different

Blocks ligand
binding site

NCT00401570,
NCT00654758,
NCT00516841,
NCT00635193,
NCT00369395,
NCT00100685

I/II Volociximab
(M200)

Antibody αVβ1 Alone or in
combinations with
standard of care

Metastatic Pancreatic
Cancer, Non-Small
Cell Lung Cancer,
Ovarian and Peritoneal
cancer, Renal cell
carcinoma

Partial or no
significant
effects

Blocks ligand
binding site

NCT00675428 II Natalizumab Antibody VLA-4, (α4) — Multiple myeloma Terminated
due to low
enrollment

Allosteric
inhibition

NCT00131651,
NCT00352313

I/II ATN-161 Small peptide
antagonist

α5β1 Alone or in
combinations

Glioma, renal cancer
and other solid tumors

No therapeutic
benefits

Blocks ligand
binding site;
prevents
interaction with
fibronectin
synergy site

NCT01313598 I GLPG0187 Non-peptide
Integrin
antagonist

Arg-Gly-
Asp
(RGD)-
binding
integrins

— Solid tumors No effect Blocks ligand
binding site
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In this review we focus on integrins as drug targets in cancer
and discuss the apparent disagreement between preclinical and
clinical results, we provide an overview of new encouraging
preclinical findings and consider new opportunities to exploit
the potential of integrin adhesion complexes in the effective
treatment of cancer.

FINALIZED CLINICAL TRIALS EXPLORING
INTEGRIN THERAPEUTICS

Monoclonal antibodies and synthetic RGD peptides have been
used in clinical trials to target integrins (Li M. et al., 2021).
These drugs typically block integrin function by occupying the
ligand binding site. Integrin blocking antibodies previously
showed efficacy in different diseases, such as multiple sclerosis,
thrombosis prevention after percutaneous coronary
intervention, ulcerative colitis and Chron’s disease (Ley
et al., 2016). Moreover, in multiple preclinical studies,
inhibition of αvβ3, αvβ5 or β1 integrins prevented tumor
angiogenesis, reduced tumor growth and limited metastatic
spread, supporting the translation of these antibodies and
blocking peptides into the clinic for cancer therapy (Mitjans
et al., 2000; Trikha et al., 2004; Khalili et al., 2006; Danen,
2013). Despite promising preclinical results, such therapeutics
did not make it to the market. Therapeutic safety was often not
the bottleneck for integrin targeting therapeutics. The major
drawback was their lack of efficacy (Table 1).

The majority of integrin directed therapeutics in clinical
trials involve antibodies or peptides targeting αv-integrins and
these have thus far failed to show benefit for cancer patients.
The integrin αv antibody abituzumab was used in a phase II
trial to treat patients with metastatic castration-resistant
prostate cancer (Hussain et al., 2016) (NCT01360840). Even
though a reduction in prostate cancer associated-bone lesion
development was observed in the antibody treated group of
patients, the primary endpoint of progression free survival
(PFS) was not significantly extended. Interestingly, the
addition of abituzumab to the standard of care did show
some beneficial effect on the overall survival of a subset of
metastatic colorectal carcinoma patients (Élez et al., 2015;
Laeufle et al., 2018) (NCT01008475). Another phase II αv-
targeting study illustrated that a combination treatment of
dacarbazine with the monoclonal αv-antibody intetumumab
did not enhance treatment efficacy over monotreatment in
patients with stage IV melanoma (O’Day et al., 2011)
(NCT00246012). Testing this antibody in a phase II trial
with prostate cancer patients did not improve outcome
either (Heidenreich et al., 2013) (NCT00537381).
Antibodies specific for αvβ3 integrin have been extensively
evaluated in clinical trials as well (Li M. et al., 2021). In a phase
I trial, the αvβ3-antibody vitaxin failed to show benefit for
patients with metastatic solid tumors (Posey et al., 2001). The
additional effect of the αvβ3-antibody etaracizumab was
assessed on top of dacarbazine treatment in stage IV
melanoma patients (Hersey et al., 2010), however no
significant differences in the time to progression (TTP) or

PFS were observed. Several phase II trials have explored
efficacy of the αvβ3/αvβ5-selective function blocking peptide
cilengitide for treatment of solid tumors alone or in
combination with other therapies, but results were not
encouraging (Alva et al., 2012; Vermorken et al., 2014;
Vansteenkiste et al., 2015; Alday-Parejo et al., 2019)
(NCT00842712, NCT00121238, NCT00705016). Likewise,
cilengitide failed to improve therapeutic efficacy in
combination with standard of care for patients with newly
diagnosed glioblastoma in a phase III trial (Stupp et al., 2014)
(NCT00689221).

Other integrins that have been targeted include α5β1.
Unfortunately, phase I and II trials using the small peptide
antagonist of integrin α5β1 ATN-161 have thus far not shown
benefit for glioma patients or in other solid tumors (Cianfrocca
et al., 2006) (NCT00131651, NCT00352313). Similarly, the
combination treatment of gemcitabine with the α5β1 chimeric
monoclonal antibody volociximab did not show any additional
treatment efficacy over gemcitabine monotreatment in metastatic
pancreatic cancer patients in a phase II trial (Evans et al., 2007)
(NCT00401570). Moreover, volociximab efficacy was not
encouraging in peritoneal, ovarian, non-small cell lung cancer
or melanoma (Figlin et al., 2006; Barton, 2008; Vergote et al.,
2009; Bell-McGuinn et al., 2011; Besse et al., 2013)
(NCT00401570, NCT00654758, NCT00516841, NCT00635193,
NCT00369395, NCT00100685). Natalizumab, an antibody
targeting α4β1 (VLA-4) has shown promising clinical results
in autoimmune related diseases such as multiple sclerosis and
Crohn’s disease (Rudick et al., 2013; McLean and Cross, 2016).
However, a phase 1/2, two-arm dose-finding study of
natalizumab for relapsed or refractory Multiple Myeloma, was
unfortunately terminated due to insufficient patient enrolment
(NCT00675428). Among the therapeutics discussed so far,
natalizumab is the only one not targeting the ligand binding
site. Instead, it acts through allosteric interactions (Yu et al.,
2013). Further exploring such alternative forms of integrin
receptor pharmacology may lead to new and more effective
treatments (Slack et al., 2022).

ONGOING CLINICAL TRIALS EXPLORING
INTEGRIN THERAPEUTICS

As discussed, clinical trials of αv-integrin inhibitors or drugs
targeting other integrins have thus far not been encouraging.
Other approaches are now being explored in new clinical trials
(Table 2).

A phase I trial aims to treat patients with previously treated
pancreatic cancer or other solid tumors with the anti-αvβ3
protein, ProAgio (NCT05085548). ProAgio binds αvβ3 outside
the classical ligand-binding site. Instead of blocking ligand
binding, it triggers recruitment and activation of caspase 8,
resembling a mechanism previously associated with unligated
integrins (Stupack et al., 2001; Turaga et al., 2016). This may lead
to apoptosis in tumor cells, endothelial cells, and cancer-
associated fibroblasts with increased expression of αvβ3.
Subsequently, this can result in a reduction of the stroma
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density of pancreatic cancer patients increasing access of
conventional anti-cancer therapeutics to the tumor.

In a planned phase I trial, the safety, tolerability and efficacy of
the integrin β6 targeting antibody-drug conjugate SGN-B6A will
be studied in patients with advanced solid tumors. SGN-B6A
consists of an antibody targeting integrin β6 conjugated with
monomethyl auristatin E, an antimitotic agent that induces
apoptosis by binding to tubulin (Patnaik et al., 2021)
(NCT04389632). A randomized phase II trial, planned at the end
of 2021 will study efficacy of a tumor penetrating iRGD peptide,
CEND-1, in combination with gemcitabine and nab-paclitaxel in
patients with metastatic pancreatic cancer. The first-in-class agent
CEND-1 binds tumor cells and enhances delivery of co-
administered anti-cancer agents. In a recently completed phase I
clinical trial the safety and efficacy of CEND-1 was already explored
(Dean et al., 2020; Dean et al., 2021) (NCT03517176). Based on the
trial data, the combination treatment was regarded as safe.
Importantly, efficacy of this treatment exceeded the efficacy of
the mono-treatments, with ongoing progression free survival of
some patients.

A first-in-class humanized and de-immunized monoclonal
antibody, OS2966, that targets the β1 integrin subunit is tested in
patients with high-grade glioma (Nwagwu et al., 2021)
(NCT04608812). Considering that OS2966 targets the entire
family of β1 containing integrins, toxicity may be an issue.
Interestingly, this trial will make use of real time imaging. By
adding gadolinium contrast to the OS2966 antibody, therapeutic
distribution can be visualized using MRI. The additional
collection of tissue specimens planned before and after
treatment will provide better knowledge on the presence of
any predictive biomarkers. In October 2021 a phase I trial
finished, in which the safety, tolerability and pharmacokinetics
(PK) of the allosteric integrin activator 7HP349 was studied in
healthy male subjects (NCT04508179). Interestingly, in contrast
to most integrin targeting therapeutics, this small molecule is
designed to enhance integrin activity. Binding of 7HP349 should
cause the activation of the αLβ2 and α4β1 integrins on immune
cells, thereby enhancing an immune response. Results of this
study remain to be published.

WHY HAVE INTEGRIN-TARGETED
THERAPEUTICS FAILED TO ACHIEVE
CLINICAL EFFICACY THUS FAR?
Despite promising preclinical in vitro and in vivo results that indicate
that integrins can be targeted with good efficacy alone, or in
combination with radio-, chemo-, or immune therapies, clinical
results thus far do not seem encouraging (Goodman and Picard,
2012; Raab-Westphal et al., 2017; Alday-Parejo et al., 2019; Li M.
et al., 2021). As with all experimental therapies, recruitment of
sufficient numbers of patients fitting the trial design is a challenge. As
described above, for one trial this has led to early termination. In
addition, testing is often done in the context of advanced disease
stages and in cases where earlier therapies have failed. Patients
enrolled in the clinical trials described in Table 1 typically have
extensive treatment history with the exception of cilengitide that was
explored in newly diagnosed glioblastoma patients. This may well
explain the discrepancy between clinical trials and results obtained in
more acute preclinical models. There are several other factors that
may have negatively impacted the clinical testing of anti-integrin
therapeutics in cancer. These include variable integrin expression in
tumors, redundancy in integrin function, the fact that integrins can
have very different roles at distinct disease stages and sequestering of
therapeutics by integrin-containing tumor-derived extracellular
vesicles (TEVs) (Figure 1).

Variable Integrin Expression and Poor
Pharmacology
Thus far, antibodies have been the major type of anti-integrin
therapeutics tested in clinical trials (Table 1). The exquisitely
high specificity and corresponding low toxicity of these
antibodies are most likely responsible for this high prevalence. A
major limitation is a lack of knowledge with respect to expression of
the target integrin in the tumor of the patient. Prior treatments may
have affected integrin expression patterns in the tumor tissue. In
addition, data on antibody pharmacology is generally lacking in the
clinical studies. It is well known that targeting of therapeutics to the
tumor tissue can be difficult due to poor vascularization, (Carmeliet

TABLE 2 | Overview of planned or ongoing clinical trials for the assessment of integrin targeting therapeutics in cancer.

Clinical trial
identifier

Phase Name
therapeutic

Type therapeutic Target
integrin

Combination therapy
with

Condition Result

NCT05085548 I ProAgio Cytotoxic Protein αVβ3 — Pancreatic cancer/Solid
tumors

Recruiting

NCT04389632 I SGN-B6A Antibody-Drug
Conjugate

β6 — Solid tumors Recruiting

NCT04608812 I OS2966 First-in-class
monoclonal Ab

β1 — High-grade Glioma Recruiting

NCT04508179 I 7HP349 Allosteric Integrin
activation

αLβ2/α4β1 — Healthy subjects Recruiting

NCT03517176 I CEND-1 First-in-class iRGD αV Gemcitabine/Nab-
Paclitaxel

Pancreatic cancer PFS
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and Jain, 2011), and this may be a significant problem for the
relatively large antibody drugs. Hence, it is important to determine
expression of the target integrin and establish actual reach of the
integrin-targeting antibodies to the tumor tissue to relate these
aspects to response rates in individual patients.

Redundancy and Different Roles of
Integrins at Distinct Disease Stages
Many integrins show overlap in their ligand binding spectrum.
I.e., key ECM proteins present in cancer tissues such as
fibronectin, laminins and collagens can be recognized by more
than one integrin (Danen, 2005). Hence, the effect of blocking
one integrin may be compensated for by another integrin binding
the same ligand. Patients entering experimental trials often
present with a mix of primary and metastatic lesions at
different stages. Integrin expression has been observed to
differ between primary and metastatic lesions indicating
that therapies may affect one but not the other stage. e.g.,
expression of integrin α2β1 was shown to promote tumor
growth of a breast cancer cell line whereas α2β1 expression
was attenuated once the breast cancer cells colonized the bone
(Moritz et al., 2021). In fact, integrins have been shown in
some cases to have opposing roles at different stages and
repress rather than support disease progression and
metastasis. While depletion of β1 integrins led to reduced
outgrowth of primary tumors, it enhanced metastatic capacity
in an orthotopic model using triple negative breast cancer cells

(Truong et al., 2014). Deletion of β1 integrins also increased
prostate cancer progression in a genetic mouse model (Moran-
Jones et al., 2012). Likewise, specific deletion of one of the β1
integrins, α2β1, was demonstrated to inhibit tumor metastasis
in mouse models for breast or prostate cancer (Ramirez et al.,
2011; Moritz et al., 2021). Although similar examples are not
described for the αv integrins targeted in clinical trials thus far,
these findings suggest that therapeutic targeting of integrins
may lead to complex responses in patients that may vary for
individual patients.

Sequestration of Therapeutics by
Integrin-Containing Extracellular Vesicles
Another mechanism that may underlie failure of anti-integrin
drugs involves TEVs that have been implicated in tumor
angiogenesis, immune evasion, and metastasis (Becker et al.,
2016). Tumors produce more EVs with a different cargo
composition (proteins, lipids and nucleic acids) as compared
to normal tissues and these EVs can be derived from the tumor
cells as well as other cell types in the tumor microenvironment.
Integrins are expressed on TEVs, thus guiding their preference for
organ colonization (Hoshino et al., 2015). As integrin expressing
TEVs are released by various cancer types they may represent a
common obstacle by sequestering integrin-targeting antibodies
or peptides before these can reach their tumor target (Fedele et al.,
2015; Hoshino et al., 2015; Singh et al., 2016; Carney et al., 2017;
Krishn et al., 2019; Li et al., 2020). This concept has also been

FIGURE 1 | Schematic overview illustrating four factors that could contribute to the lack of clinical efficacy for integrin targeting therapeutics. These include (A).
sequestration by tumor-derived extracellular vesicles (TEVs): integrin therapeutics bind integrins on TEVs instead of the tumor itself; (B). Different integrin expression at
different stages: integrin expression can change as the tumor progresses and thereby influence target availability; (C). Opposing roles of integrins: Integrins exert tumor
promoting effects but may also drive, as yet poorly understood, metastasis suppressing signals. Inhibition of integrins could therefore potentially be
disadvantageous; (D). Integrins redundancy: inhibition of one integrin can be compensated by expression of other integrins.
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demonstrated for patients with inflammatory bowel disease
where EVs expressing integrin α4β7 prevented vedolizumab
from reaching α4β7 expressed on T cells, which may affect
therapeutic efficacy (Domenis et al., 2020).

INTEGRINS AS BIOMARKERS OF CANCER
PROGRESSION

A major challenge for some of the most aggressive tumor types is
providing an accurate diagnosis and prognosis for patients
suffering from cancer. Integrins may serve as biomarkers in
cancer, due to their aberrant expression on tumor cells and
cells in the tumor microenvironment (Juliano and Varner,
1993; Danen, 2005; Desgrosellier and Cheresh, 2010; Hamidi
and Ivaska, 2018; Cooper and Giancotti, 2019). Recent studies
reinforce the idea that some integrins may serve as predictive
cancer biomarkers.

Integrins αvβ3, αvβ5, and αvβ6
Integrin αvβ3 expression has been extensively associated with
melanoma progression from an early radial growth phase to an
invasive vertical growth and metastasis (Danen, 2005;
Desgrosellier and Cheresh, 2010). Recently, differential
expression of the integrins αvβ3 and αvβ6 has been
observed in two subtypes of prostate cancer. Using patient
derived tumor tissue and tumor bearing murine models, αvβ3
was found to be largely absent in prostate adenocarcinoma
ADPrCa but significantly upregulated in the more malignant
primary neuroendocrine prostatic cancer (NEPrCa) and its
metastatic lesions in the lung (Quaglia et al., 2021). Combined
with previous findings on the role of αvβ3 in the differentiation
of ADPrCa to the aggressive NEPrCa, αVβ3 could have
potential as a biomarker in the early detection of this
malignant transition in prostate cancer (Quaglia et al., 2020;
Quaglia et al., 2021). The expression of integrin αvβ5 has been
suggested to represent a predictive biomarker for several
cancer types amongst which, breast, hepatic, and gastric
carcinomas (Bianchi-Smiraglia et al., 2013; Lin et al., 2018).
Recently, elevated levels of αvβ5 have been detected in patients
suffering from either glioblastoma or colorectal carcinoma
(Zhang et al., 2019; Shi et al., 2021). For both types of
cancer, the overexpression of αvβ5 was correlated with an
unfavorable overall survival (Zhang et al., 2019; Shi et al.,
2021). Integrin αvβ6 has been shown to represent an
unfavorable prognostic marker in pancreatic cancer patients
(Li et al., 2016). This integrin was recently found to be a
promising serum biomarker for patients with pancreatic
cancer. Based on the identification of αvβ6 in serum,
chronic pancreatic (cP) patients could be distinguished
from patients with pancreatic adenocarcinoma (PAC) and
high serum levels of αvβ6 were associated with poor
survival (Lenggenhager et al., 2021). Up to now,
Carbohydrate antigen CA19-9 has been the only biomarker
in use for PAC, yet its sensitivity and specificity failed to meet
the expectations for use as conclusive diagnostic tool
(Goonetilleke and Siriwardena, 2007). A study with a larger

patient cohort will be needed to further assess the potential of
αvβ6 alone or in combination with CA19-9 as a prognostic
serum biomarker for PAC.

Integrin α5β1
Metastasis in the bones is often lethal in patients with mammary
tumors (Coleman, 2006; Wang et al., 2019). Therefore, finding a
predictive biomarker is essential for the early recognition of
potentially metastasizing tumors. Integrin α5β1 is known for
its participation in tumor promoting processes like angiogenesis,
proliferation and metastasis (Hamidi and Ivaska, 2018; Hou et al.,
2020). In early-stage breast cancer patients, α5β1 expression in
the primary tumor was recently associated with the presence of
disseminated tumor cells in bone marrow aspirates and poor
metastasis-free survival (Pantano et al., 2021). The same study
showed that α5 gene silencing or pharmacological inhibition of
α5β1 with volociximab attenuated bone colonization following
intravenous injection of tumor cells in mice. Hence, stratification
of breast cancer patients based on α5β1 expression may represent
a way to exploit the potential of α5β1 antibodies, which have thus
far not shown clinical benefit. Integrin α5β1 was also found to be
upregulated in several gastrointestinal tumors where enhanced
expression of ITGA5 corresponded with a poor prognosis (Zhu
et al., 2021). Again, these findings warrant larger scale patient
studies to explore the potential of α5β1 as a prognostic biomarker
in solid tumors.

INTEGRIN MEDIATED DRUG DELIVERY

In the area of drug delivery, integrin αvβ3 has been extensively
pursued. It represents an attractive target because of its absence
from most normal tissues versus expression in tumor tissue,
including tumor cells and cells in the tumor microenvironment
such as endothelial cells stimulated to undergo angiogenesis
(Hood et al., 2002; Arosio and Casagrande, 2016). Integrin
binding peptide motifs such as RGD, which binds αvβ3 as
well as other integrins, have been incorporated on the surface
of drug carrying vesicles (Ruoslahti, 1996). Cyclic RGD peptides
(cRGD) have gained interest in recent years given their high
binding affinity for αvβ3 (Li N. et al., 2021).

Liposomal (Like) Drug Carriers
Liposomal vesicles have been used extensively to reduce the
toxicity of conventional anti-cancer therapeutics in healthy
tissues (Allen and Cullis, 2013). Low treatment efficacy with
this approach is caused by ineffective reach of the tumor. The
introduction of RGD peptides on the surface of liposomal like
vesicles has generally enhanced both drug accumulation in the
tumor and anti-tumor efficacy of the drug in mouse models (Fu
et al., 2021; Gao et al., 2021; Gong et al., 2021; Khabazian et al.,
2021). Additional adjustments were made to the vesicles to
further improve their drug transporting characteristics
(Figure 2). Sustained drug release of the liposomes was
enhanced, making use of PEGylated positively charged lipids
(Khabazian et al., 2021). The cationic liposomes decorated with
the cRGD peptide were then able to deliver negatively charged
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siRNA into melanoma cells and effectively induce cell death
(Khabazian et al., 2021). Alternatively, Gao et al. developed a
double membrane vesicle (DMV), presenting not only the RGD
peptide, but also lipopolysaccharides (LPS) (Gao et al., 2021). The
association of LPS (normally exposed in the outer membrane of

Gram-negative bacteria) with immune cells facilitated the transit
of the vesicles from the vasculature into the tumor
microenvironment where it could target melanoma cells and
deliver therapeutics. Other αvβ3 targeting liposomal like
formulations have shown a promising reduction in tumor

FIGURE 2 | Schematic overview of novel integrin targeting liposomal like drug delivery approaches. (A). cRGD decorated cationic liposomes; (B). Liposomes
decorated with a combination of LPS and RGD peptides; (C). DGEA decorated liposomes; (D). Gel coated liposomes decorated with PR-b.
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growth for lung and hepatocellular carcinoma in in vivo models
(Fu et al., 2021; Gong et al., 2021). Liposomes targeting other
integrins are slowly emerging, although selective expression of
these integrins in tumor tissue is less evident. Modification of the
liposomal membrane with the α5β1 binding peptide PR_b,
elevated the tumor specificity of the vesicle for pancreatic
cancer cells (Shabana et al., 2021). The addition of a

thermosensitive and biodegradable hydrogel in the formulation
enabled sustained release of the combination treatment paclitaxel
and gemcitabine and attenuated pancreatic tumor growth. Other
liposomes presenting the integrin α2β1 binding ligand DGEA,
were used to target breast cancer and effectively reduced tumor
growth in vivo and enhanced the overall survival of the mice
(Zhou et al., 2021).

FIGURE 3 | Schematic overview of alternative therapy delivery approaches making use of integrins. (A). Priming dendritic cells for vaccination; (B). Arming T cells
with bispecific antibodies; (C). Targeting Photothermal Ablation Therapy; (D). Drug targeting through Covalent Molecular Conjugates.
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Alternative Therapy Delivery Approaches
The use of integrins to direct anti-cancer therapeutics has not
been restricted to their application in liposomal drug
transport. Integrins may represent targets for the
development of novel tumor selective immunotherapies
(Figure 3A, B). In mouse models for breast cancer and
head and neck squamous cell carcinoma, it was shown that
α6β4 is preferentially expressed on CSCs and represents a
target for immunotherapies. Vaccination with dendritic cells
pulsed with β4 peptide or adoptive transfer of T cells incubated
with β4-CD3 bispecific antibodies, could induce T cell anti-
tumor activity and inhibition of tumor growth and metastasis
formation in the lungs of tumor bearing mouse models
(Dobson et al., 2021). The application of covalent linking
between an integrin binding peptide (mostly RGD) and an
established anti-cancer therapeutic has also been explored
(Figure 3D). This approach has led to reduced therapeutic-
associated toxicity in healthy tissues (Cirillo and Giacomini,
2021). It will be interesting to compare toxicity profiles for this
approach with those of liposomal encapsulations. Lastly, RGD
peptides have also been incorporated in polydopamine (PDA)
coatings to target photosensitizing agents such as gold
nanostars leading to tumor specific cell death and limited
adverse effects after near infrared activation of the drug (Li
Y. et al., 2021) (Figure 3C).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Thus far, the majority of clinical trials investigating the efficacy
of therapeutics targeting integrins in cancer have failed. There
are several reasons for these disappointing results, including
insufficient insight in the changes in expression of integrins
during cancer progression in patients and a lack of knowledge
concerning the pharmacological properties and accumulation
at the target site of antibodies or peptides. Analysis of these
aspects would have to be included in the trial design to
understand reasons for failure or success. Other difficulties
include the redundancy between different integrins, the
different roles that integrins have been found to play at
distinct disease stages and sequestration of therapeutic
antibodies or peptides by integrins present on TEVs. We
envision that 1) further understanding of these hurdles and

development of approaches to combat them and 2)
incorporation in the trial design of analyses of integrin
expression levels and drug accumulation in the tumor tissue
should provide avenues for improving therapeutic strategies
targeting integrins.

Integrins have been, and continue to be, explored as
prognostic biomarkers in cancer, given their stage specific
expression patterns. Recent studies further point to their
role in distinguishing early-stage low risk-from advanced-
stage high risk, metastatic disease. Also, their role as
therapeutic targets continues to be investigated. Results thus
far do not to point to toxicity as a major issue for drugs
targeting αvβ3 and other αv integrins. It will be interesting to
monitor the currently ongoing trials exploring α5β1 and αv
integrins as targets in various cancers. The recent studies
pointing to integrins as targets to attack CSCs, to activate
anti-tumor immunity, or to synergize with drugs targeting
immune checkpoints suggest exciting new possibilities in this
field that await clinical translation. In addition, new strategies
exploring integrins as targets for delivery of (liposomes
containing) existing anticancer drugs are promising and
may contribute to improved targeting of therapeutics and
reduced toxicity. Indeed, several exciting possibilities await
clinical testing and may well lead to a revisiting of integrins as
therapeutic targets.
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Integrin Regulated Autoimmune
Disorders: Understanding the Role of
Mechanical Force in Autoimmunity
Souradeep Banerjee*†, Ritika Nara†, Soham Chakraborty, Debojyoti Chowdhury and
Shubhasis Haldar*

Department of Biological Sciences, Ashoka University, Sonepat, India

The pathophysiology of autoimmune disorders is multifactorial, where immune cell
migration, adhesion, and lymphocyte activation play crucial roles in its progression.
These immune processes are majorly regulated by adhesion molecules at
cell–extracellular matrix (ECM) and cell–cell junctions. Integrin, a transmembrane focal
adhesion protein, plays an indispensable role in these immune cell mechanisms. Notably,
integrin is regulated by mechanical force and exhibit bidirectional force transmission from
both the ECM and cytosol, regulating the immune processes. Recently, integrin
mechanosensitivity has been reported in different immune cell processes; however, the
underlying mechanics of these integrin-mediated mechanical processes in autoimmunity
still remains elusive. In this review, we have discussed how integrin-mediated
mechanotransduction could be a linchpin factor in the causation and progression of
autoimmune disorders. We have provided an insight into how tissue stiffness exhibits a
positive correlation with the autoimmune diseases’ prevalence. This provides a plausible
connection between mechanical load and autoimmunity. Overall, gaining insight into the
role of mechanical force in diverse immune cell processes and their dysregulation during
autoimmune disorders will open a new horizon to understand this physiological anomaly.

Keywords: integrin, autoimmune diseases, mechanical force, focal adhesion, tissue stiffness

INTRODUCTION

The concept of “immune tolerance” was proposed by Macfarlane Burnett in 1948, where it was
defined as an acquired immunological inertness or “ability of the immune system to prevent itself
from targeting self-molecules, cells, or tissues” (Cojocaru et al., 2010). However, further research has
discovered that breaches in this tolerance mechanism can lead to the development of autoimmune
diseases (ADs), where immune responses against self-antigens are observed. Patients can lead
normal lives despite suffering from a single AD with proper lifelong treatment. Additionally, the
occurrence of one autoimmune disorder increases the susceptibility for other ADs, which leads to a
systematic clinical manifestation called multiple autoimmune syndromes (Cojocaru et al., 2010).
This comorbidity brings havoc in the life quality of patients and is predicted to occur in
approximately 25% of the population who are suffering from any one AD (Cojocaru et al.,
2010). These diseases affect nearly 3%–5% of the population worldwide, and the number is
gradually increasing (Jacobson et al., 1997; Eaton et al., 2007; Wang et al., 2015). The onset and
prevalence of AD vary among patients as substantial heterogeneity exists by different genetic and
environmental factors (Bogdanos et al., 2012; Wang et al., 2015). Nearly a hundred AD have been
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identified to date, and the list of ADs in the autoimmune registry
is being constantly updated (Kienberger et al., 2005). Among
them, type 1 diabetes mellitus (T1DM), autoimmune thyroiditis,
multiple sclerosis (MS), and rheumatoid arthritis (RA) are some
of the most prevalent autoimmune disorders.

It is well-established that mechanical force plays an
indispensable role in diverse cellular processes (Webb, 2003;
Matsumura, 2005; Vicente-Manzanares et al., 2009; Maître and
Heisenberg, 2011; Wruck et al., 2017); however, its direct
influence on immune cells and their processes still remains
elusive. Different immunological processes, ranging from
immune cell migration and adhesion under shear flow to
dynamic cell–cell interaction, have been observed to occur
under mechanical force (Lafaurie-Janvore et al., 2013;
Natkanski et al., 2013; Yusko and Asbury, 2014; Huse, 2017).
These forces are sensed as well as transmitted by
mechanosensitive proteins present in both the cytosolic and
extracellular regions of the cell. Additionally, the nuclear LINC
complex and other nuclear proteins such as SUN and YAP/TAZ
factors transmit force while interacting with their interactors
(Dupont et al., 2011; Bone et al., 2014; Elosegui-Artola et al., 2017;
Donnaloja et al., 2019). Mechanosensitive ion channels such as
different subtypes of transient receptor potential (TRP) channel
(Nikolova-Krstevski et al., 2017), the mechanosensitive channel
of small conductance (MscS) channels (Zhang et al., 2021), and
piezo channels (Wang et al., 2019) have been reported to be
involved in MS and experimental autoimmune encephalomyelitis
(EAE) model, RA (Jairaman et al., 2021), ulcerative colitis
(Toledo-Mauriño et al., 2018; Silverman et al., 2020), and
Crohn’s disease (Alaimo and Rubert, 2019). These
mechanosensitive proteins sense force and subsequently
transduce biochemical signals to both inside and outside of
the cell, regulating cell shape, size, and its fate (Dong et al.,
2009; Paluch and Heisenberg, 2009; Yusko and Asbury, 2014;
Sivarapatna et al., 2015; Kumar et al., 2017; Leal-Egaña et al.,
2017; Schakenraad et al., 2020). Among these mechanosensitive
proteins, adhesive proteins are the major players in mediating the
mechanical cross-talk between the cell and extracellular matrix
(ECM). Integrin, being a major adhesive protein, plays a crucial
role in AD progression through different immune cell processes
(McMurray, 1996; Steinman, 2004; Rose et al., 2007; Chase et al.,
2012; Engl et al., 2014; Sun et al., 2016). While interacting with
both the intracellular and intercellular partners, integrin regulates
immune cell functioning like cell migration, adhesion,
lymphocyte activation as a major co-stimulator (Kong et al.,
2009; Sun et al., 2016; Nordenfelt et al., 2017; Jaumouillé et al.,
2019). Notably, force plays a regulatory role in integrin activation,
and several studies have quantified the mechanical force
controlling the integrin-mediated immune mechanisms (Woolf
et al., 2007; Kong et al., 2009; Chen et al., 2010; Franck et al., 2011;
Stout et al., 2016; Sun et al., 2016; Sun et al., 2019). Therefore, the
mechanical role of integrin in the causation of abnormal immune
responses, specifically in AD, is of keen interest. In this review, we
have illustrated how integrin’s mechanosensitivity is regulated in
different immune cell processes, resulting in different ADs.
Interestingly, we have provided a new insight that tissue
stiffness possesses a positive correlation with AD prevalence,

indicating a plausible role of tissue stiffness in AD progression.
Overall, this review will provide a new physical perspective to
autoimmune disorders, where mechanical load could play a
pivotal role in disease pathobiology.

INTEGRIN SENSING MECHANICAL FORCE
Ligand specificity of integrins is decided by the couplet
combinations of its α and β subunits (Table 1). Generally, one
integrin heterodimer is capable of binding many ligands, and
similarly, one ligand can interact with different integrin subtypes.
Extracellular ligand interactions of integrin are divided into
several groups, based on the structural disposition of the
molecular interaction (Hynes, 2002; Humphries et al., 2006;
Bachmann et al., 2019): i) RGD-binding integrins, recognizing
diverse extracellular ligands with RGD motif; ii) LDV motif-
binding integrins, which interact with ligands with LDVmotif; iii)
αI domain-containing α subunits, which bind to laminin/
collagen; iv) non-αA/αI domain-containing integrin, which
interacts with laminin while pairing with β1 subunit
(Humphries et al., 2006); and v) some integrins that exhibit a
change in conserved GFFKR sequence in the membrane proximal
part of α subunit (Dickeson and Santoro, 1998; Hynes, 2002;
Humphries et al., 2006; Barczyk et al., 2009; Bachmann et al.,
2019). On the other hand, members of the integrin interactome
can be broadly classified into three categories: ECM ligands
containing the RGD sequence; transmembrane proteins such
as tetraspanin, syndecan, and CD47, which interact laterally
with integrins while being attached to the cell membrane; and
intracellular proteins like talin and kindlin binding to the
cytosolic tails of α and β subunits to trigger inside-out
signaling (Emsley et al., 2000; Xiong et al., 2002; Shimaoka
et al., 2003; Xiao et al., 2004).

Integrin-Talin Centered Focal Adhesion
Integrin subtypes undergo conformational changes through three
states: bent-closed, extended-closed, and extended-open
conformation. However, its underlying mechanism upon
ligand binding is highly debated by the supporters of
switchblade and deadbolt models. Integrin activation, shifting
from its bent-closed conformation (inactive) to the extended-
open conformation (active with high affinity), causes the ligand-
binding site to move 150–200 Å away from the cell surface (Zhu
et al., 2007a; Jahed et al., 2014). This is followed by the initiation
of integrin-mediated mechanotransduction by switching to its
thermodynamically unstable active conformation by either
“outside-in” or “inside-out” mechanism. The “inside-out”
mechanism involves a key intracellular player talin, which,
along with kindlin, has the unique ability to activate integrins
(Goult et al., 2021; Cowell et al., 2021). This activation of
integrins, followed by ligand binding, results in integrin
clustering. This causes the heterodimers to oligomerize,
forming lateral assemblies that eventually mature into focal
adhesion complexes (Jahed et al., 2014). Though the
mechanism of clustering is elusive, it is majorly regulated by
inside-out signals that recruit multimeric protein complexes to
integrin tails (Shattil et al., 2010). By contrast, outside-in signaling
allows integrin to bind ECM proteins such as fibronectin,
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laminin, and collagen, enhancing the force transmission across
the cell membrane and subsequent integrin interaction with talin
and kindlin (Sun et al., 2019; Chakraborty et al., 2019; Goult et al.,
2018). Once talin binds to the NPxY motif in the structurally
conserved PTB-like domain of integrin, integrin α and β
cytoplasmic tails separate, resulting in its activation (Kong
et al., 2009). Interestingly, it is recently discovered that the
flexible loop in the F1 domain of the integrin head is crucial
for activating the β3 domain of integrin (Kukkurainen et al.,

2020). Although talin itself is unable to cross the thermodynamic
barrier to activate integrin, it can disrupt the transmembrane salt
bridge between two integrin subunits with the help of PIP2
(Figure 1) (Sun et al., 2019; Orłowski et al., 2015a). Talin
remains attached to the cytoskeleton via actin and acts as a
linchpin partner for integrin in relaying force from the inside-out
(Cowell et al., 2021; Chakraborty et al., 2019). Talin interacts with
the RIAM protein in a Rap1-dependent manner and has been
observed to enhance integrin activation during leukocyte

FIGURE 1 | Integrin-dependent mechanotransduction by outside-in and inside-out signaling. Integrin can exist between three conformational states: bent-closed,
extended-closed, and extended-open conformation. Bent-closed conformation is functionally inactive and thus could not interact with cell–extracellular matrix (ECM)
ligands. Chemokine signaling initiates RIAM to bind the autoinhibited talin. The autoinhibited talin–RIAM complex binds to the Rap1 protein, which activates talin by
extending it from the autoinhibited structure. Subsequently, the extended talin binds to the NPxY motif of the cytosolic tail of the β subunit of integrin. Talin binds to
PIP2 by the FERM domain (red pentagon) and actin by its actin-binding domains. These interactions break the transmembrane salt bridge between α and β subunits and
activate integrin by providing the required force, which allows integrin to cross its internal thermodynamic barrier, resulting in the active state stabilization by the very low
force provided by talin. Now activated integrin is able to bind ECM ligands on the extracellular region connected to the actomyosin complex inside the cell. On the
contrary, integrin also gets activated from the extended-closed structure through outside-in force sensing by forming interacting bonds with its intercellular ligands like
CAMs or ECM proteins. The thermodynamic barrier causes conformational fluctuation between the most stable bent-closed to unstable extended-open conformation
through a transient extended-closed state. While experiencing ligands outside the cell, the extended-closed conformation has the ability to form a transient bondwith the
ligand (here CAM), which transmits the force through integrin to talin. Talin along with PIP2 breaks the transmembrane salt bridge, activating the integrin to extended-
open conformation. This is followed by the binding of the actin cytoskeleton to talin. This provides longer and more durable catch-bond formation, under force, between
the integrin-extracellular ligand, thus transducing the signaling cascades and retrograde flow to regulate immune synapse formation, activation of lymphocytes, tissue
invasion by migration, cytotoxicity, etc. (Orłowski et al., 2015b; Haining et al., 2016; Yao et al., 2016; Khan and Goult, 2019; Sun et al., 2019).
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stimulation (Goult et al., 2013; Yao et al., 2015; Gough et al., 2021;
Han et al., 2006). Kindlin, on the other hand, binds to the
membrane-distal region of the β-integrin tail to its NxxY
motif. While a tension of 10 pN has been measured across
talin molecules at focal adhesion sites, kindlin experiences no
intramolecular tension despite being directly linked to F-actin
(Austen et al., 2015; Bledzka et al., 2016). Both protrusive and
contractile F-actin dynamics work in tandem at cell–ECM

contacts to generate frictional drag (Huse, 2017). These
molecules form the focal adhesion complex with talin–integrin
linkage as a center of the “molecular clutch.” Gradual integrin
clustering matures the focal adhesion by recruiting adaptor
proteins like vinculin and kindlin, manipulating actin
retrograde motion by traction force generation (Figures 1,
2D,E) (Khan and Goult, 2019). Remarkably, increased forces
sustained by the focal adhesion have been shown to correlate with

FIGURE 2 | Integrin-mediated immune cell adhesion to endothelial cells under a shear force of blood flow. (A)Migration of immune cells under force—immune cells
traveling through the blood vessel experience a shear force of the blood flow. Chemokines (green) are secreted by the endothelial cells lining the tissue displaying self-
antigens; however, the chemokine gradient is highest near the infectious tissue. The chemokines slow down the flow rate of the migratory leukocytes towards the site of
infection under the shear stress of blood flow, equivalent to 1 dyn/cm2. (B) Slip-bond formation and decrement in cell migration velocity—cells gradually decrease
the speed along with the rise of chemokine gradient and tumble on the endothelial cells of the blood vessel. The selectin molecules, expressed by the leukocyte, interact
with its counterpart expressed on the endothelial cells. However, their interaction under a shear force of blood flow causes the slippage of the bonds, allowing the cell to
roll on the endothelial layer, while rolling numerous numbers of slip bond forms and breaks between themolecules like P-selectin, E-selectin, PSGL1, E-cadherin, etc. (C)
Extended-closed integrins—the GPCR expressed on the leukocytes interacts with the chemokine to activate PI3K that induces Rap1–RIAM complex to activate talin for
further binding with the β subunit cytosolic tail of integrin. This partially activates integrin from its bent-closed to extended-closed structure. (D) Integrin activation leading
to focal adhesion—the extended-closed integrin gets activated, either by outside-in signaling by interacting with CAMwhile rolling on the endothelial layer or by inside-out
signaling through sensing the force from talin–actin complex. The activation breaks the integrin salt bridge, transforming it into a thermodynamically unstable but active
extended-open conformation. This forms integrin–ligand catch bonds under blood-flow shear force, resulting in complete adhesion of the immune cells to the endothelial
layer. During this interaction, the force is transmitted through integrin both outside and inside the cell, which finally transduces downstream forming the focal adhesion.
(E) Adhesion of cell—this focal adhesion regulates the cell’s shape and migration and strictly adheres the cell on the endothelial layer by inducing the catch-bond
formation. (F) Diapedesis—while remaining attached on the endothelial surface in the infected tissue, the self-reactive immune cells transmigrate in between adjacent
cells by diapedesis towards the infected tissue region (Zhu et al., 2007b; Jahed et al., 2014; Huse, 2017).
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the integrin cluster size during the focal adhesion maturation for
larger adhesions over 1 μm (Wang et al., 2015). No such
correlation, however, exists for smaller adhesions or beyond
the initial stages of myosin-mediated adhesion maturation and
growth (Tan et al., 2003; Stricker et al., 2011; Mehrbod and
Mofrad, 2013).

Each talin–integrin molecular clutch is believed to have its
own threshold, beyond which a mechanosensing event is
triggered resulting in the adhesion growth by increased
integrin recruitment (Oria et al., 2017). The entire dynamics
are tightly controlled by mechanical signals, acting as a well-oiled
“gearbox.” As a result, the adhesion turnover is monitored
through the contraction of the actomyosin skeleton and the
cellular traction force (Chakraborty et al., 2019). The rate of
adhesion turnover is essential in the force transmission and
adhesion strengthening, since it controls the force
redistribution pattern across its scaffolding thereby, forming a
heterogeneous focal adhesion complex (Elosegui-Artola et al.,
2016). Interestingly, the cellular response increases with both
matrix rigidity and ligand density, which finally promotes
adhesion growth (Elosegui-Artola et al., 2016). This challenges
the wide consensus where the collapse of the adhesion complex
was observed under high load, beyond a second rigidity threshold
of 30 kPa for 100-nm-spaced substrates and 150 kPa for 50-nm-
spaced substrates (Oria et al., 2017). Additionally, a small increase
in ECM stiffness can directly affect mechanotransduction
(DuFort et al., 2011). For example, on soft ECMs (~1.5 kPa),
integrins cluster with intermolecular distances of ~200 nm (Oria
et al., 2017), but stiffer ECMs of higher tensions (~150 kPa)
enable denser clustering of integrins with ~60-nm separable
distance forming more stable adhesions (Cavalcanti-Adam
et al., 2007). Interestingly, the positioning of molecular clutch
engagement varies among cell types and affects those cellular
motilities (Huse, 2017). Hence, the talin–integrin clutch plays a
crucial role in efficient migration by localizing the adhesions to
areas with stiff ECM and active F-actin protrusion. This
additionally constrains the rapid actin polymerization, which
otherwise is energetically costly and limits the formation of
unnecessary adhesive contacts (Huse, 2017).

The role of force-dependent integrin binding in cell–cell
adhesion and cell–ECM interaction is indispensable.
Different force-based imaging techniques have observed the
biomechanics of leukocyte circulation, endothelial and trans-
endothelial migration, and their persistence in the surrounding
matrix (Schwartz et al., 2021). For example, traction force
microscopy (TFM) has revealed that neutrophils and
migrating T cells have force exertion concentrated in the rear
side, where fully activated extended integrins are also found to
cluster, similar to a “rear-wheel drive”mechanism (Jannat et al.,
2011a; Dixit et al., 2011; Smith et al., 2007; Green et al., 2006). By
contrast, macrophages and dendritic cells (DCs) exhibit
maximum traction forces near the leading edge of the
diapadesing cell (Gardel et al., 2010a; Renkawitz and Sixt,
2010a). This is similar to the “front-wheel drive” of
fibroblasts and endothelial cells (ECs), which form focal
adhesions at the base of their lamellipodia (Gardel et al.,
2010b; Renkawitz and Sixt, 2010b). Leukocyte diapedesis has

been shown to increase with the substrate stiffness, which in
turn is correlated with higher DLC-1 expression in ECs. This
stabilizes ICAM1 (a ligand of LFA-1 and Mac-1) adhesome
during the trans-endothelial migration, a form of diapedesis
(Schimmel et al., 2018). It is also well known that trans-
endothelial migration of leukocytes is strongly enhanced by
the matrix stiffness of the vasculature (Huynh et al., 2011).
Notably, α actinin-4 recruitment has been reported to be a
strong influencer of endothelial stiffness, regulating the
spreading and subsequent diapedesis efficiency of adhesive
polymorphonuclear (PMN) cells. This EC stiffness also
regulates the function of ICAM1, an integrin ligand,
controlling the transmigration of neutrophils (Schaefer et al.,
2014). Martinelli et al. has shown that EC mechanics including a
defined substrate stiffness can switch the diapedesis route
(Martinelli et al., 2014). Indeed, they observed that initiation
of diapedesis requires local reduction of EC stiffness, and thus,
trans-endothelial migration occurs majorly at low stiffness sites
(Huveneers et al., 2015). Recently, it has been shown that
monocyte migration and adhesion are also stiffness
dependent and correlate well with ICAM1/VCAM1
expression (Chen et al., 2019). The mechanism by which ECs
render the matrix stiffness toward trans-endothelial migration
remains less explored. An AFM-based study shows that
increasing the matrix stiffness from 0.5 to 100 kPa increases
LFA-1/ICAM1 binding force from 123 to 220 pN, thereby
augmenting the chance of leukocyte adhesion to ECs and
promoting trans-endothelial migration (Jiang et al., 2016).
Monocyte adhesion and diapedesis have been shown to be
dependent on integrin ligands such as ICAM1, ICAM2, and
VCAM1 (Schenkel et al., 2004). Neutrophil transmigration has
also been reported to be influenced by EC stiffness through
myosin light chain kinase (MLCK)-dependent cell contraction
(Stroka and Aranda-Espinoza, 2011). By contrast, in the case of
ICAM1 or VCAM1 interaction, CD4+ T-cell migration becomes
shear dependent instead of stiffness dependent (Kim and
Hammer, 2021). Similarly, another study has shown a
stiffness-dependent T-cell migration and adhesion via T-cell
receptor (TCR) mechanosensing (Bashour et al., 2014).
Inflammation can result in higher stiffness of the tissue
matrix, further modulating the transmigration pathway
(Fowell and Kim, 2021). This indicates that the endothelial
stiffness effect on transmigration could be a linchpin factor
depending on the cell type interacting with the ECs with
respective ligand interactions. Additionally, tenertaxis, or the
guidance of lymphocyte migration by the path of least
mechanical resistance, has been proved to support the
lymphocyte diapedesis through the mechanically softer
tissues (Martinelli et al., 2014). Interestingly, leukocyte
migration through 2D and 3D environments differs
according to the matrix and tissue stiffness (Mestas and Ley,
2008; McIntyre et al., 2003). For example, leukocytes, although
displaying adhesive receptor-dependent migrations in 2D,
generally prefer amoeboid-type migration in 3D, which is
independent of adhesion proteins (Gaertner et al., 2022;
Yamada and Sixt, 2019; Reversat et al., 2020). However,
mesenchymal migration of macrophages has been reported to
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be adhesion protein-dependent with integrin as a major one.
Cui et al. (2018) showed that macrophage migration can be
regulated by αMβ2 and αDβ2 integrin-mediated adhesome even
in a 3D environment, and thus, receptor-mediated migration is
not only limited to 2D matrix stiffening. Recently, Bhattacharjee
et al. discussed that immune cell–ECM crosstalk could be
critically involved in different autoimmune skin diseases
(Bhattacharjee et al., 2019). Different groups have debated
that immune cell–ECM interaction is pivotal for cell
migration and other immune cell processes (Boyd and
Thomas, 2017; McMahon et al., 2021; Moreau et al., 2017).
Hons et al. (2018) has also demonstrated that intra-nodal
migration of T cells is regulated by both cytokine and
integrin, controlling actin flow and substrate friction. Other
ADs (except RA) like scleroderma and psoriasis are known to be
crucially regulated by integrin interaction with matrix ligands
(Conrad et al., 2007; Pattanaik et al., 2015; Gerber et al., 2013).

As the mesenchymal migratory route is opted more often in the
stiffened matrix, with the help of matrix metalloproteinase
(MMP)-secreting invadopodia, the stiffened matrix also
regulates the occurrence of pathobiological signaling.
Specialized cellular structures like podosomes and
invadosomes, which are involved in diapedesis, invasion, and
migration of myeloid-originated immune cells (Dufrançais
et al., 2021), are formed by the integrin-mediated focal
adhesion complex (Martinelli et al., 2014; Hood and Cheresh,
2002). Labernadie et al. measured the podosome mechanics
within the living macrophage using AFM methodology and
observed that the podosome stiffness is 43.8 ± 9.5 kPa (reported
as mean ± s.e.m.). This specialized cellular structure is crucial in
assisting the motility of macrophages through ECM degradation
and tissue invasion (Labernadie et al., 2010). Integrin-controlled
immune cell processes mentioned here and in Table 2 support
the role of mechanotransducing integrin in inflammatory

TABLE 1 | Classification of major integrin with a cluster of differentiation (CD) nomenclature.

β

subunit
α

subunit
Integrin
name

Classification
based

on binding
site

Classification based
on structure

Major ligands Expression

β1
(CD29)

α1
(CD49a)

α1β1
(VLA-1)

LDV binding αI domain containing Laminin, collagen, tenascin NK cells activated B and T cells

α2
(CD49b)

α2β1
(VLA-2)

αI domain containing Laminin, collagen NK cells activated B and T cells

α3
(CD49c)

α3β1
(VLA-3)

XGFFKR sequence
containing

Laminin, collagen, fibronectin Thymocytes and activated T cells

α4
(CD49d)

α4β1
(VLA-4)

Fibronectin, VCAM1, MAdCAM1, TSP-1 Monocytes and lymphocytes

α5
(CD49e)

α5β1
(VLA-5)

RGD specific Fibronectin, L1 Macrophages

α6
(CD49f)

α6β1 XGFFKR sequence
containing

Laminin T cells (memory and activated),
thymocytes

αv
(CD51)

αvβ1 RGD specific Vitronectin, fibronectin, collagen,
fibrinogen

T regulatory cells

β2
(CD18)

αL
(CD11a)

αLβ2
(LFA-1)

αI domain containing ICAM1, 2 and 3 All leukocytes and is predominant in
lymphocytes

αM
(CD11b)

αMβ2
(Mac-1)

αI domain containing ICAM1, iC3b, fibrinogen Especially neutrophils andmonocytes
also expressed in NK cells, B cells,
and some T cells

αX
(CD11c)

αXβ2 αI domain containing iC3b and fibrinogen Myeloid dendritic cells (DCs)

αD
(CD11d)

αDβ2 αI domain containing ICAM-3, VCAM1 Eosinophils, neutrophils, monocytes,
and NK cells

β3
(CD61)

αv
(CD51)

αvβ3 RGD specific Fibronectin, osteopontin, PE-CAM1,
vitronectin, fibrinogen, human L1,
thrombospondin, collagen

Monocytes activated B and T cells

αIIb
(CD41)

αIIbβ3 RGD specific Fibronectin, vitronectin, thrombospondin Mast cells

β5 αv
(CD51)

αvβ5 RGD specific Vitronectin, fibronectin, fibrinogen Monocytes and macrophages

β7 αE αEβ7
(CD103)

αI domain containing,
XGFFKR sequence
containing

E-cadherin Mainly expressed on mucosal T cell

α4
(CD49d)

α4β7 LDV binding Fibronectin, VCAM1, MAdCAM-1 Circulating lymphocytes

Note. Classification of the integrin subtypes with structural features and/or their binding sites on respective ligand molecules. Classification is based on data from (Dickeson and Santoro,
1998; Humphries et al., 2006; Barczyk et al., 2009; Bachmann et al., 2019). CD nomenclatures are according to the Human Cell Differentiation Molecules (https://www.hcdm.org/).
CD, cluster of differentiation; LDV, amotif of some integrin ligands; RGD, amotif of themajority of integrin ligand; αI domain, a chordate specific domain in the α subunit of integrin; XGFFKR,
a sequence present in the proximal cytoplasmic tail of integrin α subunit where X is a variable amino acid.
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processes, which finally assists the immune cells in migration
and tissue penetration (Hood and Cheresh, 2002).

Mechanical Interactions Between Integrin
and Their Respective Ligands
It is well-established that integrins sense and transmit
mechanical force; however, it remains unclear whether a
specific integrin bears maximum load (over 30 pN) or it is a
cumulative effort of many weaker interactions by the entire
adhesion structure (Chang et al., 2016). As integrin activation
and ligand binding result in integrin clustering on the cell
membrane, hundreds of adaptors and signaling molecules
nucleate at their cytosolic tails to form a large dynamic
supramolecular complex, called the integrin adhesome or
focal adhesion (DuFort et al., 2011). Single-molecule
techniques like FRET-based molecular tension sensor (Li and

Springer, 2017), AFM (Hinterdorfer et al., 1996), optical force
microscopy (Stout and Webb, 1998), magnetic tweezers (Roca-
Cusachs et al., 2009), and ensemble techniques like
micropipette-based force transducers (Evans et al., 1991;
Evans et al., 1995; Shao and Hochmuth, 1996; Chesla et al.,
1998), centrifugation (Lotz et al., 1989; Piper et al., 1998), and
shear flow have been used to measure the integrin–ligand
interaction under force (Tha et al., 1986; Alon et al., 1995;
Pierres et al., 1995a; Pierres et al., 1995b). An AFM study by
Franz et al. has observed receptor–ligand recognition forces to
fall within the wide range of 1–100 pN at a loading rate of
102–10 pN/s (Bogdanos et al., 2012), and acting on short distances
between 0.1 and 1 nm (Franz et al., 20072007). Recently, Chang et al.
(2016) observed that most integrins bear 1–7 pN of force, which is
nearly 10-fold less than the maximum load that integrins have been
found to uphold. By contrast, a previous AFM study showed that a
peak rupture force of 120 pN (observed at a loading rate of

TABLE 2 | Integrin–ligand interaction playing regulatory roles in immune cells processes.

Immune processes Integrin
types

Integrin–ligand
interactions

Force quantified in
these interactions

References

Lymphocyte migration α4β1
(VLA-4)

α4β1/VCAM1 ~50 pN Chan and Aruffo (1993),
Zhang et al. (2004)AFM-based study [10 pN/s (Wang et al.,

2015) to 10 pN/s (Bogdanos et al., 2012)]
αLβ2
(LFA-1)

αLβ2/ICAM1 10–15 pN Chen et al. (2010),
Piechocka et al. (2021)Biomembrane force probe-based study

Eosinophil adhesion αDβ2 αDβ2/VCAM1 NA Grayson et al. (1998)

Monocyte migration αDβ2 NA NA Yakubenko et al. (2008)

Lymphocyte homing α4β7 α4β7/ MAdCAM1 32–80 pN Sun et al. (2014), Wang et al.
(2018)AFM-based study (100–1,500 pN/s)

Macrophage differentiation α5β1 α5β1/fibronectin 10–30 pN Laouar et al. (1999), Kong
et al. (2009)AFM-based study

T-lymphocyte adhesion αLβ2
(LFA-1)

αLβ2/ICAM1 10–15 pN Sigal et al. (2000), Chen et al.
(2010)Biomembrane force probe-based study

αEβ7 αEβ7/E-Cadherin 60 pN Taraszka et al. (2000),
Shibata-Seki et al. (2020)AFM-based study

Macrophage adhesion α5β1 α5β1/Fibronectin 10–30 pN Kong et al. (2009), Evans
et al. (2019)AFM-based study

αDβ2 αDβ2/vitronectin NA Yakubenko et al. (2008)

Formation of immunological synapse (IS) or
supramolecular activation cluster (SMAC) in T cell

αLβ2
(LFA-1)

αLβ2/ICAM 10–15 pN of biomembrane force probe-
based study

Monks et al. (1998), Chen
et al. (2010)

B-cell adhesion, activation, and synapse formation αLβ2
(LFA-1)

αLβ2/ICAM1 10–15 pN Carrasco et al. (2004), Chen
et al. (2010)Biomembrane force probe study

Neutrophil crawling αMβ2
(Mac-1)

αMβ2/ICAM1 10 pN Phillipson et al. (2006),
Rosetti et al. (2015)Biomembrane force probe-based study

Monocyte and platelet adhesion αMβ2 αMβ2/CD147 NA Heinzmann et al. (2020)

Inflammatory response αMβ2
α4β1

αMβ2/pleiotrophin NA Feng et al. (2021)

AFM-based study (10 pN/s (Wang et al., 2015) to
10 pN/s (Bogdanos et al., 2012)

(VLA-4) α4β1/VCAM1 ~50 pN Zhang et al. (2004), Lou et al.
(2021)

Complement activation αMβ2 αMβ2/iC3b NA Xu et al. (2017)
αXβ2 αXβ2/iC3b NA Xu et al. (2017)
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10–50,000 pN/s and pulling speed of 1–15 μm/s) is required for a
single α5β1/FN interaction (Li et al., 2003). However, using optical
tweezers, Thoumine et al. (2000) measured average integrin bond
strength within 20–28 pN. Interestingly, it has also been observed
that some integrin subtypes within the adhesions have the ability to
withstand higher forces than the empirical measurement,
reinforcing the idea of differential force transmission among
integrin subtypes. In fact, when fibronectin-binding α5β1 and
αVβ3 were subjected to a small force of 1 nN using magnetic
tweezers, Roca-Cusachs et al. (2009) found that αVβ3 could not
sustain the applied forces while α5β1 was inhibited, suggesting
individual integrin molecules are capable of withstanding
different mechanical loads. While αVβ3 is important for

reinforcement and mechanotransduction, α5β1 is mainly involved
in mediating adhesion strength (Roca-Cusachs et al., 2009). At
30 pN, α5β1 integrin achieves maximal affinity for fibronectin
(Kong et al., 2009), while LFA-1 and Mac-1 show optimal
functioning under 10–15 pN (Chen et al., 2010; Rosetti et al.,
2015). Moreover, using AFM-based single-cell force spectroscopy,
Wang et al. (2018) suggested ligand-specific activation of α4β7 via
MAdCAM-1 and VCAM1 interactions and showed that Mn2+

addition increased the force-dependent lifetime of these
interactions besides increasing integrin ligand-binding affinity.
The ability of α4β7 to switch its conformer specificity allows it to
precisely regulate leukocyte homing in tissue. These data also
suggested that β2 integrin may also have similar ligand-specific

FIGURE 3 | Regulatory role of force during lymphocyte activation in immune synapse—during T lymphocyte activation (green), it interacts with an antigen-
presenting cell (APC; blue) to recognize the antigen, presented by the APC. During this binding, there form three regions: central regions of supramolecular activation
complex (cSMAC), peripheral SMAC (pSMAC), and distal SMAC (dSMAC). TCR/peptide–MHC interaction occurs in the cSMAC region and is required for the T-cell
activation, whereas force-dependent integrin–ligand (LFA-1/ICAM1) interactions take place in the pSMAC region, which surrounds the inner cSMAC region. This
results in the formation of focal adhesion complexes inside the lymphocyte at the immunological synapse. This integrin interaction at the pSMAC plays a crucial role in the
co-stimulation of T-cell activation by forming adhesome enriched with talin bounded actin–myosin complex. Additionally, the interaction between TCR-antigen–MHC
complexes in the cSMAC also occurs under force and forms catch bonds up to ~10 pN (Huse, 2017).
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active states induced by differential activation (Wang et al., 2018).
Therefore, the force spectroscopic technologies quantified the force-
dependent interactions of different integrins with their ligands,
which further aided in understanding their interactions in vivo.

In addition to biochemical and intracellular activation,
integrins can also be activated by forces experienced directly
from the extracellular region, inducing catch-bond formation
with the respective ligand. While most tensional forces weaken
protein–protein interactions by forming slip bonds (Figure 2B),
catch bonds are formed between almost every integrin–ligand
interaction. By definition, catch bonds are formed between
receptor and ligand to act like molecular hooks that
dissociate easily in the absence of force but remain reinforced
under tensile forces (Hertig and Vogel, 2012). These bonds are
induced upon experiencing a range of mechanical force and are
responsible for strengthening adhesion and drastically
increasing bond lifetimes. For example, for specific
interaction between α5β1 and fibronectin, 10–30 pN of force
was observed by Kong et al. (Sun et al., 2019). However, while
force application accelerates catch-bond activation by passing
the short- to long-lived state of integrin across its free energy
barrier, it is not essential for strengthening adhesion (Hertig
and Vogel, 2012; Kinoshita et al., 2010; MacKay and Khadra,
2020). In the case of integrin, many extracellular domains can
interact with each other when in bent-closed conformation to
stabilize the nonactivated state (Hertig and Vogel, 2012). More
importantly, the catch bond formed between α5β1 and
fibronectin leads to a force-induced conformational change
in the integrin headpiece allosterically, which drives the α5
subunit to associate with the synergy site in FNIII9 of
fibronectin (Figure 2D) (Kong et al., 2009; Chen et al.,
2010; Rosetti et al., 2015; Sun et al., 2019). Kong et al.
(2009), using AFM-clamp experiments, quantified the
lifetime of single α5β1/FN bonds at forces as low as 4 pN
and observed catch-bond formation ≤30 pN (at a cantilever
pulling speed of 200 nm/s). Upon truncating the leg region and
using two activating monoclonal antibodies (mAbs) binding
the headpiece, they found that the catch-bond formation
involves force-assisted activation of the headpiece but not
integrin extension (Kong et al., 2009). Additionally,
integrins like LFA-1 (αLβ2) and Mac-1 (αMβ2) also form
catch bonds with their ICAM ligands. Notably, Lou et al.,
using a biomembrane force probe, measured single-bond
interactions between LFA-1 and ICAM1 (Chen et al., 2010).
They found that integrin LFA-1 forms catch–slip bonds with
ICAM1 in three cation conditions and in the presence of a
chemokine that triggers inside-out signaling. With a gradual
increment of force, LFA-1/ICAM1 bond lifetimes first
increase, forming catch bonds, and as their off-rates
decrease, then slip bonds form beyond a threshold of 15 pN,
declining the bond lifetime (Chen et al., 2010). Interestingly,
on changing the divalent cations from Ca2+/Mg2+ to Mn2+, the
peak of the average lifetime curve has been observed to increase
from 10 to 15 pN. More importantly, upon using an internal
ligand antagonist XVA143 that blocks the pulling force of the
α7-helix, suppression of intermediate-/long-lived states was
observed, leading to the elimination of catch bonds and

revealing an internal catch bond between the αI and βI
domains of LFA-1 (Chen et al., 2010). In contrast, to catch
bonds, a more intuitive biomolecular interaction is the
formation of slip bonds. These slip-bonds can be observed
between E-selectin and their ligands, like different integrins,
antibodies or antigens. (Li et al., 2016). Chen et al. (2011)
showed that pulling force at a cyclic RGD motif bound to the
integrin head also extended the integrin, suggesting force-
dependent activation of integrins. The formation of catch
bonds between integrins and their ligands is proved to be
an important aspect of various immunological functions. For
example, the LFA-1/ICAM1 interaction is majorly responsible
for leukocyte migration and firm adhesion under force (Chen
et al., 2010). Similarly, the fibronectin-receptor integrin α5β1
plays a direct role in angiogenesis (Kong et al., 2009). Integrin
α4β1 (or VLA-4) is expressed on T and B lymphocytes,
monocytes, eosinophils, neutrophils, and natural killer cells,
promoting inflammatory responses by assisting leukocyte
migration. Lastly, αMβ2 (or Mac-1) is another important
integrin that is highly upregulated in migrating phagocytes
(Lishko et al., 2003). These examples lead to the understanding
that catch bond–slip bond transitions during the
integrin–ligand interactions, under mechanical force-
sensitive scenarios, will play crucial roles in immune cell
mechanisms.

MECHANOSENSITIVE INTEGRINS
REGULATE IMMUNE CELL PROCESSES

Immune cells are known to migrate towards their destined site by
rolling, and then it tethers and firmly adheres to the ECs, further
transmigrating into the tissue by diapedesis (Figure 2). An
example of precise spatiotemporal adhesion regulation under
force is leukocyte rolling, which is mediated by selectins. It is
plausible that shear force might be disruptive and impede
leukocyte adhesion; however, it has been observed to be
essential for optimal selectin-dependent adhesion. An AFM
study has revealed that selectins form catch bonds with an
optimum force of <20 pN (Marshall et al., 2003). Also, at a
shear stress of >6 dyn/cm2 and pulling force of ~35 pN per
microvillus, leukocyte rolling is stabilized by the dynamic
transition between slip and catch bonds. As immune cells
tether to the ECs, a firm adhesion takes place through the
integrin interaction with cell adhesion molecules (CAMs) on
ECs. For example, T cell with the expressed integrin interacts with
ICAM1 on the ECs. These integrin–CAM interactions are force-
dependent and are allosterically strengthened within 10–30 pN of
force (Sun et al., 2019). For example, in T cell, the expressed
integrin LFA-1 gets activated either by activation of GPCRs on
binding with chemokines or when auto-antigens are displayed by
the antigen-presenting cells (APCs) to bind TCR, thus finally
activating T cells in a mechanosensitive manner (Figure 3)
(Savinov and Burn, 2010). Activation of TCR induces the
interleukin-2 (IL-2)-induced T-cell kinase followed by
activation of phospholipase C-γ1 (PLC-γ1) (Savinov and Burn,
2010). This PLC-γ1 induces a GEF Rap1 to form a complex with
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TABLE 3 | Integrin and its ligands as a key contributor in the progression of autoimmune diseases

Disease Integrins involved Immune cells involved Integrins role in
autoimmune disease

Systemic lupus
erythematosus (SLE)

Mac-1 (αMβ2) B cells, neutrophils, and macrophages express
high amount of αMβ2 (Rosetti and Mayadas, 2016)

• Mac-1 deficiency study induces hyper-immune response in
SLE-prone mouse model (Kevil et al., 2004)

• Non-synonymous mutation in Mac-1 gene ITGAM causes
“R77H” mutation in the β propeller domain. This results in
decreased catch-bond formation with ligand under shear force
ranging from 0.19 to 0.42 dyn/cm2 and is directly associated
with SLE. Most significant difference was observed at
0.32 dyn/cm2 (Rosetti et al., 2015)

• Mac-1 promotes neutrophil accumulation in anti-glomerular
basement nephritis by bearing the FcγR–IgG-mediated
adhesion of neutrophils. Tang et al. (1997)

Crohn’s disease (CD)- α4β1 (VLA-4) and
α4β7, αEβ7

NK cells, T and B lymphocytes, neutrophils • CD is caused due to infiltration of leukocytes in the
gastrointestinal tract with the help of α4β7-MadCAM1 (Erle
et al. (1994), Newham et al., 1997)

• Leukocytes can also be independently helped by α4β1/
VCAM1 to transmigrate into the intestinal tract (Zundler et al.,
2017)

• αEβ7 expressing CD4+ T memory cells may be a major cause
of inflammation due to CD, as αE+ T cells are known to destroy
intestinal epithelial cells and are responsible for site-specific
migration (El-Asady et al., 2005)

Ulcerative colitis (UC)- αEβ7, α4β1 and α4β7 CD4+ T cells, TH1, and TH17 cells • VCAM1 and MAdCAM1 are expressed highly in intestinal cells
of UC patients, guiding α4β1 and α4β7 expressing cytotoxic
and pro-inflammatory T cells into lamina propria

• Inside lamina propria, T lymphocytes are retained by
interaction between αEβ7 and E-cadherin of intestinal epithelia
(El-Asady et al., 2005; Sandborn et al., 2005)

Type 1 autoimmune
hepatitis

α4β7 CD4+ and CD8+ T cells, NK cells, γδT cells • α4β7 integrin and CCR9 chemokine receptor-expressing
T cells are generally not expressed much in liver cells.
However, patients with IBD display MAdCAM1 and CCL25,
ligands for α4β7 and CCR9, in their liver tissue. This causes the
T lymphocytes, expressing α4β7 and CCR9, to migrate to liver
from gut where any expression of auto-antigen either from gut
or liver can cause immune response causing AIH (Eksteen
et al., 2004; Adams and Eksteen, 2006; Oo et al., 2010)

Scleroderma αVβ3, α5β1 and
αVβ6 Mac-1 (αMβ2)

Macrophage, monocyte, B lymphocyte and T
lymphocyte

• Fibrillin-1 is an ECM component that interacts with αVβ3, α5β1,
and αVβ6 with its RGD-binding domain (Gerber et al., 2013)

• Missense mutation of fibrillin-1 RGD domain, which interacts
with integrin, can cause aggressive skin fibrosis (Gerber et al.,
2013)

• Disruptive cell–matrix interaction can cause upregulation of
integrins, which can further be targeted as therapeutic agents
(Gerber et al., 2013)

• αM encoding gene ITGAM variant rs1143679 is linked with
susceptibility towards systemic scleroderma (Carmona et al.,
2011; Anaya et al., 2012)

• MiR-150 regulates β3 integrin expression, which gets
downregulated in lesions of systemic scleroderma (Carmona
et al., 2011; Anaya et al., 2012)

• Additionally, αVβ6-induced TGF-β expression can cause
apoptosis resistance in fibroblasts (Gerber et al., 2013)

Psoriasis α1β1 α6 integrin T lymphocyte • Inhibition of α1β1 to interact with collagen causes reduced
accumulation of epidermal T cells. This has been observed
with prevention of psoriasis (Conrad et al., 2007)

• Integrity of laminin changes in psoriatic skin, causing
insufficient interaction with α6 integrin (Conrad et al., 2007)

• Hence, autoantibodies developed against α6 integrin cause
the micro-wounds in skin (Gál et al., 2017)

(Continued on following page)
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RAPL, eventually to induce the open conformation of αLβ2, or
LFA-1, the most common integrin expressed in immune cells, to
bind ICAM1. TCR activation also has the ability to phosphorylate
GEF2 and induce Rap1 to ultimately change the conformation of
αLβ2. Even GPCR activation leads to downstream signaling of
PI3K, PLC, Rho, Ras, and MAPK-dependent pathways, which
trigger the Rap1–RAPL complex to activate LFA-1 (Savinov et al.,
2003; Kellermann et al., 2002; Amsen et al., 2000). These different
modes of activation cause clustering of αLβ2/ICAM1 in the
immune synapse, thus firmly adhering the T cells to the ECs
even under shear stress (Figures 1, 2). Interestingly, cell rolling to
adhesion at high shear stress helps TH cells access the site of
inflammation, which is significantly increased in the case of ADs
(Skapenko et al., 2005; Bartholomäus et al., 2009). In the case of
neutrophil motility, it was observed that these cells show integrin-
dependent migration on surfaces as stiff as 12 kPa, whereas in less
stiff surfaces (~2 kPa), they show integrin-independent motility
but exert a reduced traction force (Jannat et al., 2011b).
Interestingly, during neutrophil transmigration, it has been
shown to exert an immensely strong force of 60 nN per cell.
Notably, the importance of mechanical threshold has also been
noticed when B cells selectively internalized only high-affinity
antigens, for optimally functioning as APC, before presenting it to
CD4+ T cells (Huse, 2017). Interestingly, Tedford et al. proved
that B cells adhere to the ECM very strongly at 3 dyn/cm2 of shear
force in the murine model (Tedford et al., 2017). This binding is
stabilized by LFA-1 interaction with ICAM1 and VCAM1. Due to
a huge elevation of T-cell and B-cell functioning displayed by
both systemic and organ-specific Ads, the role of NK cells
becomes more prominent (Kucuksezer et al., 2021).
Additionally, the guidance of NK cells towards specific tissue
can be attributed to mechanical factors like tissue stiffness and
cellular elasticity (Swaney et al., 2010). On the other hand, softer
tissue (~0.1–100 kPa) (Huang et al., 2012) causes talin
polarization (which is defined as the localization or
accumulation of talin at the cell–cell interface and is known to
be integrin-dependent) in the interface of lymphocyte and target
cell, forming unstable adhesion and lesser NK cell activation
(Kupfer and Singer, 1989; Sedwick et al., 1999; Chakraborty et al.,
2019; Friedman et al., 2021).

This suggests that T-cell and B-cell migration and homing
(Matsumoto et al., 2017) can elevate autoimmunity in an
integrin-dependent manner (Norman and Hickey, 2005). In
addition to that, the success of anti-integrin antibodies in

decreasing the effects of autoimmunity also supports the role
of integrin in autoimmunity (Kawamoto et al., 20122012; Rath
et al., 2018; Shannon and Mace, 2021). Furthermore, mechanical
processes occurring in NK cells (Shannon and Mace, 2021),
macrophages, and monocytes (Schittenhelm et al., 2017) also
show their tissue residence during autoimmunity with the
assistance of integrin. Therefore, considering these major
immune cell processes, the role of mechanical force is
inseparable from autoimmunity. More importantly, it confirms
the obvious roles of mechanosensitive integrin in immune cell
processes, causing the focal adhesome to regulate the biochemical
and mechanical factors of immune cells.

AUTOIMMUNE DISOEDERS REGULATED
BY INTEGRIN
Autoimmunity is a multifactorial pathological abnormality that is
due to factors ranging from abnormal genetics to environmental
conditions. During AD progression, the self-reactive antibodies
and self-antigens react in tissues and organs, creating
inflammation and thus severe tissue damage (Jacobson et al.,
1997; Eaton et al., 2007; Wang et al., 2015). However, the mere
presence of potentially self-reacting lymphocytes does not cause
pathological phenotype and is also found in healthy individuals.
These lymphocytes produce the known natural autoantibodies
required to remove the degraded self-antigens and keep foreign
antigens in check to maintain homeostasis, such as rheumatoid
factor and auto-nuclear antibody. This autoimmunity is called
physiological autoimmunity where a normal individual does not
show any pathological condition (Eaton et al., 2007). There are
tolerance mechanisms that tightly regulate the production of
auto-reactive lymphocytes in the body occurring in the thymus,
bone marrow, and peripheral region before traveling through the
circulating system. There is a positive selection of lymphocytes
where self-antigens are displayed and made non-self-reactive.
This is followed by negative selection and deletion of self-reactive
lymphocytes. Even after negative selection, the autoreactive
B cells are either deleted by clonal deletion or made inactive
during peripheral anergy (Jacobson et al., 1997; Eaton et al., 2007;
Xing and Hogquist, 2012; Wang et al., 2015). Only when these
tolerance barriers are disrupted and self-reactive lymphocytes
travel through the circulatory system to the site of inflammation
or tissue displaying self-antigen does pathological autoimmunity
develop (Xing and Hogquist, 2012). Some of these autoimmune

TABLE 3 | (Continued) Integrin and its ligands as a key contributor in the progression of autoimmune diseases

Disease Integrins involved Immune cells involved Integrins role in
autoimmune disease

Dermatomyositis αVβ3 Monocytes, T lymphocytes, and B lymphocytes • Neovascularization was increased in muscle biopsies of
dermatomyositis juvenile patients (Nagaraju et al., 2006)

• mRNA profiling showed upregulation of angiogenesis-related
factors in dermatomyositis biopsies

• Integrin αVβ3 assists in neovascularization, and its expression
is higher in juvenile patients affected by dermatomyositis
(Nagaraju et al., 2006)
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disorders targeting different organs are discussed here and in
Table 3, where several mechanically regulated immune cell
processes take an active part through integrins and their ligands.

Type 1 Diabetes Mellitus
T1DM is one of the most prominent examples of AD, which
results in the destruction of pancreatic islet β cells and requires
lifelong treatment. Studies about human T1DM on nonobese
diabetic (NOD) mouse models provided critical information
about the roles played by T helper (TH) and T cytotoxic (TC)
cells. The exposure of peptides, either post-translationally
modified or insulin derived, to the autoreactive T cells in the
pancreatic lymph node causes the generation of T memory cells
against the pancreatic β cells (Jiang et al., 2016). Additionally,
B cells also interact with the CD4+ T cells and cause autoantibody
production against islet β cells (Schenkel et al., 2004; Huynh et al.,
2011; Stroka and Aranda-Espinoza, 2011; Martinelli et al., 2014).
Along with these T and B cells, neutrophils are also implicated in
the instigation of insulitis and T1DM, as the reduction in blood
neutrophil content was correlated with increased infiltration of
neutrophils in the pancreatic islets leading to an occurrence of
autoimmune T1DM in the NOD mouse. These studies have also
revealed that the migration of lymphocytes from blood to
secondary lymph nodes is one of the salient reasons for
providing adaptive immunity as well as causing the

autoimmune T1DM, and during this migration, mechanical
force plays a crucial role (McIntyre et al., 2003; Mestas and
Ley, 2008; Gaertner et al., 2022), as described previously. This
directed migration is majorly assisted by the adhesive molecules
expressed on the surface of immune cells and ECs (Campbell
et al., 2003; Butcher and Picker, 1996; Ni et al., 2003; Myśliwiec
et al., 1999; von Andrian and Mempel, 2003). Interestingly,
during the early phase of T1DM, increased expression of
adhesion molecules was observed, and inhibition of the same
restricted the disease progression in the NOD mouse (Huang
et al., 2005).

Different integrin interactions are known to exhibit biphasic
force dependency, where the bond lifetime first increases with the
force (known as catch bond), followed by a decrease in lifetime
metrics with a further increase in force (known as slip bond) upon
achieving the force maxima. This peak force is where the bond
lifetime is the highest, and long-lifetime complex fractions are
mostly observed. For firm adhesion, force-sensitive interactions
of LFA-1, and Mac-1 with ICAM1, as well as between α5β1/FN,
are indispensable for T cell and EC interactions (Sun et al., 2019).
These integrin–ligand interactions have been reported to occur
within defined force regimes. Such LFA-1/ICAM1 interaction is
functional within 0–15 pN of force range, whereas α5β1/FN
interaction is known to function within the 10–30 pN range
(Kong et al., 2009; Chen et al., 2010). At <30 pN of force

FIGURE 4 | Schematic diagram of type 1 diabetes mellitus (T1DM) pathophysiology and its regulation by integrin: the figure provides a schematic diagram of how
autoimmune diabetes mellitus causes and integrin regulates this disease. Blue arrows denote signaling/mechanism being regulated by integrin.
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range, this bond formation has a prolonged lifetime due to a
catch-bond formation; however, this prolonged lifetime decreases
after >30 pN of force or below 20 pN, suggesting a force maxima
at ~30 pN of force. Other integrin interactions such as α4β1/
VCAM1 and α4β7/MAdCAM1 are not mechanically
characterized by force spectroscopy techniques (Baron et al.,
1994; Hänninen et al., 1998). Interestingly, T cells interact
with many APCs in lymph nodes, among which B cells are
prime APCs that interact with T helper cells to initiate T1DM.
Studies observed the B-cell role in the autoimmunity onset when
these cells expressed adhesionmolecules in different lymph nodes
directly or indirectly linked to T1DM in a 3- to 4-week-old NOD
mouse (Springer, 1995; Butcher and Picker, 1996; Xu et al., 2010).
They observed that the α4, β7, and αLβ2 integrins were expressed
by mostly all the B cells of the peripheral, pancreatic, and
mesenteric lymph nodes. However, their expression did not
correlate to their activity when observed in in vivo migration
assay. Interestingly, inhibiting MAdCAM1 or α4β7 with specific
mAbs reduces the B-cell migration into the pancreatic lymph
node, thereby reducing the occurrence of T1DM (Xu et al., 2010).
In an AFM study, the unbinding force of α4β7/MAdCAM1
interaction has been measured to be within 32–80 pN of force
at a loading rate of ~100 to ~2,700 pN/s (Wang et al., 2018).
However, inhibition of αLβ2, expressed as highly as α4, is unable
to impede the B-cell migration effectively, and thus, a single
integrin is not capable of deciding the migratory fate of the cell for
causing the disease. Although the role of αLβ2 might not be as
important in the B-cell migration and causation of T1DM, its
significance cannot be ruled out in the pathogenesis and
progression of T1DM (Savinov and Burn, 2010; Xu et al.,
2010; Huang et al., 2016). Early studies on LFA-1 in T1DM
causation showed that expression of its αL subunit decreased and
αLβ2 expression on monocyte was normal, suggesting LFA-1 as
not indispensable for the pathology of T1DM (Martin et al.,
1991). Nevertheless, knocking out any of the subunits of αLβ2
integrin prevented insulitis even in the advanced diabetic stage in
NOD mice. Specifically, eliminating the β subunit restricted the
T-cell adhesion to ECs, whereas the absence of α subunit
inhibited it, speculating the biochemical regulatory role of
integrin by transducing the force (Huang et al., 2005).
Furthermore, studies have found a very high expression
correlation in monocytes, and its counter ligand ICAM1, along
with islet cell-based autoantibody titer (Martin et al., 1991;
Myśliwiec et al., 1999; Bertry-Coussot et al., 2002). Due to the
constitutive expression of LFA-1 in different kinds of immune
cells, it becomes a target for proteins to control the pathogenesis
of T1DM. Indeed, inactivating the LFA-1 with its mAbs caused
the delayed occurrence of T1DM, blocking the disease
pathology. Specifically, a cyclic peptide cLAB.L has been
engineered to prevent the D1 domain of ICAM1 on ECs with
αI domain of T cell LFA-1, suggesting the regulatory effect of its
αI domain on T-cell adhesion to the microvascular endothelium
(Huang et al., 2005). In addition, even in the presence of other
adhesion molecules like α4β1 and VCAM1, this T-cell
interaction with microvascular endothelium is critically
dependent on the αI domain, reconciling the importance of
LFA-1 directly in the causation of T1DM (Huang et al., 2005).

Since the progression of T1DM is crucially regulated by
mechanically regulated immune cell processes like
lymphocyte migration, adhesion, and interactions, integrin
adhesome proves the integral role of mechanical force in this
disease progression (Figure 4).

Rheumatoid Arthritis
RA is a highly aggressive and complex inflammatory disorder,
affecting majorly the synovial joints of hands and feet that lead to
joint destruction, chronic disability, and poor life quality (Smolen
et al., 2007; Smolen et al., 2018). The disease onsets with non-
organ specific autoantibodies, produced as a consequence of this
disease, cause further inflammation of other organs, leading to
serious cardiovascular, pulmonary, or skeletal complications
(Smolen and Steiner, 2003; Firestein, 2005; Smolen et al., 2007;
Smolen et al., 2016; Firestein and McInnes, 2017; Smolen et al.,
2018). The HLA-DRB1 locus of the MHC complex was found to
be associated with RA, by assisting antigen presentation to T cells
during the induction of autoimmunity. Studies with SKG mice
(murine model for understanding RA pathogenesis) provided the
link of autoreactive T-cell activation, selection, and its interaction
with innate and adaptive immune cells, resulting in the
production of autoantibodies and RA onset (Sakaguchi et al.,
2003; Firestein, 2004; Firestein, 2005). Additionally, while
treating the RA patients with rituximab, a chimeric mAb
targeting CD20 on B cells, the role of B lymphocyte also
became prominent in RA. Due to the B-cell abundance in
synovial fluids of inflamed joints, rituximab can be a
therapeutic agent for RA treatment (Dörner and Burmester,
2003; Edwards et al., 2004; Tsokos, 2004). Other cells such as
fibroblast-like synoviocytes and chondrocytes interact with
T cells, accelerating the joint destruction in RA patients.
Direct or indirect production of IL-17 cytokine by T-cell
simulation causes fibroblasts, T cells, or macrophages to
infiltrate the inflamed joints. It has also been observed that IL-
17 induces MMP production, which changes the bone
metabolism towards osteoclastogenesis, leading to bone
resorption (Chabaud et al., 1999; Koshy, 2002; Stamp et al.,
2004). These studies highlight the importance of self-reactive
T cells and their interacting cells, playing a significant role in RA.

Highly proliferative synovial fibroblasts (SFs) line the synovial
lining of joints and act as a major player in severe cartilage and
bone destruction during RA progression (Mellado et al., 2015).
TH1 cells activate macrophage, SF, and ECs in the joints, creating
an inflammatory niche by the release of cytokines, matrix-
degrading enzymes, and overexpressing integrin-like adhesion
molecules (Sweeney and Firestein, 2004). These attachments with
ECM proteins are controlled by the expression of ICAM1 and
αLβ2 integrin, which have been reported to optimally interact
under 10–15 pN of applied load (Chen et al., 2010). The enriched
presence of IL-1β in the synovial tissue of RA increases the
ICAM1 expression, in the proinflammatory niche of the RA,
which is the major interacting partner of αLβ2 integrin (Lowin
and Straub, 2011). As αLβ2 is expressed in the majority of
immune cells and is required during the guidance of
leukocytes to the synovial tissues, it majorly contributes to the
development of inflammation (Lowin and Straub, 2011).
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Additionally, the expression of a laminin-binding integrin-α6β1
in the synovial lining provides an interesting mechanical insight
into the causation of RA, as laminin and integrin interactions are
thought to be mechanically regulated (Takizawa et al., 2017). By
contrast, the expression of α4β1 is very high in the synovial tissue
T cells, if compared to that residing on the tissue lining (Hyun
et al., 2009). Since VCAM1 expression is very high on RA ECs, it
attaches to the α4β1 integrin of T lymphocytes and assists them in
the migration to the site of inflammation (Hyun et al., 2009).
Zhang et al. observed that an individual α4β1/VCAM1 complex
may experience <50 pN of force during the leukocyte activation
by AFM spectroscopy with a loading rate of 100–100,000 pN/s. At
this force range, the interaction is capable of forming a strong
adhesion. Interestingly, during the rolling process, this α4β1/
VCAM1 could work within 50–250 pN; however, the dissociation
rate at this regime becomes less force-dependent and can exhibit
mechanics similar to those of the αLβ2/ICAM1 complex (Zhang
et al., 2004). Even in collagen-induced arthritis, α4β1 antagonists
have shown prevention of inflammation and MMP production
(Lowin and Straub, 2011). Synovial tissue resident cells express
α5β1 and αvβ3 integrins, which exhibit force-dependent
interactions with their respective ligands like fibronectin,
vitronectin, and bone sialoprotein, within a range of 0.1 pN to
tens of pN (Li et al., 2003; Sun et al., 2005; Roca-Cusachs et al.,
2009; Chang et al., 2016).

The function of αvβ3 in RA inflammatory tissue remains
unclear, as it is reported to assist angiogenesis while
interacting with vascular endothelial growth factor receptor 2
(VEGFR2) during tumor progression (Wilder, 2002; Alghisi et al.,
2009). As angiogenesis is also required for proper RA, it has been
observed that an αv antagonist prohibits the growth of blood
vessels in the inflamed region (Wilder, 2002; Alghisi et al., 2009).
αvβ3 increases the bone resorptive capability of the osteoclast
cells by initiating FAK and c-Src signaling, which helps in
transducing the force sensed through integrin molecule
(Wilder, 2002; Alghisi et al., 2009; Lowin and Straub, 2011).
In the inflammatory tissue, β1 and β3 subunits are predominantly
expressed, which are known to bind diverse interacting partners
like fibronectin, laminin, collagen, and vitronectin in synovial
tissue (Charo et al., 1990; Davis et al., 1990; Pankov and Yamada,
2002; Hoberg et al., 2006). Degradation of the collagens by MMPs
frees up the RGD peptides, which go on to activate several
integrins like αvβ3, α5β1, or αIIbβ3 (Davis, 1992). However,
primary integrins getting activated by RGD peptides in arthritic
condition are α1β1 and α2β1, which bind to collagen. In
osteoarthritis, α1 is found on the blood vessels of arthritic
joints and synovial lining, but in the presence of cortisol, the
SFs also show massive expression of this adhesive subunit (Rubio
et al., 1995; Lowin et al., 2009; Lowin and Straub, 2011). Thus, the
inflammatory milieu of RA assists in the overexpression of α1

FIGURE 5 | Schematic diagram of rheumatoid arthritis pathophysiology: the figure provides a schematic diagram of how rheumatoid arthritis develops and what
points of this disease are regulated by integrin. Blue arrows denote signaling/mechanism being regulated by integrin.
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integrin similar to the α5, otherwise induced by cortisol
(Takahashi et al., 1992). VEGF in synovial tissue upregulates
α1 integrin, a prime regulator of angiogenesis required for
continuous progression of RA (Senger et al., 1997). Thus, the
inhibition of α1 and collagen will prevent the formation of new
blood vessels, providing a therapeutic target for RA. In a murine
model of anti-collagen II antibody-induced arthritis, the
prevention of α1 integrin has shown decreased cartilage
degradation and leukocyte infiltration. Similar to collagen,
laminin ligands—α3β1, α6β1, α7β1, and α6β4—assist in cell
adhesion and migration. Especially, α3β1 in the synovial tissue
and α6β1 in the synovial lining fibroblasts are highly expressed,
leading to the upregulation of laminin. This eventually increases
the expression of MMP3 and MMP10 and activates integrin
(Davis, 1992; Hoberg et al., 2006). In addition, inflammatory
fibrous tissue in RA has been observed to infiltrate with
macrophage, and T and B lymphocytes, which predominantly
express α2β1 integrin on their surfaces. However, antigen-
induced arthritis (AIA) mice lacking in α2β1 integrin show
decreased MMP3 expression due to anomaly in ERK
activation in both sera and fibroblast-like synoviocytes (Davis,
1992; Pfaff et al., 1993; de Fougerolles et al., 2000; Wilder, 2002;
Peters et al., 2012). These findings suggest that different β1

integrins enhance the inflammatory cartilage degradation by
different means, ranging from fibroblast proliferation to MMP
expression. Similarly, fibronectin-coated synovial cells attract
lymphocytes expressing α4β1 and α5β1 integrin where the α5
integrin subunit is largely expressed in the synovial tissues as well
as the cells lining it (Davis et al., 1990; Davis, 1992; Hoberg et al.,
2006; Lowin and Straub, 2011). These examples of different
integrins along with their ligands, interacting in a force-
dependent manner, define the regulatory role that integrin
plays in the cause and progression of RA. Additionally, by the
application of antagonists designed against these adhesive
molecules, partial prevention or onset of the disease might be
delayed (Figure 5).

Multiple Sclerosis
MS is a demyelinating, inflammatory disorder of the central
nervous system (CNS), affecting the global population (Zhang
et al., 2020). Two-thirds of the patients show a relapse of the
disease where inflammatory lesions with B cells, T cells, or
macrophages are observed in the white matter, and the axons
and neurons are subject to inflammation or degradation in the
gray matter (Steinman, 2009; Lee-Chang et al., 2011; Miljković
and Spasojević, 2013). In the majority of the MS studies,

FIGURE 6 | Schematic diagram of multiple sclerosis pathophysiology and role of integrin in its progression: the figure provides a schematic diagram of howmultiple
sclerosis develops and what points of this disease are regulated by integrin. Blue arrows denote signaling or mechanism being regulated by integrins.
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researchers have used an EAE mouse model to understand this
pathological abnormality, as this model displays both progressive
and relapsing–remitting types of MS. In EAE mouse,
encephalitogenic leukocytes cross the blood–brain barrier and
cause damage in neuronal and axonal myelin sheaths, which has
revealed the hyperactivity and release of auto-reactive T cells in
the progression of MS (Handel et al., 2010; Mkhikian et al., 2011;
Miljković and Spasojević, 2013). In addition to cytotoxic T cells,
helper T cell subsets TH1 and TH17 are the most autoreactive
T cells responsible for CNS damage (Petermann and Korn, 2011).
Consequently, these autoreactive TH cells recruit immune cells
like macrophages, neutrophils, and B cells to attack the cells
displaying self-antigens, making them autoreactive as well
(Miljković and Spasojević, 2013). In CNS, CD27+ B memory
cells are a major source of producing antibodies, while other
B cells are involved in the production of cytokines such as IFNγ or
IL-12-like inflammatory substances, making the migration of
B cells across CNS endothelia a major reason in the initiation
of MS (Lee-Chang et al., 2011).

Microarray analysis on the EAE pathogenesis has provided
substantial insight on molecular players that regulate the

migration of T or B lymphocytes and other autoimmune
responsive cells into the CNS (Chabas et al., 2001). Notably, in
MS murine model, the paralysis and abnormal conduction
through nerve decrease due to intravenous treatment with
anti-α4 and anti-β1 molecules by blocking the T cell binding
to inflamed brain endothelium (Yednock et al., 1992; Baron et al.,
1993; Steinman, 2005). In encephalitogenic cells expressing α4β1
integrin, treatment with anti-β7 mAbs showed a partial remission
along with a diminished EAE. This was due to the possible
involvement of either α4β7 or αEβ7 integrins in MS
pathogenesis, as β7 subunit couples with these two α subunits.
Interestingly, the application of both anti-α4 mAbs and anti-β7
mAbs brought complete remission to the encephalitogenic cells.
Additionally, it decreased the complete remission period to
4–5 days from 50 days when otherwise treated with only anti-
α4 mAbs. However, the application of anti-β7 mAbs did not
reduce the progression of the MS; its importance was noticed
when β7 knock-out T cells failed to proliferate as control (Kanwar
et al., 2000). These experiments reconciled the role of α4 and β7
integrin subunits in the causation of MS. Additionally, it was
found that after complete remission in antibody-treated EAE

FIGURE 7 | Schematic diagram of vitiligo pathophysiology: the figure provides a schematic diagram of how vitiligo develops and what points of this disease are
regulated by integrin. Blue arrows denote signaling or mechanism being regulated by integrins.
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mice, integrin ligands like MAdCAM, VCAM1, and ICAM1
proteins were either not expressed or less expressed if
compared to the high expression in severe disease conditions
(Kanwar et al., 2000). Interestingly, it is already known that ligand
molecules expressed on APCs like DCs are ligands of α4β7 and
αEβ7 on T cells and are required for co-stimulation (Szabo et al.,
1997; Lehnert et al., 1998; Berg et al., 1999; Ebner et al., 2004).
Transportation of the autoreactive T cells occurs due to the
expression of VCAM1 and osteopontin in the inflamed brain
tissue. Osteopontin, an N-linked glycoprotein, is expressed
majorly on the inflamed EC of the blood–brain barrier and
binds to α4β1 integrin (Fisher et al., 2001). Thus, T cells
expressing α4β1 bind to the counter ligands of ECs and
diapedase through the endothelia. Once these T cells get inside
the brain, they encounter self-antigen displayed by the APCs and
release a plethora of cytokines. These cytokines damage the
oligodendrocytes, which are responsible for myelin production.
In addition, activation of B cells by TH cells produces antibodies
against myelin, creating a proper inflammatory niche in the CNS
(Steinman, 2009). Therefore, integrins like α4β7, αEβ7, and α4β1
and their respective ligands are responsible for the progression
and development of MS by regulating the processes of immune
cells (Figure 6).

Vitiligo
Vitiligo is an acquired disorder of skin depigmentation that is
progressive in nature, causing hypomelanosis of the skin and hair
due to the total absence of melanocytes. This causes depigmented
patches all over the body, affecting the physiological and
psychological health of almost 0.5%–2% of the world
population (Ongenae et al., 2005; Ramakrishna and Rajni,
2014; Iannella et al., 2016; Salman et al., 2016; Su et al., 2019).
Vitiligo was unsurprisingly considered to be an autoimmune
disorder involving several humoral and cellular components of
the adaptive and innate immune systems. This was based on a
strong correlation of being associated with other ADs such as
pernicious anemia, T1DM, myasthenia gravis, psoriasis,
Addison’s disease, and Grave’s disease (Gauthier et al., 2003;
YAGHOOBI et al., 2011). Indeed, genes related to autoimmune
susceptibilities such as HLA, PTPN22, CTLN4, and NALP1 were
reported to be involved in vitiligo too (Badri et al., 1993).
Additionally, similarities with other ADs like the chronic
relapse and remission, circulating anti-melanocyte antibodies,
and response to immunosuppressive treatments were observed
for vitiligo (Farrokhi et al., 2005; Glassman, 2011). Moreover, the
periphery of vitiligo lesions shows sparse infiltration of CD8+

T cells, a key characteristic of autoimmune disorder (Pichler et al.,
2009; YAGHOOBI et al., 2011). Additionally, a sharp increase in
the ratio of TH to TC cells was observed in vitiligo patients;
however, the B cell role was not observed directly in tissues. The
memory T cells express CLA, which is known to bind E-selectin
of dermal ECs (Glassman, 2011; YAGHOOBI et al., 2011).
Interestingly, CLA+ T cells that clustered around disappearing
melanocytes are cytotoxic, i.e., are positive for both granzyme B
and perforin (Glassman, 2011; YAGHOOBI et al., 2011). Notably,
the release of these enzymes is remarkably regulated by force
through integrin adhesome (Keefe et al., 2005; Thiery et al., 2011).

Moreover, the release of IFNγ and CXCL10 forms the CD8+

T cells, as observed in the mouse model of vitiligo, which proved
how TC cells are directed towards lesion sites in the epidermis
(Birlea et al., 2017). Thus, the role of TC cells in vitiligo
pathogenesis becomes quite prominent due to its capability of
attacking the automelanocytes. Although the complete
mechanism of vitiligo remains elusive, several theories have
been postulated to describe its plausible causation. Among
these, the theory of “melanocytorrhagy” majorly focuses on
the depigmentation of vitiligo patches, due to the detachment
of melanocytes in the presence of mechanical stress (Gauthier
et al., 2003; YAGHOOBI et al., 2011).

According to the “melanocytorrhagy” theory, the decrease in
melanocyte number occurs not only due to TC cells but also due
to decreased adhesion of it from the keratinocyte of the basal
membrane, allowing it to migrate and separate from the
epidermis, resulting in vitiligo patches. The cell–cell
interaction regulating paracrine and adhesive molecules from
keratinocytes is also responsible for tuning melanocyte
decoupling, migration, and recoupling elsewhere (Ezzedine
et al., 2015; Birlea et al., 2017; Su et al., 2019). Thus, the
adhesion molecules’ role gradually becomes clear in the
causation of vitiligo, as the adhesion and migration of
melanocytes are regulated majorly by these adhesive
molecules. Recent discoveries also found the role of adhesive
molecules in regulating the initiation and pigmentation
procedure in vitiligo (Reichert Faria et al., 2017; Su et al.,
2019). However, among these adhesive molecules, cadherin
and catenin are major proteins that form the intercellular
junctions between the keratinocyte and the melanocyte,
whereas the melanocyte connects to the basal membrane
through the expressed integrin and the corresponding ligands
especially collagen and laminin, which interestingly are regulated
in a force-dependent manner (Reichert Faria et al., 2017; Su et al.,
2019). These adhesive molecules regulate the melanocytes’
connection with keratinocytes and basal membrane.
Interestingly, it was hypothesized that miR-9, a neural crest
cell micro-RNA inhibitor, might have a regulatory role in
melanocytes of vitiligo lesions. This regulatory miRNA reduces
different adhesive molecules such as β catenin, E-cadherin,
laminin, collagen IV, and β1 integrin during tumor
progression in neural crest cells (Su et al., 2019). Similarly,
this effect was also observed for melanocytes, and the
reduction in adhesion molecules caused lesser decoupling of
melanocytes from the epidermis or adjacent keratinocytes.
Particularly for PIG1 melanocyte cells and HaCaT keratinocyte
cells, it was observed that less migration of PIG1 occurred from
the HaCaT cells due to miR-9 treatment. This shows how β1
integrin and its ligands (collagen and laminin) are extensively
involved in the decoupling–migration–recoupling mechanisms of
melanocytes leading to pigmentation anomaly. Additionally,
ligands of β2 integrin like ICAM1 and VCAM1 have also
shown constant expression on vitiligo melanocytes (Su et al.,
2019). Moreover, constitutive expression of ICAM1 has been
observed to be linked with the abnormal immune response of
melanocytes (Ezzedine et al., 2015; Birlea et al., 2017; Reichert
Faria et al., 2017; Su et al., 2019). Additionally, another group
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showed expression of ICAM1 in perilesional melanocytes of
active patches of vitiligo. Since β2 integrin in neutrophils has
been found to interact with ICAM1 in its high-affinity bent-open
conformation at ~6 dyn/cm2, it also generates a possibility of
force-dependent interaction for the melanocytes (Glassman,
2011). Moreover, during re-pigmentation, there are subsequent
changes in integrin expressions, which otherwise showed no
observable difference in lesioned, non-lesioned, or normal skin
(Birlea et al., 2017; Reichert Faria et al., 2017; Su et al., 2019). This
proves that integrin and its ligands are key players in the
mechanically regulated melanocyte adhesion as well as the
detachment during the pathogenesis of vitiligo, making it a
proper therapeutic target (Figure 7).

OUTLOOK

Mechanical force plays an integral role in regulating diverse
cellular processes ranging from protein translation,
translocation to cell adhesion, and migration (Wruck et al.,
2017; Vicente-Manzanares et al., 2009; Haldar et al., 2017;
Goldman et al., 2015). The recent development of force
spectroscopy technologies has provided an access to measure
the force sensed by mechanosensitive proteins of immune cells.
Furthermore, studies on immune cell mechanics provided
information on the regulatory roles of force in different
cellular processes (Franck et al., 2011; Benoit et al., 2000;
O’Donoghue et al., 2013; Kienberger et al., 2005; Zhang et al.,

2020; Hosseini et al., 2009; Pageon et al., 2018; Vorselen et al.,
2020). Immune cell interaction, activation, and signaling that
occurred during their migration process suggest the plausible role
of mechanical force at the cellular level. Though mechanical force
has been reported to play a key role in immune system
functioning, how its perturbation drives autoimmunity
progression has not been studied yet (Natkanski et al., 2013;
Hui et al., 2015; Basu et al., 2016; Lämmermann et al., 2008). It is
well known that matrix or tissue stiffness is a critical factor in
different pathological conditions such as cancer metastasis
(Bauer et al., 2020). However, its plausible role in the
development of ADs is not studied much and remains elusive.
Additionally, a change in substrate stiffness results in heritable
epigenetic modifications, which in turn causes ADs by regulating
gene expression (Janmey et al., 2020; Mazzone et al., 2019). A
study by McCullough et al. showed an empirical relevance of
stiffness in myositis disease, where reduction in muscle stiffness is
correlated with the disease progression (McCullough et al., 2011).
Recently, an AFM study has shown that autoimmune insulitis is
governed by the changes in islets stiffness due to hyaluronan
reduction in ECM (Nagy et al., 2018). A clinical study by Yada
et al. has speculated that liver stiffness could be a critical factor in
autoimmune hepatitis; however, further studies are required to
reconcile the role of stiffness (Czaja, 2014). Arterial stiffness has
also been reported as a factor for systemic vasculitis (Booth et al.,
2004). This stiffness-mediated autoimmune progression has not
been demonstrated at the cellular level; however, an AFM-TEM
study has shown that mechanical disruption of collagen alters the

FIGURE 8 | Plausible correlation between the worldwide prevalence of different autoimmune disorders with organ stiffness: the prevalence percentage of different
autoimmune disorders affecting differentially stiff organs has been illustrated. Autoimmune diseases range from autoimmune encephalitis, type 1 diabetes mellitus
(T1DM), and autoimmune thyroiditis, which affects softer tissues like the brain, pancreas, and thyroid, respectively, to vitiligo, psoriasis, multiple sclerosis, and lupus
scleroderma, which affect stiffer or hard tissues, have been considered for this study. As the figure depicts, the trend of autoimmune disease prevalence shows a
positive correlation with the different organ stiffness. For example, in the case of autoimmune thyroiditis, the worldwide prevalence rate is approximately 0.1%, which
majorly affects the thyroid with tissue stiffness of 29 kPa (Guimarães et al., 2020), whereas, with lupus, which affects ligament (>5 MPa), the prevalence rate increases to
0.8%. Autoimmune encephalitis affected the brain; type 1 diabetes mellitus affected the pancreas; Hashimoto’s thyroiditis affected the thyroid; multiple sclerosis and
ankylosing spondylitis affected the spinal cord; vitiligo, psoriasis, and scleroderma affected the skin; relapsing polychondritis and rheumatoid arthritis affected the
cartilage; rheumatoid arthritis and lupus affected the ligament (Chopra et al., 2013; Baldini et al., 2017; Resende de Paiva et al., 2017; Dubey et al., 2018; Parisi et al.,
2020; Siebert, Raj, Tsoukas; Walton et al., 2020; Almutairi et al., 2021; Barber et al., 2021).
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matrix composition, which in turn changes the mechanical
stability of the ECM network in RA (Antipova and Orgel,
2012; Maldonado and Nam, 2013; Poole et al., 2002). Overall,
this varied stiffness results in two phenomena: either it detaches
from the soft matrix, or it adheres too much to the stiffened
matrix (Janmey et al., 2020). Matrix stiffness-regulated MMP
activity has been reported in cancer-associated liver fibrosis; and
thus, it is also plausible that it plays a critical role in liver fibrosis
condition in type 1 autoimmune hepatitis (Lachowski et al.,
2019). In response to the stiffened matrix, cells use its
invadopodia to degrade the stiffened matrix using secretory
MMPs (Janmey et al., 2020). MMP involvement has also been
reviewed by Ram et al. (2006). This degradation helps the cells to
migrate through the stiffer tissues. However, these degraded ECM
peptides can act as major ligands in integrin activation, causing
anomalies in mechanotransduction events. For example, we have
discussed in the case of RA that MMP degrades collagen and that
laminin frees the RGD peptide, which activates integrins, finally
causing severe autoimmune disorder (Charo et al., 1990; Hoberg
et al., 2006; Pankov and Yamada, 2002; Davis et al., 1990; Davis,
1992). Hence, modulated-tissue stiffness (or surrounding
substrate stiffness) assists in the development of pathological
conditions, providing insight on how tissue stiffness of different
organs could result in ADs. Interestingly, fibulin-5 has been
reported to be increased in skin tissues of systemic
scleroderma patients. Indeed, loss of fibulin-5 prevents the
inflammation and fibrotic phenotype in an animal model,
which is a prominent pathological feature in any autoimmune
disorder. The same study has also shown that a small change in
matrix stiffness (2.5 times) upregulates chemokine expressions,
which is also a linchpin factor in autoimmune disorders
(Nakasaki et al., 2015; Karin, 2018). Additionally, integrin-
modulating therapy has also been shown to be effective in
scleroderma-associated fibrosis conditions. Integrin therapy
also restores the skin stiffness in the patient sample (Gerber
et al., 2013). This suggests integrin be used as a therapeutic agent,
which directly connects the extracellular region and could be a
factor for matrix stiffening in different autoimmune disorders.
Other autoimmune disorders could also be speculated to be
substrate or tissue stiffness-dependent. Autoimmune
encephalitis, T1DM, or autoimmune thyroiditis, which
specifically target the brain, pancreas, and thyroid,
respectively, have a prevalence percentage much lesser than
0.1% (Dubey et al., 2018; Baldini et al., 2017; Resende de
Paiva et al., 2017). However, on stiffer tissues such as the skin,
spinal cord, or cartilage, the disease prevalence rate increases well
beyond 0.1% and provides a correlation that stiffer tissues are
more affected by ADs (Baldini et al., 2017; Parisi et al., 2020;
Siebert et al., 2016; Walton et al., 2020; Almutairi et al., 2021;
Chopra et al., 2013; Barber et al., 2021). Data introspection
suggests that the prevalence of ADs on softer tissues
(<100 kPa) is much lower as compared to stiffer tissues or
hard tissues (Figure 8). Recently, the mechanical strain has
been reported to play a regulatory role in arthritic
inflammation and tissue damage (Cambré et al., 2018). This
suggests force as a linchpin regulator during the causation of AD
during migration and activation of immune cells.

It is well known that integrin regulates physical and
biochemical processes during autoimmune disorders; however,
integrin mechanics have not been clearly defined during
autoimmunity. Throughout this review, we have shown that
different integrin subunits are mechanically involved in the
pathophysiology of ADs. In the majority of these disorders,
integrin along with its ligands are regulated by bidirectional
force transmission through an integrin–talin–actin mechanical
linkage. This regulates the migration and activation of the self-
reactive lymphocytes in the site where self-antigen is detected.
Due to the indispensable role of integrin in mediating ADs, it has
been suggested as a potential therapeutic target. Anti-integrin
antibodies and small molecules, targeting specific integrin
subtypes, reduce the integrin-mediated immune activity in
pronounced inflammatory conditions. Natalizumab,
vedolizumab, and lifitegrast are well-known anti-integrin
therapeutics used in AD treatments such as Crohn’s disease
and MS (Park and Jeen, 2018; Slack et al., 2022). Unlike broad
immune inhibitors such as corticosteroids and TNF inhibitors,
anti-integrin therapeutics possess reduced risk factors (Sattler
et al., 2021). Glucocorticoids, a class of corticosteroids, can act
against autoimmune conditions by interfering with the function
of L-selectin and LFA-1, thereby reducing the neutrophil trans-
endothelial migration (Filep et al., 1997). Similarly,
dexamethasone increases αvβ3 expression in cells; however,
using these drugs has severe dose-dependent toxicity (Saag
et al., 1994; Huscher et al., 2009; Davis et al., 2011; Fan et al.,
2012). Despite concerns regarding the use of small-molecule
integrin inhibitors due to their less specificity and off-target
effects, they are much safer to use because of their efficacy
and specificity (Millard et al., 2011). However, anti-TNF drugs
along with vedolizumab have shown promising effect in
vedolizumab refractory patients (Rath et al., 2018). Moreover,
considering the systematic complication of AD pathophysiology,
experiments can also be performed with anti-integrin therapy
accompanied with specific signaling regulators to increase
treatment efficiency. Vedolizumab, an anti-α4β7 integrin
antibody, is approved for the treatment of inflammatory bowel
disease (IBD), an autoimmune disorder. This is known to inhibit
the adhesion of leukocytes to the endothelium of the
gastrointestinal tract, thereby impeding the interaction of
α4β7/MadCAM-1 (Dotan et al., 2020). In a recent study, Rath
et al. have shown through transcriptome analysis that
vedolizumab reduces the adhesion and diapedesis of both
granulocytes and agranulocytes (Rath et al., 2018). Similarly,
natalizumab, generated against specific α4 integrin, is used for
the treatment of EAE mouse and humans MS models (Kerfoot
et al., 2006; Brandstadter and Katz Sand, 2017). This drug is
shown to disturb the ability of leukocytes to transmigrate through
the blood–brain barrier. Similarly, a small molecule named
lifitegrast inhibits LFA-1–ICAM1 interaction to decrease
lymphocyte migration and adhesion to the endothelial wall,
acting as a potential drug for autoimmune dry eye disease
(Perez et al., 2016). This suggests that these anti-integrin drugs
are disrupting the force-dependent integrin interactions with
their ligands, thereby interfering with integrin-dependent
immune cell activities.
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Currently, ssDNA and RNA have been designed as aptamers
against the integrin α4 subunits to be used as therapeutics against
MS (Kouhpayeh et al., 2019). Additionally, in RA, targeting
integrin ligands like osteopontin by M5 antibody and antibody
against β1 is under clinical trial (Yamamoto et al., 2003; Smolen
et al., 2018). UVB-based therapy, for treating vitiligo lesions,
targets β1 integrin and E-cadherin-like adhesive molecules in
melanocytes to assist them to migrate towards the keratinocytes,
thus re-pigmenting the white lesions (Su et al., 2019). These
different mechanical roles of integrin in autoimmune disorders
establish the importance of its mechanics involved in
autoimmunity, which in turn could be a critical factor for
designing the integrin-associated therapeutic targets. This
information provides an insight into mechanical force playing
a crucial role in autoimmunity, which has not been defined yet;
however, the prevalence data suggest such a trend. Since integrin
is regulated by force, mAbs designed against integrin could
precisely tune its force-sensing ability. Additionally, the
progression and effect of ADs on the target organs also
depend on the elasticity of the ECM of those organs. This
elasticity range can vary from as low as 50 Pa in the blood
tissue to a very high value of 5,000–6,000 kPa in cartilage
ECM (Guimarães et al., 2020). This broad range of elasticity
will lead to different immune cell adhesion or migration in
separate organs, demonstrating different destructive effects.
Unfortunately, the lack of enough data is an obstacle in
understanding these phenomena. Additionally, it is well
known that integrin majorly regulates the migration of
immune cells on stiffer surfaces, as observed in the case of
neutrophil migration (Jannat et al., 2011b). Hence, we can
correlate the fact that the AD causative immune cells show
their mechanically regulated processes majorly through
integrin-dependent adhesome. Moreover, not much is known
about the role played by mechanosensitive proteins like talin,

actin, and myosin of the integrin adhesome complex in
autoimmune disorder, as the force is transmitted through
them. Therefore, targeting these mechanosensitive proteins and
regulating their biochemical and force sensing capability can
provide a new horizon in autoimmune therapy. Thus,
understanding AD from a mechanical perspective will establish
a new direction to observe immune mechanisms. This
strengthens the hypothesis and provides a novel perspective on
how the mechanical load and mechanical stiffness might act as
regulators in various autoimmune disorders, which finally are
regulated by integrin-dependent adhesome of immune cells.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for
publication.

FUNDING

This study was funded by Ashoka University, DBT
Ramalingaswami Fellowship, and DST SERB Core Research
Grant.

ACKNOWLEDGMENTS

We thank Ashoka University for support and funding. SH
thanks DBT Ramalingaswami Fellowship and DST SERB Core
Research Grant for the funding. We also acknowledge
BioRender.com for providing the platform in which we
created Figures 2–7.

REFERENCES

Adams, D. H., and Eksteen, B. (2006). Aberrant Homing of Mucosal T Cells and
Extra-intestinal Manifestations of Inflammatory Bowel Disease. Nat. Rev.
Immunol. 6, 244–251. doi:10.1038/nri1784

Alaimo, A., and Rubert, J. (2019). The Pivotal Role of TRP Channels in
Homeostasis and Diseases throughout the Gastrointestinal Tract. Ijms 20,
5277. doi:10.3390/ijms20215277

Alghisi, G. C., Ponsonnet, L., and Rüegg, C. (2009). The Integrin Antagonist
Cilengitide Activates αVβ3, Disrupts VE-Cadherin Localization at Cell
Junctions and Enhances Permeability in Endothelial Cells. PLoS ONE 4,
e4449. doi:10.1371/journal.pone.0004449

Almutairi, K., Nossent, J., Preen, D., Keen, H., and Inderjeeth, C. (2021). The
Global Prevalence of Rheumatoid Arthritis: a Meta-Analysis Based on a
Systematic Review. Rheumatol. Int. 41, 863–877. doi:10.1007/s00296-020-
04731-0

Alon, R., Hammer, D. A., and Springer, T. A. (1995). Lifetime of the P-Selectin-
Carbohydrate Bond and its Response to Tensile Force in Hydrodynamic Flow.
Nature 377, 86. doi:10.1038/377086a0

Amsen, D., Kruisbeek, A., Bos, J. L., and Reedquist, K. (2000). Activation of the
Ras-Related GTPase Rap1 by Thymocyte TCR Engagement and during
Selection. Eur. J. Immunol. 30, 2832–2841. doi:10.1002/1521-4141(200010)
30:10<2832::aid-immu2832>3.0.co;2-d

Anaya, J.-M., Kim-Howard, X., Prahalad, S., Cherñavsky, A., Cañas, C., Rojas-
Villarraga, A., et al. (2012). Evaluation of Genetic Association between an
ITGAM Non-synonymous SNP (Rs1143679) and Multiple Autoimmune
Diseases. Autoimmun. Rev. 11, 276–280. doi:10.1016/j.autrev.2011.07.007

Antipova, O., and Orgel, J. P. R. O. (2012). Non-Enzymatic Decomposition of
Collagen Fibers by a Biglycan Antibody and a Plausible Mechanism for
Rheumatoid Arthritis. PLOS ONE 7, e32241. doi:10.1371/journal.pone.0032241

Austen, K., Ringer, P., Mehlich, A., Chrostek-Grashoff, A., Kluger, C., Klingner, C.,
et al. (2015). Extracellular Rigidity Sensing by Talin Isoform-specific
Mechanical Linkages. Nat. Cell Biol 17, 1597–1606. doi:10.1038/ncb3268

Bachmann,M., Kukkurainen, S., Hytönen, V. P., andWehrle-Haller, B. (2019). Cell
Adhesion by Integrins. Physiol. Rev. 99, 1655–1699. doi:10.1152/physrev.00036.
2018

Badri, A. M. T. A., Todd, P. M., Garioch, J. J., Gudgeon, J. E., Stewart, D. G., and
Goudie, R. B. (1993). An Immunohistological Study of Cutaneous Lymphocytes
in Vitiligo. J. Pathol. 170, 149–155. doi:10.1002/path.1711700209

Baldini, E., Odorisio, T., Sorrenti, S., Catania, A., Tartaglia, F., Carbotta, G., et al.
(2017). Vitiligo and Autoimmune Thyroid Disorders. Front. Endocrinol. 8, 290.
doi:10.3389/fendo.2017.00290

Barber, M. R. W., Drenkard, C., Falasinnu, T., Hoi, A., Mak, A., Kow, N. Y., et al.
(2021). Global Epidemiology of Systemic Lupus Erythematosus. Nat. Rev.
Rheumatol. 17, 515–532. doi:10.1038/s41584-021-00668-1

Barczyk, M., Carracedo, S., and Gullberg, D. (2009). Integrins. Cell Tissue Res 339,
269–280. doi:10.1007/s00441-009-0834-6

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287820

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

95

http://BioRender.com
https://doi.org/10.1038/nri1784
https://doi.org/10.3390/ijms20215277
https://doi.org/10.1371/journal.pone.0004449
https://doi.org/10.1007/s00296-020-04731-0
https://doi.org/10.1007/s00296-020-04731-0
https://doi.org/10.1038/377086a0
https://doi.org/10.1002/1521-4141(200010)30:10<2832::aid-immu2832>3.0.co;2-d
https://doi.org/10.1002/1521-4141(200010)30:10<2832::aid-immu2832>3.0.co;2-d
https://doi.org/10.1016/j.autrev.2011.07.007
https://doi.org/10.1371/journal.pone.0032241
https://doi.org/10.1038/ncb3268
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1002/path.1711700209
https://doi.org/10.3389/fendo.2017.00290
https://doi.org/10.1038/s41584-021-00668-1
https://doi.org/10.1007/s00441-009-0834-6
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Baron, J. L., Madri, J. A., Ruddle, N. H., Hashim, G., and Janeway, C. A. (1993).
Surface Expression of Alpha 4 Integrin by CD4 T Cells Is Required for Their
Entry into Brain Parenchyma. J. Exp. Med. 177, 57–68. doi:10.1084/jem.177.
1.57

Baron, J. L., Reich, E. P., Visintin, I., and Janeway, C. A. (1994). The Pathogenesis of
Adoptive Murine Autoimmune Diabetes Requires an Interaction between
Alpha 4-integrins and Vascular Cell Adhesion Molecule-1. J. Clin. Invest.
93, 1700–1708. doi:10.1172/JCI117153

Bartholomäus, I., Kawakami, N., Odoardi, F., Schläger, C., Miljkovic, D., Ellwart,
J. W., et al. (2009). Effector T Cell Interactions with Meningeal Vascular
Structures in Nascent Autoimmune CNS Lesions. Nature 462, 94–98.,

Bashour, K. T., Gondarenko, A., Chen, H., Shen, K., Liu, X., Huse, M., et al. (2014).
CD28 and CD3 Have Complementary Roles in T-Cell Traction Forces. Proc.
Natl. Acad. Sci. USA 111, 2241–2246. doi:10.1073/pnas.1315606111

Basu, R., Whitlock, B. M., Husson, J., Le Floc’h, A., Jin, W., Oyler-Yaniv, A., et al.
(2016). Cytotoxic T Cells Use Mechanical Force to Potentiate Target Cell
Killing. Cell 165, 100–110. doi:10.1016/j.cell.2016.01.021

Bauer, J., Emon, M. A. B., Staudacher, J. J., Thomas, A. L., Zessner-Spitzenberg, J.,
Mancinelli, G., et al. (2020). Increased Stiffness of the Tumor
Microenvironment in colon Cancer Stimulates Cancer Associated
Fibroblast-Mediated Prometastatic Activin A Signaling. Sci. Rep. 10, 50.
doi:10.1038/s41598-019-55687-6

Benoit, M., Gabriel, D., Gerisch, G., and Gaub, H. E. (2000). Discrete Interactions
in Cell Adhesion Measured by Single-Molecule Force Spectroscopy. Nat. Cell
Biol 2, 313–317. doi:10.1038/35014000

Berg, R. W., Yang, Y., Lehnert, K., and Krissansen, G. W. (1999). Mouse M290 Is
the Functional Homologue of the HumanMucosal Lymphocyte Integrin HML-
1: Antagonism between the Integrin Ligands E-Cadherin and RGD Tripeptide.
Immunol. Cell Biol 77, 337–344. doi:10.1046/j.1440-1711.1999.00832.x

Bertry-Coussot, L., Lucas, B., Danel, C., Halbwachs-Mecarelli, L., Bach, J.-F.,
Chatenoud, L., et al. (2002). Long-Term Reversal of Established
Autoimmunity upon Transient Blockade of the LFA-1/Intercellular
Adhesion Molecule-1 Pathway. J. Immunol. 168, 3641–3648. doi:10.4049/
jimmunol.168.7.3641

Bhattacharjee, O., Ayyangar, U., Kurbet, A. S., Ashok, D., and Raghavan, S. (2019).
Unraveling the ECM-Immune Cell Crosstalk in Skin Diseases. Front Cell Dev
Biol 7, 68. doi:10.3389/fcell.2019.00068

Birlea, S. A., Costin, G.-E., Roop, D. R., and Norris, D. A. (2017). Trends in
Regenerative Medicine: Repigmentation in Vitiligo through Melanocyte Stem
Cell Mobilization. Med. Res. Rev. 37, 907–935. doi:10.1002/med.21426

Bledzka, K., Bialkowska, K., Sossey-Alaoui, K., Vaynberg, J., Pluskota, E., Qin, J.,
et al. (2016). Kindlin-2 Directly Binds Actin and Regulates Integrin Outside-In
Signaling. J. Cell Biol. 213, 97–108. doi:10.1083/jcb.201501006

Bogdanos, D. P., Smyk, D. S., Rigopoulou, E. I., Mytilinaiou, M. G., Heneghan, M.
A., Selmi, C., et al. (2012). Twin Studies in Autoimmune Disease: Genetics,
Gender and Environment. J. Autoimmun. 38, J156–J169. doi:10.1016/j.jaut.
2011.11.003

Bone, C. R., Tapley, E. C., Gorjánácz, M., and Starr, D. A. (2014). The
Caenorhabditis elegans SUN Protein UNC-84 Interacts with Lamin to
Transfer Forces from the Cytoplasm to the Nucleoskeleton during Nuclear
Migration. MBoC 25, 2853–2865. doi:10.1091/mbc.e14-05-0971

Booth, A. D., Wallace, S., McEniery, C. M., Yasmin, fnm., Brown, J., Jayne, D. R.
W., et al. (2004). Inflammation and Arterial Stiffness in Systemic Vasculitis: A
Model of Vascular Inflammation. Arthritis Rheum. 50, 581–588. doi:10.1002/
art.20002

Boyd, D. F., and Thomas, P. G. (2017). Towards Integrating Extracellular Matrix and
Immunological Pathways. Cytokine 98, 79–86. doi:10.1016/j.cyto.2017.03.004

Brandstadter, R., and Katz Sand, I. (2017). The Use of Natalizumab for Multiple
Sclerosis. Ndt 13, 1691–1702. doi:10.2147/ndt.s114636

Butcher, E. C., and Picker, L. J. (1996). Lymphocyte Homing and Homeostasis.
Science 272, 60–67. doi:10.1126/science.272.5258.60

Cambré, I., Gaublomme, D., Burssens, A., Jacques, P., Schryvers, N., De Muynck,
A., et al. (2018). Mechanical Strain Determines the Site-specific Localization of
Inflammation and Tissue Damage in Arthritis. Nat. Commun. 9, 4613.

Campbell, D. J., Kim, C. H., and Butcher, E. C. (2003). Chemokines in the Systemic
Organization of Immunity. Immunological Rev. 195, 58–71. doi:10.1034/j.1600-
065x.2003.00067.x

Carmona, F. D., Simeon, C. P., Beretta, L., Carreira, P., Vonk, M. C., Ríos-
Fernández, R., et al. (2011). Association of a Non-synonymous Functional
Variant of the ITGAM Gene with Systemic Sclerosis. Ann. Rheum. Dis. 70,
2050. doi:10.1136/ard.2010.148874

Carrasco, Y. R., Fleire, S. J., Cameron, T., Dustin, M. L., and Batista, F. D. (2004).
LFA-1/ICAM-1 Interaction Lowers the Threshold of B Cell Activation by
Facilitating B Cell Adhesion and Synapse Formation. Immunity 20, 589–599.
doi:10.1016/s1074-7613(04)00105-0

Cavalcanti-Adam, E. A., Volberg, T., Micoulet, A., Kessler, H., Geiger, B., and
Spatz, J. P. (2007). Cell Spreading and Focal Adhesion Dynamics Are Regulated
by Spacing of Integrin Ligands. Biophysical J. 92, 2964–2974. doi:10.1529/
biophysj.106.089730

Chabas, D., Baranzini, S. E., Mitchell, D., Bernard, C. C. A., Rittling, S. R.,
Denhardt, D. T., et al. (2001). The Influence of the Proinflammatory
Cytokine, Osteopontin, on Autoimmune Demyelinating Disease. Science
294, 1731–1735. doi:10.1126/science.1062960

Chabaud, M., Durand, J. M., Buchs, N., Fossiez, F. o., Page, G., Frappart, L., et al.
(1999). Human Interleukin-17: A T Cell-Derived Proinflammatory Cytokine
Produced by the Rheumatoid Synovium. Arthritis Rheum. 42, 963–970. doi:10.
1002/1529-0131(199905)42:5<963::aid-anr15>3.0.co;2-e

Chakraborty, S., Banerjee, S., Raina, M., and Haldar, S. (2019). Force-Directed
"Mechanointeractome" of Talin-Integrin. Biochemistry 58, 4677–4695. doi:10.
1021/acs.biochem.9b00442

Chan, P. Y., and Aruffo, A. (1993). VLA-4 Integrin Mediates Lymphocyte
Migration on the Inducible Endothelial Cell Ligand VCAM-1 and the
Extracellular Matrix Ligand Fibronectin. J. Biol. Chem. 268, 24655–24664.
doi:10.1016/s0021-9258(19)74516-5

Chang, A. C., Mekhdjian, A. H., Morimatsu, M., Denisin, A. K., Pruitt, B. L., and
Dunn, A. R. (2016). Single Molecule Force Measurements in Living Cells Reveal
a Minimally Tensioned Integrin State. ACS Nano 10, 10745–10752. doi:10.
1021/acsnano.6b03314

Charo, I. F., Nannizzi, L., Smith, J. W., and Cheresh, D. A. (1990). The Vitronectin
Receptor Alpha V Beta 3 Binds Fibronectin and Acts in Concert with Alpha 5
Beta 1 in Promoting Cellular Attachment and Spreading on Fibronectin. J. Cel.
Biol. 111, 2795–2800. doi:10.1083/jcb.111.6.2795

Chase, S. D., Magnani, J. L., and Simon, S. I. (2012). E-selectin Ligands as
Mechanosensitive Receptors on Neutrophils in Health and Disease. Ann.
Biomed. Eng. 40, 849–859. doi:10.1007/s10439-011-0507-y

Chen, C., Bai, X., Ding, Y., and Lee, I.-S. (2019). Electrical Stimulation as a Novel
Tool for Regulating Cell Behavior in Tissue Engineering. Biomater. Res. 23, 25.
doi:10.1186/s40824-019-0176-8

Chen, W., Lou, J., Hsin, J., Schulten, K., Harvey, S. C., and Zhu, C. (2011).
Molecular Dynamics Simulations of Forced Unbending of Integrin αVβ3. Plos
Comput. Biol. 7, e1001086. doi:10.1371/journal.pcbi.1001086

Chen, W., Lou, J., and Zhu, C. (2010). Forcing Switch from Short- to Intermediate-
and Long-Lived States of the αA Domain Generates LFA-1/ICAM-1 Catch
Bonds. J. Biol. Chem. 285, 35967–35978. doi:10.1074/jbc.m110.155770

Chesla, S. E., Selvaraj, P., and Zhu, C. (1998). Measuring Two-Dimensional
Receptor-Ligand Binding Kinetics by Micropipette. Biophysical J. 75,
1553–1572. doi:10.1016/s0006-3495(98)74074-3

Chopra, R., Chaudhary, N., and Kay, J. (2013). Relapsing Polychondritis. Rheum.
Dis. Clin. North America 39, 263–276. doi:10.1016/j.rdc.2013.03.002

Cojocaru, M., InimioaraCojocaru, M., Silosi, I., and Titu (2010). Maedica-a
Journal of Clinical Medicine Multiple Autoimmune Syndrome. Maedica A
J. Clin. Med.

Conrad, C., Boyman, O., Tonel, G., Tun-Kyi, A., Laggner, U., de Fougerolles, A.,
et al. (2007). α1β1 Integrin Is Crucial for Accumulation of Epidermal T Cells
and the Development of Psoriasis. Nat. Med. 13, 836–842. doi:10.1038/
nm1605

Cowell, A. R., Jacquemet, G., Singh, A. K., Varela, L., Nylund, A. S., Ammon, Y.-C.,
et al. (2021). Talin Rod Domain–Containing Protein 1 (TLNRD1) Is a Novel
Actin-Bundling Protein Which Promotes Filopodia Formation. J. Cell Biol. 220,
e202005214. doi:10.1083/jcb.202005214

Cui, K., Ardell, C. L., Podolnikova, N. P., and Yakubenko, V. P. (2018). Distinct
Migratory Properties of M1, M2, and Resident Macrophages Are Regulated by
αDβ2 and αMβ2 Integrin-Mediated Adhesion. Front. Immunol. 9, 2650. doi:10.
3389/fimmu.2018.02650

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287821

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

96

https://doi.org/10.1084/jem.177.1.57
https://doi.org/10.1084/jem.177.1.57
https://doi.org/10.1172/JCI117153
https://doi.org/10.1073/pnas.1315606111
https://doi.org/10.1016/j.cell.2016.01.021
https://doi.org/10.1038/s41598-019-55687-6
https://doi.org/10.1038/35014000
https://doi.org/10.1046/j.1440-1711.1999.00832.x
https://doi.org/10.4049/jimmunol.168.7.3641
https://doi.org/10.4049/jimmunol.168.7.3641
https://doi.org/10.3389/fcell.2019.00068
https://doi.org/10.1002/med.21426
https://doi.org/10.1083/jcb.201501006
https://doi.org/10.1016/j.jaut.2011.11.003
https://doi.org/10.1016/j.jaut.2011.11.003
https://doi.org/10.1091/mbc.e14-05-0971
https://doi.org/10.1002/art.20002
https://doi.org/10.1002/art.20002
https://doi.org/10.1016/j.cyto.2017.03.004
https://doi.org/10.2147/ndt.s114636
https://doi.org/10.1126/science.272.5258.60
https://doi.org/10.1034/j.1600-065x.2003.00067.x
https://doi.org/10.1034/j.1600-065x.2003.00067.x
https://doi.org/10.1136/ard.2010.148874
https://doi.org/10.1016/s1074-7613(04)00105-0
https://doi.org/10.1529/biophysj.106.089730
https://doi.org/10.1529/biophysj.106.089730
https://doi.org/10.1126/science.1062960
https://doi.org/10.1002/1529-0131(199905)42:5<963::aid-anr15>3.0.co;2-e
https://doi.org/10.1002/1529-0131(199905)42:5<963::aid-anr15>3.0.co;2-e
https://doi.org/10.1021/acs.biochem.9b00442
https://doi.org/10.1021/acs.biochem.9b00442
https://doi.org/10.1016/s0021-9258(19)74516-5
https://doi.org/10.1021/acsnano.6b03314
https://doi.org/10.1021/acsnano.6b03314
https://doi.org/10.1083/jcb.111.6.2795
https://doi.org/10.1007/s10439-011-0507-y
https://doi.org/10.1186/s40824-019-0176-8
https://doi.org/10.1371/journal.pcbi.1001086
https://doi.org/10.1074/jbc.m110.155770
https://doi.org/10.1016/s0006-3495(98)74074-3
https://doi.org/10.1016/j.rdc.2013.03.002
https://doi.org/10.1038/nm1605
https://doi.org/10.1038/nm1605
https://doi.org/10.1083/jcb.202005214
https://doi.org/10.3389/fimmu.2018.02650
https://doi.org/10.3389/fimmu.2018.02650
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Czaja, A. J. (2014). Review Article: the Prevention and Reversal of Hepatic Fibrosis
in Autoimmune Hepatitis. Aliment. Pharmacol. Ther. 39, 385–406. doi:10.1111/
apt.12592

Davis, C. L., Tomporowski, P. D., McDowell, J. E., Austin, B. P., Miller, P. H.,
Yanasak, N. E., et al. (2011). Exercise Improves Executive Function and
Achievement and Alters Brain Activation in Overweight Children: a
Randomized, Controlled Trial. Health Psychol. 30, 91–98. doi:10.1037/
a0021766

Davis, G. E. (1992). Affinity of Integrins for Damaged Extracellular Matrix: αvβ3
Binds to Denatured Collagen Type I through RGD Sites. Biochem. Biophysical
Res. Commun. 182, 1025–1031. doi:10.1016/0006-291x(92)91834-d

Davis, L. S., Oppenheimer-Marks, N., Bednarczyk, J. L., McIntyre, B. W., and
Lipsky, P. E. (1990). Fibronectin Promotes Proliferation of Naive and Memory
T Cells by Signaling through Both the VLA-4 and VLA-5 Integrin Molecules.
J. Immunol. 145, 785–793.

de Fougerolles, A. R., Sprague, A. G., Nickerson-Nutter, C. L., Chi-Rosso, G.,
Rennert, P. D., Gardner, H., et al. (2000). Regulation of Inflammation by
Collagen-Binding Integrins α1β1 and α2β1 in Models of Hypersensitivity and
Arthritis. J. Clin. Invest. 105, 721–729. doi:10.1172/jci7911

Dickeson, S. K., and Santoro, S. A. (1998). Ligand Recognition by the I Domain-
Containing Integrins. Cell Mol. Life Sci. (Cmls) 54, 556–566. doi:10.1007/
s000180050184

Dixit, N., Yamayoshi, I., Nazarian, A., and Simon, S. I. (2011). Migrational
Guidance of Neutrophils Is Mechanotransduced via High-Affinity LFA-1
and Calcium Flux. J.I. 187, 472–481. doi:10.4049/jimmunol.1004197

Dong, J.-d., Gu, Y.-q., Li, C.-m., Wang, C.-r., Feng, Z.-g., Qiu, R.-x., et al. (2009).
Response of Mesenchymal Stem Cells to Shear Stress in Tissue-Engineered
Vascular Grafts. Acta Pharmacol. Sin 30, 530–536. doi:10.1038/aps.2009.40

Donnaloja, F., Jacchetti, E., Soncini, M., and Raimondi, M. T. (2019).
Mechanosensing at the Nuclear Envelope by Nuclear Pore Complex Stretch
Activation and its Effect in Physiology and Pathology. Front. Physiol. 10, 896.
doi:10.3389/fphys.2019.00896

Dörner, T., and Burmester, G. R. (2003). The Role of B Cells in Rheumatoid
Arthritis. Curr. Opin. Rheumatol. 15, 246–252.

Dotan, I., Allez, M., Danese, S., Keir, M., Tole, S., and McBride, J. (2020). The Role
of Integrins in the Pathogenesis of Inflammatory Bowel Disease: Approved and
Investigational Anti-integrin Therapies. Med. Res. Rev. 40, 245–262. doi:10.
1002/med.21601

Dubey, D., Pittock, S. J., Kelly, C. R., McKeon, A., Lopez-Chiriboga, A. S., Lennon,
V. A., et al. (2018). Autoimmune Encephalitis Epidemiology and a Comparison
to Infectious Encephalitis. Ann. Neurol. 83, 166–177. doi:10.1002/ana.25131

DuFort, C. C., Paszek, M. J., and Weaver, V. M. (2011). Balancing Forces:
Architectural Control of Mechanotransduction. Nat. Rev. Mol. Cell Biol 12,
308–319. doi:10.1038/nrm3112

Dufrançais, O., Mascarau, R., Poincloux, R., Maridonneau-Parini, I., Raynaud-
Messina, B., Vérollet, C., et al. (2021). Cellular andMolecular Actors of Myeloid
Cell Fusion: Podosomes and Tunneling Nanotubes Call the Tune. Cell Mol Life
Sci 78, 6087–6104.

Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., et al.
(2011). Role of YAP/TAZ in Mechanotransduction. Nature 474, 179–183.
doi:10.1038/nature10137

Eaton, W. W., Rose, N. R., Kalaydjian, A., Pedersen, M. G., and Mortensen, P. B.
(2007). Epidemiology of Autoimmune Diseases in Denmark. J. Autoimmun. 29,
1–9. doi:10.1016/j.jaut.2007.05.002

Ebner, S., Ehammer, Z., Holzmann, S., Schwingshackl, P., Forstner, M., Stoitzner,
P., et al. (2004). Expression of C-type Lectin Receptors by Subsets of Dendritic
Cells in Human Skin. Int. Immunol. 16, 877–887. doi:10.1093/intimm/dxh088

Edwards, J. C. W., Szczepański, L., Szechiński, J., Filipowicz-Sosnowska, A., Emery,
P., Close, D. R., et al. (2004). Efficacy of B-Cell-Targeted Therapy with
Rituximab in Patients with Rheumatoid Arthritis. N. Engl. J. Med. 350,
2572–2581. doi:10.1056/nejmoa032534

Eksteen, B., Grant, A. J., Miles, A., Curbishley, S. M., Lalor, P. F., Hu€bscher, S. G.,
et al. (2004). Hepatic Endothelial CCL25 Mediates the Recruitment of CCR9+
Gut-Homing Lymphocytes to the Liver in Primary Sclerosing Cholangitis.
J. Exp. Med. 200, 1511–1517. doi:10.1084/jem.20041035

El-Asady, R., Yuan, R., Liu, K., Wang, D., Gress, R. E., Lucas, P. J., et al. (2005).
TGF-β-dependent CD103 Expression by CD8+ T Cells Promotes Selective

Destruction of the Host Intestinal Epithelium during Graft-Versus-Host
Disease. J. Exp. Med. 201, 1647–1657. doi:10.1084/jem.20041044

Elosegui-Artola, A., Andreu, I., Beedle, A. E. M., Lezamiz, A., Uroz, M., Kosmalska,
A. J., et al. (2017). Force Triggers YAP Nuclear Entry by Regulating Transport
across Nuclear Pores. Cell 171, 1397e14–1410. doi:10.1016/j.cell.2017.10.008

Elosegui-Artola, A., Oria, R., Chen, Y., Kosmalska, A., Pérez-González, C., Castro,
N., et al. (2016). Mechanical Regulation of a Molecular Clutch Defines Force
Transmission and Transduction in Response to Matrix Rigidity. Nat. Cell Biol
18, 540–548. doi:10.1038/ncb3336

Emsley, J., Knight, C. G., Farndale, R. W., Barnes, M. J., and Liddington, R. C.
(2000). Structural Basis of Collagen Recognition by Integrin α2β1. Cell 101,
47–56. doi:10.1016/s0092-8674(00)80622-4

Engl, W., Arasi, B., Yap, L. L., Thiery, J. P., and Viasnoff, V. (2014). Actin Dynamics
Modulate Mechanosensitive Immobilization of E-Cadherin at Adherens
Junctions. Nat. Cell Biol 16, 584–591. doi:10.1038/ncb2973

Erle, D. J., Briskin, M. J., Butcher, E. C., Garcia-Pardo, A., Lazarovits, A. I., Tidswell,
M., et al. (1994). Expression and Function of the MAdCAM-1 Receptor,
Integrin Alpha 4 Beta 7, on Human Leukocytes. J. Immunol. 153, 517–528.

Evans, E., Berk, D., Leung, A., and Mohandas, N. (1991). Detachment of
Agglutinin-Bonded Red Blood Cells. II. Mechanical Energies to Separate
Large Contact Areas. Biophysical J. 59, 849–860. doi:10.1016/s0006-3495(91)
82297-4

Evans, E., Ritchie, K., and Merkel, R. (1995). Sensitive Force Technique to Probe
Molecular Adhesion and Structural Linkages at Biological Interfaces.
Biophysical J. 68, 2580–2587. doi:10.1016/s0006-3495(95)80441-8

Evans, R., Flores-Borja, F., Nassiri, S., Miranda, E., Lawler, K., Grigoriadis, A., et al.
(2019). Integrin-Mediated Macrophage Adhesion Promotes Lymphovascular
Dissemination in Breast Cancer. Cell Rep. 27, 1967–1978. doi:10.1016/j.celrep.
2019.04.076

Ezzedine, K., Eleftheriadou, V., Whitton, M., and van Geel, N. (2015). Vitiligo. The
Lancet 386, 74–84. doi:10.1016/s0140-6736(14)60763-7

Fan, V. S., Gaziano, J. M., Lew, R., Bourbeau, J., Adams, S. G., Leatherman, S., et al.
(2012). A Comprehensive Care Management Program to Prevent Chronic
Obstructive Pulmonary Disease Hospitalizations: a Randomized, Controlled
Trial. Ann. Intern. Med. 156, 673–683. doi:10.7326/0003-4819-156-10-
201205150-00003

Farrokhi, S., Hojjat-Farsangi, M., Noohpisheh, M., Tahmasbi, R., and Rezaei, N.
(2005). Assessment of the Immune System in 55 Iranian Patients with Vitiligo.
J. Eur. Acad. Dermatol. Venerol 19, 706–711. doi:10.1111/j.1468-3083.2005.
01295.x

Feng, W., Nguyen, H., Shen, D., Deng, H., Jiang, Z., Podolnikova, N., et al. (2021).
Structural Characterization of the Interaction between the αMI-Domain of the
Integrin Mac-1 (αMβ2) and the Cytokine Pleiotrophin. Biochemistry 60,
182–193. doi:10.1021/acs.biochem.0c00700

Filep, J. G., Delalandre, A., Payette, Y., and Fo€ldes-Filep, E. (1997). Glucocorticoid
Receptor Regulates Expression of L-Selectin and CD11/CD18 on Human
Neutrophils. Circulation 96, 295–301. doi:10.1161/01.cir.96.1.295

Firestein, G. S. (2005). Immunologic Mechanisms in the Pathogenesis of
Rheumatoid Arthritis. J. Clin. Rheumatol. 11, S39–S44. doi:10.1097/01.rhu.
0000166673.34461.33

Firestein, G. S., and McInnes, I. B. (2017). Immunopathogenesis of Rheumatoid
Arthritis. Immunity 46, 183–196. doi:10.1016/j.immuni.2017.02.006

Firestein, G. S. (2004). The T Cell Cometh: Interplay between Adaptive Immunity
and Cytokine Networks in Rheumatoid Arthritis. J. Clin. Invest. 114, 471–474.
doi:10.1172/jci22651

Fisher, L. W., Torchia, D. A., Fohr, B., Young, M. F., and Fedarko, N. S. (2001).
Flexible Structures of SIBLING Proteins, Bone Sialoprotein, and
Osteopontin. Biochem. Biophysical Res. Commun. 280, 460–465. doi:10.
1006/bbrc.2000.4146

Fowell, D. J., and Kim, M. (2021). The Spatio-Temporal Control of Effector T Cell
Migration. Nat. Rev. Immunol. 21, 582–596. doi:10.1038/s41577-021-00507-0

Franck, C., Maskarinec, S. A., Tirrell, D. A., and Ravichandran, G. (2011). Three-
Dimensional Traction Force Microscopy: A New Tool for Quantifying Cell-
Matrix Interactions. PLoS ONE 6, e17833. doi:10.1371/journal.pone.0017833

Franz, C. M., Taubenberger, A., Puech, P. H., and Muller, D. J. (20072007).
Studying Integrin-Mediated Cell Adhesion at the Single-Molecule Level Using
AFM Force Spectroscopy. Sci. STKE 2007, pl5. doi:10.1126/stke.4062007pl5

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287822

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

97

https://doi.org/10.1111/apt.12592
https://doi.org/10.1111/apt.12592
https://doi.org/10.1037/a0021766
https://doi.org/10.1037/a0021766
https://doi.org/10.1016/0006-291x(92)91834-d
https://doi.org/10.1172/jci7911
https://doi.org/10.1007/s000180050184
https://doi.org/10.1007/s000180050184
https://doi.org/10.4049/jimmunol.1004197
https://doi.org/10.1038/aps.2009.40
https://doi.org/10.3389/fphys.2019.00896
https://doi.org/10.1002/med.21601
https://doi.org/10.1002/med.21601
https://doi.org/10.1002/ana.25131
https://doi.org/10.1038/nrm3112
https://doi.org/10.1038/nature10137
https://doi.org/10.1016/j.jaut.2007.05.002
https://doi.org/10.1093/intimm/dxh088
https://doi.org/10.1056/nejmoa032534
https://doi.org/10.1084/jem.20041035
https://doi.org/10.1084/jem.20041044
https://doi.org/10.1016/j.cell.2017.10.008
https://doi.org/10.1038/ncb3336
https://doi.org/10.1016/s0092-8674(00)80622-4
https://doi.org/10.1038/ncb2973
https://doi.org/10.1016/s0006-3495(91)82297-4
https://doi.org/10.1016/s0006-3495(91)82297-4
https://doi.org/10.1016/s0006-3495(95)80441-8
https://doi.org/10.1016/j.celrep.2019.04.076
https://doi.org/10.1016/j.celrep.2019.04.076
https://doi.org/10.1016/s0140-6736(14)60763-7
https://doi.org/10.7326/0003-4819-156-10-201205150-00003
https://doi.org/10.7326/0003-4819-156-10-201205150-00003
https://doi.org/10.1111/j.1468-3083.2005.01295.x
https://doi.org/10.1111/j.1468-3083.2005.01295.x
https://doi.org/10.1021/acs.biochem.0c00700
https://doi.org/10.1161/01.cir.96.1.295
https://doi.org/10.1097/01.rhu.0000166673.34461.33
https://doi.org/10.1097/01.rhu.0000166673.34461.33
https://doi.org/10.1016/j.immuni.2017.02.006
https://doi.org/10.1172/jci22651
https://doi.org/10.1006/bbrc.2000.4146
https://doi.org/10.1006/bbrc.2000.4146
https://doi.org/10.1038/s41577-021-00507-0
https://doi.org/10.1371/journal.pone.0017833
https://doi.org/10.1126/stke.4062007pl5
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Friedman, D., Simmonds, P., Hale, A., Bere, L., Hodson, N. W., White, M. R. H.,
et al. (2021). Natural Killer Cell Immune Synapse Formation and Cytotoxicity
Are Controlled by Tension of the Target Interface. J. Cell Sci 134, jcs258570.
doi:10.1242/jcs.258570

Gaertner, F., Reis-Rodrigues, P., de Vries, I., Hons, M., Aguilera, J., Riedl, M., et al.
(2022). WASp Triggers Mechanosensitive Actin Patches to Facilitate Immune
Cell Migration in Dense Tissues. Developmental Cell 57, 47e9–62. doi:10.1016/j.
devcel.2021.11.024

Gál, B., Dulic, S., Kiss, M., Groma, G., Kovács, L., Kemény, L., et al. (2017).
Increased Circulating Anti-α6-integrin Autoantibodies in Psoriasis and
Psoriatic Arthritis but Not in Rheumatoid Arthritis. J. Dermatol. 44, 370–374.

Gardel, M. L., Schneider, I. C., Aratyn-Schaus, Y., and Waterman, C. M. (2010).
Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration.
Annu. Rev. Cell Dev. Biol. 26, 315–333. doi:10.1146/annurev.cellbio.011209.
122036

Gardel, M. L., Schneider, I. C., Aratyn-Schaus, Y., and Waterman, C. M. (2010).
Mechanical Integration of Actin and Adhesion Dynamics in CellMigration.Annu.
Rev. Cell Dev. Biol. 26, 315–333. doi:10.1146/annurev.cellbio.011209.122036

Gauthier, Y., Andre, M. C., and Taïeb, A. (2003). A Critical Appraisal of Vitiligo
Etiologic Theories. Is Melanocyte Loss a Melanocytorrhagy? Pigment Cell Res.
16, 322–332. doi:10.1034/j.1600-0749.2003.00070.x

Gerber, E. E., Gallo, E. M., Fontana, S. C., Davis, E. C., Wigley, F. M., Huso, D. L.,
et al. (2013). Integrin-modulating Therapy Prevents Fibrosis and
Autoimmunity in Mouse Models of Scleroderma. Nature 503, 126–130.
doi:10.1038/nature12614

Glassman, S. J. (2011). Vitiligo, Reactive Oxygen Species and T-Cells. Clin. Sci.
(London 120, 99–120. doi:10.1042/CS20090603

Goldman, D. H., Kaiser, C. M., Milin, A., Righini, M., Tinoco, I., and Bustamante,
C. (2015). Mechanical Force Releases Nascent Chain-Mediated Ribosome
Arrest In Vitro and In Vivo. Science 348, 457–460. doi:10.1126/science.1261909

Gough, R. E., Jones, M. C., Zacharchenko, T., Le, S., Yu, M., Jacquemet, G., et al.
(2021). Talin Mechanosensitivity Is Modulated by a Direct Interaction with
Cyclin-dependent Kinase-1. J. Biol. Chem. 297. doi:10.1016/j.jbc.2021.100837

Goult, B. T., Brown, N. H., and Schwartz, M. A. (2021). Talin in
Mechanotransduction and Mechanomemory at a Glance. J. Cell Sci 134,
jcs258749. doi:10.1242/jcs.258749

Goult, B. T., Xu, X.-P., Gingras, A. R., Swift, M., Patel, B., Bate, N., et al. (2013).
Structural Studies on Full-Length Talin1 Reveal a Compact Auto-Inhibited
Dimer: Implications for Talin Activation. J. Struct. Biol. 184, 21–32. doi:10.
1016/j.jsb.2013.05.014

Goult, B. T., Yan, J., and Schwartz, M. A. (2018). Talin as a Mechanosensitive
Signaling Hub. J. Cell Biol. 217, 3776–3784. doi:10.1083/jcb.201808061

Grayson, M. H., Van der Vieren, M., Sterbinsky, S. A., Michael Gallatin, W.,
Hoffman, P. A., Staunton, D. E., et al. (1998). αdβ2 Integrin Is Expressed on
Human Eosinophils and Functions as an Alternative Ligand for Vascular Cell
Adhesion Molecule 1 (VCAM-1). J. Exp. Med. 188, 2187–2191. doi:10.1084/
jem.188.11.2187

Green, C. E., Schaff, U. Y., Sarantos, M. R., Lum, A. F. H., Staunton, D. E., and
Simon, S. I. (2006). Dynamic Shifts in LFA-1 Affinity Regulate Neutrophil
Rolling, Arrest, and Transmigration on Inflamed Endothelium. Blood 107,
2101–2111. doi:10.1182/blood-2005-06-2303

Guimarães, C. F., Gasperini, L., Marques, A. P., and Reis, R. L. (2020). The Stiffness of
Living Tissues and its Implications for Tissue Engineering. Nat. Rev. Mater. 5,
351–370.

Haining, A. W. M., von Essen, M., Attwood, S. J., Hytönen, V. P., and del Río
Hernández, A. (2016). All Subdomains of the Talin Rod Are Mechanically
Vulnerable and May Contribute to Cellular Mechanosensing. ACS Nano 10,
6648–6658. doi:10.1021/acsnano.6b01658

Haldar, S., Tapia-Rojo, R., Eckels, E. C., Valle-Orero, J., and Fernandez, J. M.
(2017). Trigger Factor Chaperone Acts as a Mechanical Foldase. Nat. Commun.
8, 668. doi:10.1038/s41467-017-00771-6

Han, J., Lim, C. J., Watanabe, N., Soriani, A., Ratnikov, B., Calderwood, D. A., et al.
(2006). Reconstructing and Deconstructing Agonist-Induced Activation of
Integrin αIIbβ3. Curr. Biol. 16, 1796–1806. doi:10.1016/j.cub.2006.08.035

Handel, A. E., Giovannoni, G., Ebers, G. C., and Ramagopalan, S. V. (2010).
Environmental Factors and Their Timing in Adult-Onset Multiple Sclerosis.
Nat. Rev. Neurol. 6, 156–166. doi:10.1038/nrneurol.2010.1

Hänninen, A., Jaakkola, I., and Jalkanen, S. (1998). Mucosal Addressin Is
Required for the Development of Diabetes in Nonobese Diabetic Mice.
J. Immunol.

Heinzmann, D., Noethel, M., von Ungern-Sternberg, S., Mitroulis, I., Gawaz, M.,
Chavakis, T., et al. (2020). CD147 Is a Novel Interaction Partner of Integrin
αMβ2Mediating Leukocyte and Platelet Adhesion. Biomolecules 10, 541. doi:10.
3390/biom10040541

Hertig, S., and Vogel, V. (2012). Catch Bonds. Curr. Biol. 22, R823–R825. doi:10.
1016/j.cub.2012.08.035

Hinterdorfer, P., Baumgartner, W., Gruber, H. J., Schilcher, K., and Schindler, H.
(1996). Detection and Localization of Individual Antibody-Antigen
Recognition Events by Atomic Force Microscopy. Proc. Natl. Acad. Sci. 93,
3477–3481. doi:10.1073/pnas.93.8.3477

Hoberg, M., Rudert, M., Pap, T., Klein, G., Gay, S., and Aicher, W. K. (2006).
Attachment to Laminin-111 Facilitates Transforming Growth Factor -induced
Expression of Matrix Metalloproteinase-3 in Synovial Fibroblasts. Ann. Rheum.
Dis. 66, 446–451. doi:10.1136/ard.2006.060228

Hons, M., Kopf, A., Hauschild, R., Leithner, A., Gaertner, F., Abe, J., et al. (2018).
Chemokines and Integrins Independently Tune Actin Flow and Substrate
Friction during Intranodal Migration of T Cells. Nat. Immunol. 19,
606–616. doi:10.1038/s41590-018-0109-z

Hood, J. D., and Cheresh, D. A. (2002). Role of Integrins in Cell Invasion and
Migration. Nat. Rev. Cancer 2, 91–100. doi:10.1038/nrc727

Hosseini, B. H., Louban, I., Djandji, D., Wabnitz, G. H., Deeg, J., Bulbuc, N., et al.
(2009). Immune Synapse Formation Determines Interaction Forces between
T Cells and Antigen-Presenting Cells Measured by Atomic Force Microscopy.
Proc. Natl. Acad. Sci. 106, 17852–17857. doi:10.1073/pnas.0905384106

Huang, G., Wang, L., Wang, S., Han, Y., Wu, J., Zhang, Q., et al. (2012).
Engineering Three-Dimensional Cell Mechanical Microenvironment with
Hydrogels. Biofabrication 4, 042001. doi:10.1088/1758-5082/4/4/042001

Huang, J., Xiao, Y., Xu, A., and Zhou, Z. (2016). Neutrophils in Type 1 Diabetes.
J. Diabetes Investig. 7, 652–663. doi:10.1111/jdi.12469

Huang, M., Matthews, K., Siahaan, T. J., and Kevil, C. G. (2005). Al-Integrin I
Domain Cyclic Peptide Antagonist Selectively Inhibits T Cell Adhesion to
Pancreatic Islet Microvascular Endothelium. Am. J. Physiology-Gastrointestinal
Liver Physiol. 288, G67–G73. doi:10.1152/ajpgi.00267.2004

Hui, K. L., Balagopalan, L., Samelson, L. E., and Upadhyaya, A. (2015). Cytoskeletal
Forces during Signaling Activation in Jurkat T-Cells. MBoC 26, 685–695.
doi:10.1091/mbc.e14-03-0830

Humphries, J. D., Byron, A., and Humphries, M. J. (2006). Integrin Ligands at a
Glance. J. Cell Sci. 119, 3901–3903. doi:10.1242/jcs.03098

Huscher, D., Thiele, K., Gromnica-Ihle, E., Hein, G., Demary, W., Dreher, R., et al.
(2009). Dose-related Patterns of Glucocorticoid-Induced Side Effects. Ann.
Rheum. Dis. 68, 1119–1124. doi:10.1136/ard.2008.092163

Huse, M. (2017). Mechanical Forces in the Immune System.Nat. Rev. Immunol. 17,
679–690. doi:10.1038/nri.2017.74

Huveneers, S., Daemen,M. J. A. P., andHordijk, P. L. (2015). Between Rho(k) and a
Hard Place. Circ. Res. 116, 895–908. doi:10.1161/circresaha.116.305720

Huynh, J., Nishimura, N., Rana, K., Peloquin, J. M., Califano, J. P., Montague, C. R.,
et al. (2011). Age-related Intimal Stiffening Enhances Endothelial Permeability
and Leukocyte Transmigration. Sci. Transl Med. 3, 112ra122. doi:10.1126/
scitranslmed.3002761

Hynes, R. O. (2002). Integrins. Cell 110, 673–687. doi:10.1016/s0092-8674(02)
00971-6

Hyun, Y.-M., Chung, H.-L., McGrath, J. L., Waugh, R. E., and Kim, M. (2009).
Activated Integrin VLA-4 Localizes to the Lamellipodia and Mediates T Cell
Migration on VCAM-1. J. Immunol. 183, 359–369. doi:10.4049/jimmunol.
0803388

Iannella, G., Greco, A., Didona, D., Didona, B., Granata, G., Manno, A., et al.
(2016). Vitiligo: Pathogenesis, Clinical Variants and Treatment Approaches.
Autoimmun. Rev. 15, 335–343. doi:10.1016/j.autrev.2015.12.006

Jacobson, D. L., Gange, S. J., Rose, N. R., and Graham, N. M. H. (1997).
Epidemiology and Estimated Population burden of Selected Autoimmune
Diseases in the United States. Clin. Immunol. immunopathology 84,
223–243. doi:10.1006/clin.1997.4412

Jahed, Z., Shams, H., Mehrbod, M., and Mofrad, M. R. K. (2014).
Mechanotransduction Pathways Linking the Extracellular Matrix to the

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287823

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

98

https://doi.org/10.1242/jcs.258570
https://doi.org/10.1016/j.devcel.2021.11.024
https://doi.org/10.1016/j.devcel.2021.11.024
https://doi.org/10.1146/annurev.cellbio.011209.122036
https://doi.org/10.1146/annurev.cellbio.011209.122036
https://doi.org/10.1146/annurev.cellbio.011209.122036
https://doi.org/10.1034/j.1600-0749.2003.00070.x
https://doi.org/10.1038/nature12614
https://doi.org/10.1042/CS20090603
https://doi.org/10.1126/science.1261909
https://doi.org/10.1016/j.jbc.2021.100837
https://doi.org/10.1242/jcs.258749
https://doi.org/10.1016/j.jsb.2013.05.014
https://doi.org/10.1016/j.jsb.2013.05.014
https://doi.org/10.1083/jcb.201808061
https://doi.org/10.1084/jem.188.11.2187
https://doi.org/10.1084/jem.188.11.2187
https://doi.org/10.1182/blood-2005-06-2303
https://doi.org/10.1021/acsnano.6b01658
https://doi.org/10.1038/s41467-017-00771-6
https://doi.org/10.1016/j.cub.2006.08.035
https://doi.org/10.1038/nrneurol.2010.1
https://doi.org/10.3390/biom10040541
https://doi.org/10.3390/biom10040541
https://doi.org/10.1016/j.cub.2012.08.035
https://doi.org/10.1016/j.cub.2012.08.035
https://doi.org/10.1073/pnas.93.8.3477
https://doi.org/10.1136/ard.2006.060228
https://doi.org/10.1038/s41590-018-0109-z
https://doi.org/10.1038/nrc727
https://doi.org/10.1073/pnas.0905384106
https://doi.org/10.1088/1758-5082/4/4/042001
https://doi.org/10.1111/jdi.12469
https://doi.org/10.1152/ajpgi.00267.2004
https://doi.org/10.1091/mbc.e14-03-0830
https://doi.org/10.1242/jcs.03098
https://doi.org/10.1136/ard.2008.092163
https://doi.org/10.1038/nri.2017.74
https://doi.org/10.1161/circresaha.116.305720
https://doi.org/10.1126/scitranslmed.3002761
https://doi.org/10.1126/scitranslmed.3002761
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.4049/jimmunol.0803388
https://doi.org/10.4049/jimmunol.0803388
https://doi.org/10.1016/j.autrev.2015.12.006
https://doi.org/10.1006/clin.1997.4412
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Nucleus. Int. Rev. Cell Mol. Biol. 310, 171–220. doi:10.1016/b978-0-12-800180-
6.00005-0

Jairaman, A., Othy, S., Dynes, J. L., Yeromin, A. V., Zavala, A., Greenberg, M. L.,
et al. (2021). Piezo1 Channels Restrain Regulatory T Cells but Are
Dispensable for Effector CD4 + T Cell Responses. Sci. Adv. 7. doi:10.1126/
sciadv.abg5859

Janmey, P. A., Fletcher, D. A., and Reinhart-King, C. A. (2020). Stiffness Sensing by
Cells. Physiol. Rev. 100, 695–724. doi:10.1152/physrev.00013.2019

Jannat, R. A., Dembo, M., and Hammer, D. A. (2011). Traction Forces of
Neutrophils Migrating on Compliant Substrates. Biophysical J. 101, 575–584.
doi:10.1016/j.bpj.2011.05.040

Jannat, R. A., Dembo, M., and Hammer, D. A. (2011). Traction Forces of
Neutrophils Migrating on Compliant Substrates. Biophysical J. 101, 575–584.
doi:10.1016/j.bpj.2011.05.040

Jaumouillé, V., Cartagena-Rivera, A. X., andWaterman, C. M. (2019). Coupling
of β2 Integrins to Actin by a Mechanosensitive Molecular Clutch Drives
Complement Receptor-Mediated Phagocytosis. Nat. Cell Biol. 21,
1357–1369.

Jiang, L., Hu, J., Feng, J., Han, D., and Yang, C. (2016). Substrate Stiffness of
Endothelial Cells Directs LFA-1/ICAM-1 Interaction: A Physical Trigger of
Immune-Related Diseases? Ch 61, 633–643. doi:10.3233/ch-151951

Kanwar, J. R., Harrison, J. E. B., Wang, D., Leung, E., Mueller, W., Wagner, N., et al.
(2000). β7 Integrins Contribute to Demyelinating Disease of the central
Nervous System. J. Neuroimmunology 103, 146–152. doi:10.1016/s0165-
5728(99)00245-3

Karin, N. (2018). Autoantibodies to Chemokines and Cytokines Participate in the
Regulation of Cancer and Autoimmunity. Front. Immunol. 9, 623. doi:10.3389/
fimmu.2018.00623

Kawamoto, E., Nakahashi, S., Okamoto, T., Imai, H., and Shimaoka, M.
(20122012). Anti-integrin Therapy for Multiple Sclerosis. Autoimmune Dis.
2012, 357101. doi:10.1155/2012/357101

Keefe, D., Shi, L., Feske, S., Massol, R., Navarro, F., Kirchhausen, T., et al. (2005).
Perforin Triggers a Plasma Membrane-Repair Response that Facilitates CTL
Induction of Apoptosis. Immunity 23, 249–262. doi:10.1016/j.immuni.2005.
08.001

Kellermann, S.-A., Dell, C. L., Hunt, S. W., and Shimizu, Y. (2002). Genetic
Analysis of Integrin Activation in T Lymphocytes. Immunological Rev. 186,
172–188. doi:10.1034/j.1600-065x.2002.18615.x

Kerfoot, S. M., Norman, M. U., Lapointe, B. M., Bonder, C. S., Zbytnuik, L., and
Kubes, P. (2006). Reevaluation of P-Selectin and α4Integrin as Targets for the
Treatment of Experimental Autoimmune Encephalomyelitis. J. Immunol. 176,
6225–6234. doi:10.4049/jimmunol.176.10.6225

Kevil, C. G., Hicks, M. J., He, X., Zhang, J., Ballantyne, C. M., Raman, C., et al.
(2004). Loss of LFA-1, but Not Mac-1, Protects MRL/MpJ-Faslpr Mice from
Autoimmune Disease.Am. J. Pathol. 165, 609–616. doi:10.1016/s0002-9440(10)
63325-1

Khan, R. B., and Goult, B. T. (2019). Adhesions Assemble!-Autoinhibition as a
Major Regulatory Mechanism of Integrin-Mediated Adhesion. Front. Mol.
Biosci. 6, 144. doi:10.3389/fmolb.2019.00144

Kienberger, F., Kada, G., Mueller, H., and Hinterdorfer, P. (2005). Single Molecule
Studies of Antibody-Antigen Interaction Strength versus Intra-molecular
Antigen Stability. J. Mol. Biol. 347, 597–606. doi:10.1016/j.jmb.2005.01.042

Kim, S. H. J., and Hammer, D. A. (2021). Integrin Cross-Talk Modulates Stiffness-
independent Motility of CD4+ T Lymphocytes. MBoC 32, 1749–1757. doi:10.
1091/mbc.e21-03-0131

Kinoshita, K., Leung, A., Simon, S., and Evans, E. (2010). Long-Lived, High-
Strength States of ICAM-1 Bonds to β2 Integrin, II: Lifetimes of LFA-1 Bonds
under Force in Leukocyte Signaling. Biophysical J. 98, 1467–1475. doi:10.1016/j.
bpj.2009.12.4316

Kong, F., García, A. J., Mould, A. P., Humphries, M. J., and Zhu, C. (2009).
Demonstration of Catch Bonds between an Integrin and its Ligand. J. Cell Biol.
185, 1275–1284. doi:10.1083/jcb.200810002

Koshy, P. J. (2002). Interleukin 17 Induces Cartilage Collagen Breakdown: Novel
Synergistic Effects in Combination with Proinflammatory Cytokines. Ann.
Rheum. Dis. 61, 704–713. doi:10.1136/ard.61.8.704

Kouhpayeh, S., Hejazi, Z., Boshtam, M., Mirian, M., Rahimmanesh, I., Darzi, L.,
et al. (2019). Development of α4 Integrin DNA Aptamer as a Potential

Therapeutic Tool for Multiple Sclerosis. J. Cell Biochem 120, 16264–16272.
doi:10.1002/jcb.28907

Kucuksezer, U. C., Aktas, C. E., Esen, F., Tahrali, I., Akdeniz, N., Gelmez, M. Y.,
et al. (2021). The Role of Natural Killer Cells in Autoimmune Diseases. Front.
Immunol. 12, 79. doi:10.3389/fimmu.2021.622306

Kukkurainen, S., Azizi, L., Zhang, P., Jacquier, M. C., Baikoghli, M., von Essen, M.,
et al. (2020). The F1 Loop of the Talin Head Domain Acts as a Gatekeeper in
Integrin Activation and Clustering. J. Cell Sci 133, jcs239202. doi:10.1242/jcs.
239202

Kumar, A., Placone, J. K., and Engler, A. J. (2017). Understanding the Extracellular
Forces that Determine Cell Fate and Maintenance. Development 144,
4261–4270. doi:10.1242/dev.158469

Kupfer, A., and Singer, S. J. (1989). The Specific Interaction of Helper T Cells and
Antigen-Presenting B Cells. IV. Membrane and Cytoskeletal Reorganizations in
the Bound T Cell as a Function of Antigen Dose. J. Exp. Med. 170, 1697–1713.
doi:10.1084/jem.170.5.1697

Labernadie, A., Thibault, C., Vieu, C., Maridonneau-Parini, I., and Charriere, G. M.
(2010). Dynamics of Podosome Stiffness Revealed by Atomic Force
Microscopy. Proc. Natl. Acad. Sci. 107, 21016–21021. doi:10.1073/pnas.
1007835107

Lachowski, D., Cortes, E., Rice, A., Pinato, D., Rombouts, K., and del Rio
Hernandez, A. (2019). Matrix Stiffness Modulates the Activity of MMP-9
and TIMP-1 in Hepatic Stellate Cells to Perpetuate Fibrosis. Sci. Rep. 9, 7299.
doi:10.1038/s41598-019-43759-6

Lafaurie-Janvore, J., Maiuri, P., Wang, I., Pinot, M., Manneville, J.-B., Betz, T., et al.
(2013). ESCRT-III Assembly and Cytokinetic Abscission Are Induced by
Tension Release in the Intercellular Bridge. Science 339, 1625–1629. doi:10.
1126/science.1233866

Lämmermann, T., Bader, B. L., Monkley, S. J., Worbs, T., Wedlich-Söldner, R.,
Hirsch, K., et al. (2008). Rapid Leukocyte Migration by Integrin-independent
Flowing and Squeezing. Nature 453, 51–55.

Laouar, A., Collart, F. R., Chubb, C. B., Xie, B., and Huberman, E. (1999).
Interaction between Alpha 5 Beta 1 Integrin and Secreted Fibronectin Is
Involved in Macrophage Differentiation of Human HL-60 Myeloid
Leukemia Cells. J. Immunol. 162, 407–414.

Leal-Egaña, A., Letort, G., Martiel, J. L., Christ, A., Vignaud, T., Roelants, C., et al.
(2017). The Size-Speed-Force Relationship Governs Migratory Cell Response to
Tumorigenic Factors. Mol. Biol. Cell 28, 1612–1621.

Lee-Chang, C., Zéphir, H., Top, I., Dubucquoi, S., Trauet, J., Prin, L., et al. (2011).
B-cell Subsets Up-Regulate α4 Integrin and Accumulate in the Cerebrospinal
Fluid in Clinically Isolated Syndrome Suggestive of Multiple Sclerosis Onset.
Neurosci. Lett. 487, 273–277. doi:10.1016/j.neulet.2010.10.036

Lehnert, K., Print, C. G., Yang, Y., and Krissansen, G. W. (1998). MAdCAM-1
Costimulates T Cell Proliferation Exclusively through Integrin α4β7, whereas
VCAM-1 and CS-1 Peptide Use α4β1: Evidence for "remote" Costimulation and
Induction of Hyperresponsiveness to B7Molecules. Eur. J. Immunol. 28, 3605–3615.
doi:10.1002/(sici)1521-4141(199811)28:11<3605::aid-immu3605>3.0.co;2-j

Li, F., Redick, S. D., Erickson, H. P., and Moy, V. T. (2003). Force Measurements of
the α5β1 Integrin-Fibronectin Interaction. Biophysical J. 84, 1252–1262. doi:10.
1016/s0006-3495(03)74940-6

Li, J., and Springer, T. A. (2017). Integrin Extension Enables Ultrasensitive
Regulation by Cytoskeletal Force. Proc. Natl. Acad. Sci. USA 114,
4685–4690. doi:10.1073/pnas.1704171114

Li, Z., Lee, H., and Zhu, C. (2016). Molecular Mechanisms ofMechanotransduction
in Integrin-Mediated Cell-Matrix Adhesion. Exp. Cell Res. 349, 85–94. doi:10.
1016/j.yexcr.2016.10.001

Lishko, V. K., Yakubenko, V. P., and Ugarova, T. P. (2003). The Interplay between
Integrins αmβ2 and α5β1 during Cell Migration to Fibronectin. Exp. Cell Res.
283, 116–126. doi:10.1016/s0014-4827(02)00024-1

Lotz, M. M., Burdsal, C. A., Erickson, H. P., and McClay, D. R. (1989). Cell
Adhesion to Fibronectin and Tenascin: Quantitative Measurements of Initial
Binding and Subsequent Strengthening Response. J. Cell Biol. 109, 1795–1805.
doi:10.1083/jcb.109.4.1795

Lou, H.-Y., Yan, H. P., Yang, L. G., Fan, J. H., Cho, W. C., Xiao, Z. H., et al. (2021).
Integrin α4β1/VCAM-1 Interaction Evokes Dynamic Cell Aggregation between
Immune Cells and Human Lung Microvascular Endothelial Cells at Infectious
Hemolysis. Front. Pharmacol. 12, 837. doi:10.3389/fphar.2021.653143

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287824

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

99

https://doi.org/10.1016/b978-0-12-800180-6.00005-0
https://doi.org/10.1016/b978-0-12-800180-6.00005-0
https://doi.org/10.1126/sciadv.abg5859
https://doi.org/10.1126/sciadv.abg5859
https://doi.org/10.1152/physrev.00013.2019
https://doi.org/10.1016/j.bpj.2011.05.040
https://doi.org/10.1016/j.bpj.2011.05.040
https://doi.org/10.3233/ch-151951
https://doi.org/10.1016/s0165-5728(99)00245-3
https://doi.org/10.1016/s0165-5728(99)00245-3
https://doi.org/10.3389/fimmu.2018.00623
https://doi.org/10.3389/fimmu.2018.00623
https://doi.org/10.1155/2012/357101
https://doi.org/10.1016/j.immuni.2005.08.001
https://doi.org/10.1016/j.immuni.2005.08.001
https://doi.org/10.1034/j.1600-065x.2002.18615.x
https://doi.org/10.4049/jimmunol.176.10.6225
https://doi.org/10.1016/s0002-9440(10)63325-1
https://doi.org/10.1016/s0002-9440(10)63325-1
https://doi.org/10.3389/fmolb.2019.00144
https://doi.org/10.1016/j.jmb.2005.01.042
https://doi.org/10.1091/mbc.e21-03-0131
https://doi.org/10.1091/mbc.e21-03-0131
https://doi.org/10.1016/j.bpj.2009.12.4316
https://doi.org/10.1016/j.bpj.2009.12.4316
https://doi.org/10.1083/jcb.200810002
https://doi.org/10.1136/ard.61.8.704
https://doi.org/10.1002/jcb.28907
https://doi.org/10.3389/fimmu.2021.622306
https://doi.org/10.1242/jcs.239202
https://doi.org/10.1242/jcs.239202
https://doi.org/10.1242/dev.158469
https://doi.org/10.1084/jem.170.5.1697
https://doi.org/10.1073/pnas.1007835107
https://doi.org/10.1073/pnas.1007835107
https://doi.org/10.1038/s41598-019-43759-6
https://doi.org/10.1126/science.1233866
https://doi.org/10.1126/science.1233866
https://doi.org/10.1016/j.neulet.2010.10.036
https://doi.org/10.1002/(sici)1521-4141(199811)28:11<3605::aid-immu3605>3.0.co;2-j
https://doi.org/10.1016/s0006-3495(03)74940-6
https://doi.org/10.1016/s0006-3495(03)74940-6
https://doi.org/10.1073/pnas.1704171114
https://doi.org/10.1016/j.yexcr.2016.10.001
https://doi.org/10.1016/j.yexcr.2016.10.001
https://doi.org/10.1016/s0014-4827(02)00024-1
https://doi.org/10.1083/jcb.109.4.1795
https://doi.org/10.3389/fphar.2021.653143
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Lowin, T., and Straub, R. H. (2011). Integrins and Their Ligands in Rheumatoid
Arthritis. Arthritis Res. Ther. 13, 244. doi:10.1186/ar3464

Lowin, T., Straub, R. H., Neumann, E., Bosserhoff, A., Vogel, C., Moissl, C., et al.
(2009). Glucocorticoids Increase Î±5 Integrin Expression and Adhesion of
Synovial Fibroblasts but Inhibit ERK Signaling, Migration, and Cartilage
Invasion. Arthritis Rheum. 60, 3623–3632. doi:10.1002/art.24985

MacKay, L., and Khadra, A. (2020). The Bioenergetics of Integrin-Based
Adhesion, from Single Molecule Dynamics to Stability of Macromolecular
Complexes. Comput. Struct. Biotechnol. J. 18, 393–416. doi:10.1016/j.csbj.
2020.02.003

Maître, J.-L., and Heisenberg, C.-P. (2011). The Role of Adhesion Energy in
Controlling Cell–Cell Contacts. Curr. Opin. Cell Biol. 23, 508–514.

Maldonado, M., and Nam, J. (2013). The Role of Changes in Extracellular Matrix of
Cartilage in the Presence of Inflammation on the Pathology of Osteoarthritis.
Biomed. Res. Int. 2013, 284873. doi:10.1155/2013/284873

Marshall, B. T., Long, M., Piper, J. W., Yago, T., McEver, R. P., and Zhu, C. (2003).
Direct Observation of Catch Bonds Involving Cell-Adhesion Molecules. Nature
423, 190–193. doi:10.1038/nature01605

Martin, S., Rothe, H., Tschope, D., Schwippert, B., and Kolb, H. (1991). Decreased
Expression of Adhesion Molecules on Monocytes in Recent Onset IDDM.
Immunology 73, 123–125.

Martinelli, R., Zeiger, A. S., Whitfield, M., Sciuto, T. E., Dvorak, A., Van Vliet, K. J.,
et al. (2014). Probing the Biomechanical Contribution of the Endothelium to
Lymphocyte Migration: Diapedesis by the Path of Least Resistance. J. Cell Sci
127, 3720–3734. doi:10.1242/jcs.148619

Matsumoto, N., Kon, S., Nakatsuru, T., Miyashita, T., Inui, K., Saitoh, K., et al.
(2017). A Novel α9 Integrin Ligand, XCL1/Lymphotactin, Is Involved in the
Development of Murine Models of Autoimmune Diseases. J.I. 199, 82–90.
doi:10.4049/jimmunol.1601329

Matsumura, F. (2005). Regulation of Myosin II during Cytokinesis in Higher
Eukaryotes. Trends Cell Biol. 15, 371–377. doi:10.1016/j.tcb.2005.05.004

Mazzone, R., Zwergel, C., Artico, M., Taurone, S., Ralli, M., Greco, A., et al. (2019).
The Emerging Role of Epigenetics in Human Autoimmune Disorders. Clin.
Epigenet 11, 34. doi:10.1186/s13148-019-0632-2

McCullough, M. B., Domire, Z. J., Reed, A. M., Amin, S., Ytterberg, S. R., Chen,
Q., et al. (2011). Evaluation of Muscles Affected by Myositis Using
Magnetic Resonance Elastography. Muscle Nerve 43, 585–590. doi:10.
1002/mus.21923

McIntyre, T. M., Prescott, S. M., Weyrich, A. S., and Zimmerman, G. A. (2003).
Cell-cell Interactions: Leukocyte-Endothelial Interactions. Curr. Opin.
Hematol. 10, 150–158. doi:10.1097/00062752-200303000-00009

McMahon, M., Ye, S., Pedrina, J., Dlugolenski, D., and Stambas, J. (2021).
Extracellular Matrix Enzymes and Immune Cell Biology. Front. Mol. Biosci.
8, 703868. doi:10.3389/fmolb.2021.703868

McMurray, R. W. (1996). Adhesion Molecules in Autoimmune Disease. Semin.
Arthritis Rheum. 25, 215–233. doi:10.1016/s0049-0172(96)80034-5

Mehrbod, M., and Mofrad, M. R. K. (2013). Localized Lipid Packing of
Transmembrane Domains Impedes Integrin Clustering. Plos Comput. Biol.
9, e1002948. doi:10.1371/journal.pcbi.1002948

Mellado, M., Martínez-Muñoz, L., Cascio, G., Lucas, P., Pablos, J. L., and
Rodríguez-Frade, J. M. (2015). T Cell Migration in Rheumatoid Arthritis.
Front. Immunol. 6, 384. doi:10.3389/fimmu.2015.00384

Mestas, J., and Ley, K. (2008). Monocyte-Endothelial Cell Interactions in the
Development of Atherosclerosis. Trends Cardiovasc. Med. 18, 228–232. doi:10.
1016/j.tcm.2008.11.004

Miljković, D., and Spasojević, I. (2013). Multiple Sclerosis: Molecular Mechanisms
and Therapeutic Opportunities. Antioxid. Redox Signaling 19, 2286–2334.

Millard, M., Odde, S., and Neamati, N. (2011). Integrin Targeted Therapeutics.
Theranostics 1, 154–188. doi:10.7150/thno/v01p0154

Mkhikian, H., Grigorian, A., Li, C. F., Chen, H.-L., Newton, B., Zhou, R. W., et al.
(2011). Genetics and the Environment Converge to Dysregulate
N-Glycosylation in Multiple Sclerosis. Nat. Commun. 2, 334. doi:10.1038/
ncomms1333

Monks, C. R. F., Freiberg, B. A., Kupfer, H., Sciaky, N., and Kupfer, A. (1998).
Three-dimensional Segregation of Supramolecular Activation Clusters in
T Cells. Nature 395, 82–86. doi:10.1038/25764

Moreau, J.-F., Pradeu, T., Grignolio, A., Nardini, C., Castiglione, F., Tieri, P., et al.
(2017). The Emerging Role of ECM Crosslinking in T Cell Mobility as a

Hallmark of Immunosenescence in Humans. Ageing Res. Rev. 35, 322–335.
doi:10.1016/j.arr.2016.11.005

Myśliwiec, J., Kretowski, A., Kinalski, M., and Kinalska, I. (1999). CD11a
Expression and Soluble ICAM-1 Levels in Peripheral Blood in High-Risk
and Overt Type 1 Diabetes Subjects. Immunol. Lett. 70, 69–72. doi:10.1016/
s0165-2478(99)00133-9

Nagaraju, K., Rider, L. G., Fan, C., Chen, Y.-W., Mitsak, M., Rawat, R., et al. (2006).
Endothelial Cell Activation and Neovascularization Are Prominent in
Dermatomyositis. J. Autoimmune Dis. 3, 2. doi:10.1186/1740-2557-3-2

Nagy, N., de la Zerda, A., Kaber, G., Johnson, P. Y., Hu, K. H., Kratochvil, M. J.,
et al. (2018). Hyaluronan Content Governs Tissue Stiffness in Pancreatic Islet
Inflammation. J. Biol. Chem. 293, 567–578. doi:10.1074/jbc.ra117.000148

Nakasaki, M., Hwang, Y., Xie, Y., Kataria, S., Gund, R., Hajam, E. Y., et al.
(2015). The Matrix Protein Fibulin-5 Is at the Interface of Tissue Stiffness
and Inflammation in Fibrosis. Nat. Commun. 6, 8574. doi:10.1038/
ncomms9574

Natkanski, E., Lee, W.-Y., Mistry, B., Casal, A., Molloy, J. E., and Tolar, P. (2013).
B Cells Use Mechanical Energy to Discriminate Antigen Affinities. Science 340,
1587–1590. doi:10.1126/science.1237572

Newham, P., Craig, S. E., Seddon, G. N., Schofield, N. R., Rees, A., Edwards, R. M.,
et al. (1997). α4 Integrin Binding Interfaces on VCAM-1 and MAdCAM-1.
J. Biol. Chem. 272, 19429–19440. doi:10.1074/jbc.272.31.19429

Ni, N., Kevil, C. G., Bullard, D. C., and Kucik, D. F. (2003). Avidity Modulation
Activates Adhesion under Flow and Requires Cooperativity Among Adhesion
Receptors. Biophysical J. 85, 4122–4133. doi:10.1016/s0006-3495(03)74824-3

Nikolova-Krstevski, V., Wagner, S., Yu, Z. Y., Cox, C. D., Cvetkovska, J., Hill, A. P.,
et al. (2017). Endocardial TRPC-6 Channels Act as Atrial Mechanosensors and
Load-dependent Modulators of Endocardial/Myocardial Cross-Talk. JACC:
Basic Translational Sci. 2, 575–590. doi:10.1016/j.jacbts.2017.05.006

Nordenfelt, P., Moore, T. I., Mehta, S. B., Kalappurakkal, J. M., Swaminathan, V.,
Koga, N., et al. (2017). Direction of Actin Flow Dictates Integrin LFA-1
Orientation during Leukocyte Migration. Nat. Commun. 8, 2047. doi:10.
1038/s41467-017-01848-y

Norman, M. U., and Hickey, M. J. (2005). Mechanisms of Lymphocyte Migration
in Autoimmune Disease. Tissue Antigens 66, 163–172. doi:10.1111/j.1399-0039.
2005.00434.x

O’Donoghue, G. P., Pielak, R. M., Smoligovets, A. A., Lin, J. J., and Groves, J. T.
(2013). Direct Single Molecule Measurement of TCR Triggering by Agonist
pMHC in Living Primary T Cells. eLife 2, e00778. doi:10.7554/eLife.00778

Ongenae, K., Van Geel, N., De Schepper, S., and Naeyaert, J. M. (2005). Effect of
Vitiligo on Self-Reported Health-Related Quality of Life. Br. J. Dermatol. 152,
1165–1172. doi:10.1111/j.1365-2133.2005.06456.x

Oo, Y. H., Hubscher, S. G., and Adams, D. H. (2010). Autoimmune Hepatitis: New
Paradigms in the Pathogenesis, Diagnosis, and Management. Hepatol. Int. 4,
475–493. doi:10.1007/s12072-010-9183-5

Oria, R., Wiegand, T., Escribano, J., Elosegui-Artola, A., Uriarte, J. J., Moreno-
Pulido, C., et al. (2017). Force Loading Explains Spatial Sensing of Ligands by
Cells. Nature 552, 219–224. doi:10.1038/nature24662

Orłowski, A., Kukkurainen, S., Pöyry, A., Rissanen, S., Vattulainen, I., Hytönen, V.
P., et al. (2015). PIP2 and Talin Join Forces to Activate Integrin. J. Phys. Chem. B
119, 12381–12389. doi:10.1021/acs.jpcb.5b06457

Orłowski, A., Kukkurainen, S., Pöyry, A., Rissanen, S., Vattulainen, I., Hytönen, V.
P., et al. (2015). PIP2 and Talin Join Forces to Activate Integrin. J. Phys. Chem. B
119, 12381–12389. doi:10.1021/acs.jpcb.5b06457

Pageon, S. V., Govendir, M. A., Kempe, D., and Biro, M. (2018).
Mechanoimmunology: Molecular-Scale Forces Govern Immune Cell
Functions. Mol. Biol. Cell 29, 1919–1926. doi:10.1091/mbc.E18-02-0120

Paluch, E., and Heisenberg, C.-P. (2009). Biology and Physics of Cell Shape
Changes in Development. Curr. Biol. 19, R790–R799. doi:10.1016/j.cub.2009.
07.029

Pankov, R., and Yamada, K. M. (2002). Fibronectin at a Glance. J. Cell Sci. 115,
3861–3863. doi:10.1242/jcs.00059

Parisi, R., Iskandar, I. Y. K., Kontopantelis, E., Augustin, M., Griffiths, C. E. M., and
Ashcroft, D. M. (2020). National, Regional, and Worldwide Epidemiology of
Psoriasis: Systematic Analysis and Modelling Study. BMJ 369, m1590. doi:10.
1136/bmj.m1590

Park, S. C., and Jeen, Y. T. (2018). Anti-integrin Therapy for Inflammatory Bowel
Disease. Wjg 24, 1868–1880. doi:10.3748/wjg.v24.i17.1868

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287825

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

100

https://doi.org/10.1186/ar3464
https://doi.org/10.1002/art.24985
https://doi.org/10.1016/j.csbj.2020.02.003
https://doi.org/10.1016/j.csbj.2020.02.003
https://doi.org/10.1155/2013/284873
https://doi.org/10.1038/nature01605
https://doi.org/10.1242/jcs.148619
https://doi.org/10.4049/jimmunol.1601329
https://doi.org/10.1016/j.tcb.2005.05.004
https://doi.org/10.1186/s13148-019-0632-2
https://doi.org/10.1002/mus.21923
https://doi.org/10.1002/mus.21923
https://doi.org/10.1097/00062752-200303000-00009
https://doi.org/10.3389/fmolb.2021.703868
https://doi.org/10.1016/s0049-0172(96)80034-5
https://doi.org/10.1371/journal.pcbi.1002948
https://doi.org/10.3389/fimmu.2015.00384
https://doi.org/10.1016/j.tcm.2008.11.004
https://doi.org/10.1016/j.tcm.2008.11.004
https://doi.org/10.7150/thno/v01p0154
https://doi.org/10.1038/ncomms1333
https://doi.org/10.1038/ncomms1333
https://doi.org/10.1038/25764
https://doi.org/10.1016/j.arr.2016.11.005
https://doi.org/10.1016/s0165-2478(99)00133-9
https://doi.org/10.1016/s0165-2478(99)00133-9
https://doi.org/10.1186/1740-2557-3-2
https://doi.org/10.1074/jbc.ra117.000148
https://doi.org/10.1038/ncomms9574
https://doi.org/10.1038/ncomms9574
https://doi.org/10.1126/science.1237572
https://doi.org/10.1074/jbc.272.31.19429
https://doi.org/10.1016/s0006-3495(03)74824-3
https://doi.org/10.1016/j.jacbts.2017.05.006
https://doi.org/10.1038/s41467-017-01848-y
https://doi.org/10.1038/s41467-017-01848-y
https://doi.org/10.1111/j.1399-0039.2005.00434.x
https://doi.org/10.1111/j.1399-0039.2005.00434.x
https://doi.org/10.7554/eLife.00778
https://doi.org/10.1111/j.1365-2133.2005.06456.x
https://doi.org/10.1007/s12072-010-9183-5
https://doi.org/10.1038/nature24662
https://doi.org/10.1021/acs.jpcb.5b06457
https://doi.org/10.1021/acs.jpcb.5b06457
https://doi.org/10.1091/mbc.E18-02-0120
https://doi.org/10.1016/j.cub.2009.07.029
https://doi.org/10.1016/j.cub.2009.07.029
https://doi.org/10.1242/jcs.00059
https://doi.org/10.1136/bmj.m1590
https://doi.org/10.1136/bmj.m1590
https://doi.org/10.3748/wjg.v24.i17.1868
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Pattanaik, D., Brown, M., Postlethwaite, B. C., and Postlethwaite, A. E. (2015).
Pathogenesis of Systemic Sclerosis. Front. Immunol. 6, 272. doi:10.3389/fimmu.
2015.00272

Perez, V. L., Pflugfelder, S. C., Zhang, S., Shojaei, A., and Haque, R. (2016).
Lifitegrast, a Novel Integrin Antagonist for Treatment of Dry Eye Disease. Ocul.
Surf. 14, 207–215. doi:10.1016/j.jtos.2016.01.001

Petermann, F., and Korn, T. (2011). Cytokines and Effector T Cell Subsets Causing
Autoimmune CNS Disease. FEBS Lett. 585, 3747–3757. doi:10.1016/j.febslet.
2011.03.064

Peters, M. A., Wendholt, D., Strietholt, S., Frank, S., Pundt, N., Korb-Pap, A., et al.
(2012). The Loss of α2β1 Integrin Suppresses Joint Inflammation and Cartilage
Destruction in Mouse Models of Rheumatoid Arthritis. Arthritis Rheum. 64,
1359–1368. doi:10.1002/art.33487

Pfaff, M., Aumailley, M., Specks, U., Knolle, J., Zerwes, H. G., and Timpl, R. (1993).
Integrin and Arg-Gly-Asp Dependence of Cell Adhesion to the Native and
Unfolded Triple helix of Collagen Type VI. Exp. Cell Res. 206, 167–176. doi:10.
1006/excr.1993.1134

Phillipson, M., Heit, B., Colarusso, P., Liu, L., Ballantyne, C. M., and Kubes, P.
(2006). Intraluminal Crawling of Neutrophils to Emigration Sites: aMolecularly
Distinct Process from Adhesion in the Recruitment cascade. J. Exp. Med. 203,
2569–2575. doi:10.1084/jem.20060925

Pichler, R., Sfetsos, K., Badics, B., Gutenbrunner, S., Berg, J., and Auböck, J. (2009).
Lymphocyte Imbalance in Vitiligo Patients Indicated by Elevated CD4+/CD8+
T-Cell Ratio. Wien Med. Wochenschr 159, 337–341. doi:10.1007/s10354-009-
0699-z

Piechocka, I. K., Keary, S., Sosa-Costa, A., Lau, L., Mohan, N., Stanisavljevic, J., et al.
(2021). Shear Forces Induce ICAM-1 Nanoclustering on Endothelial Cells that
Impact on T-Cell Migration. Biophys. J. 120, 2644–2656. doi:10.1016/j.bpj.2021.
05.016

Pierres, A., Benoliel, A. M., and Bongrand, P. (1995). Use of thermal Fluctuations to
Study the Length and Flexibility of Ligand-Receptor Bonds. C R. Acad. Sci. 318,
1191–1196.

Pierres, A., Benoliel, A.-M., and Bongrand, P. (1995). Measuring the Lifetime of
Bonds Made between Surface-Linked Molecules. J. Biol. Chem. 270,
26586–26592. doi:10.1074/jbc.270.44.26586

Piper, J. W., Swerlick, R. A., and Zhu, C. (1998). Determining Force Dependence of
Two-Dimensional Receptor-Ligand Binding Affinity by Centrifugation.
Biophysical J. 74, 492–513. doi:10.1016/s0006-3495(98)77807-5

Poole, A. R., Kobayashi, M., Yasuda, T., Laverty, S., Mwale, F., Kojima, T., et al.
(2002). Type II Collagen Degradation and its Regulation in Articular Cartilage
in Osteoarthritis. Ann. Rheum. Dis. 61 Suppl 2, ii78–81. doi:10.1136/ard.61.
suppl_2.ii78

Ram, M., Sherer, Y., and Shoenfeld, Y. (2006). Matrix Metalloproteinase-9 and
Autoimmune Diseases. J. Clin. Immunol. 26, 299–307. doi:10.1007/s10875-006-
9022-6

Ramakrishna, P., and Rajni, T. (2014). Psychiatric Morbidity and Quality of Life in
Vitiligo Patients. Indian J. Psychol. Med. 36, 302–303. doi:10.4103/0253-7176.
135385

Rath, T., Billmeier, U., Ferrazzi, F., Vieth, M., Ekici, A., Neurath, M. F., et al. (2018).
Effects of Anti-integrin Treatment with Vedolizumab on Immune Pathways
and Cytokines in Inflammatory Bowel Diseases. Front. Immunol. 9, 1700.
doi:10.3389/fimmu.2018.01700

Reichert Faria, A., Jung, J. E., Silva de Castro, C. C., and de Noronha, L. (2017).
Reduced Immunohistochemical Expression of Adhesion Molecules in
Vitiligo Skin Biopsies. Pathol. - Res. Pract. 213, 199–204. doi:10.1016/j.
prp.2016.12.019

Renkawitz, J., and Sixt, M. (2010). Mechanisms of Force Generation and Force
Transmission during Interstitial Leukocyte Migration. EMBO Rep. 11, 744–750.
doi:10.1038/embor.2010.147

Renkawitz, J., and Sixt, M. (2010). Mechanisms of Force Generation and Force
Transmission during Interstitial Leukocyte Migration. EMBO Rep. 11, 744–750.
doi:10.1038/embor.2010.147

Resende de Paiva, C., Grønhøj, C., Feldt-Rasmussen, U., and von Buchwald, C.
(2017). Association between Hashimoto’s Thyroiditis and Thyroid Cancer in
64,628 Patients. Front. Oncol. 7, 53. doi:10.3389/fonc.2017.00053

Reversat, A., Gaertner, F., Merrin, J., Stopp, J., Tasciyan, S., Aguilera, J., et al.
(2020). Cellular Locomotion Using Environmental Topography. Nature 582,
582–585. doi:10.1038/s41586-020-2283-z

Roca-Cusachs, P., Gauthier, N. C., del Rio, A., and Sheetz, M. P. (2009). Clustering
of 5 1 Integrins Determines Adhesion Strength whereas V 3 and Talin Enable
Mechanotransduction. Proc. Natl. Acad. Sci. 106, 16245–16250. doi:10.1073/
pnas.0902818106

Rose, D. M., Alon, R., and Ginsberg, M. H. (2007). Integrin Modulation and
Signaling in Leukocyte Adhesion and Migration. Immunol. Rev. 218, 126–134.
doi:10.1111/j.1600-065x.2007.00536.x

Rosetti, F., Chen, Y., Sen, M., Thayer, E., Azcutia, V., Herter, J. M., et al. (2015). A
Lupus-Associated Mac-1 Variant Has Defects in Integrin Allostery and
Interaction with Ligands under Force. Cell Rep. 10, 1655–1664. doi:10.1016/
j.celrep.2015.02.037

Rosetti, F., and Mayadas, T. N. (2016). The many Faces of Mac-1 in Autoimmune
Disease. Immunol. Rev. 269, 175–193. doi:10.1111/imr.12373

Rubio, M. A., Sotillos, M., Jochems, G., Alvarez, V., and Corbií, A. L. (1995).
Monocyte Activation: Rapid Induction of α1/β1 (VLA-1) Integrin Expression
by Lipopolysaccharide and Interferon-γ. Eur. J. Immunol. 25, 2701–2705.
doi:10.1002/eji.1830250945

Saag, K. G., Koehnke, R., Caldwell, J. R., Brasington, R., Burmeister, L. F.,
Zimmerman, B., et al. (1994). Low Dose Long-Term Corticosteroid Therapy
in Rheumatoid Arthritis: an Analysis of Serious Adverse Events. Am. J. Med. 96,
115–123. doi:10.1016/0002-9343(94)90131-7

Sakaguchi, N., Takahashi, T., Hata, H., Nomura, T., Tagami, T., Yamazaki, S., et al.
(2003). Altered Thymic T-Cell Selection Due to aMutation of the ZAP-70 Gene
Causes Autoimmune Arthritis in Mice. Nature 426, 454–460. doi:10.1038/
nature02119

Salman, A., Kurt, E., Topcuoglu, V., and Demircay, Z. (2016). Social Anxiety and
Quality of Life in Vitiligo and Acne Patients with Facial Involvement: A Cross-
Sectional Controlled Study. Am. J. Clin. Dermatol. 17, 305–311. doi:10.1007/
s40257-016-0172-x

Sandborn, W. J., Colombel, J. F., Enns, R., Feagan, B. G., Hanauer, S. B., Lawrance,
I. C., et al. (2005). Natalizumab Induction and Maintenance Therapy for
Crohn’s Disease. N. Engl. J. Med. 353, 1912–1925. doi:10.1056/nejmoa043335

Sattler, L., Hanauer, S. B., and Malter, L. (2021). Immunomodulatory Agents for
Treatment of Patients with Inflammatory Bowel Disease (Review Safety of Anti-
TNF, Anti-integrin, Anti IL-12/23, JAK Inhibition, Sphingosine 1-Phosphate
Receptor Modulator, Azathioprine / 6-MP and Methotrexate). Curr.
Gastroenterol. Rep. 23, 30. doi:10.1007/s11894-021-00829-y

Savinov, A. Y., and Burn, P. (2010). Interference with Islet-specific Homing of
Autoreactive T Cells: an Emerging Therapeutic Strategy for Type 1 Diabetes.
Drug Discov. Today 15, 531–539. doi:10.1016/j.drudis.2010.05.013

Savinov, A. Y., Wong, F. S., Stonebraker, A. C., and Chervonsky, A. V. (2003).
Presentation of Antigen by Endothelial Cells and Chemoattraction Are
Required for Homing of Insulin-specific CD8+ T Cells. J. Exp. Med. 197,
643–656. doi:10.1084/jem.20021378

Schaefer, A., Te Riet, J., Ritz, K., Hoogenboezem, M., Anthony, E. C., Mul, F. P.,
et al. (2014). Actin-binding Proteins Differentially Regulate Endothelial Cell
Stiffness, ICAM-1 Function and Neutrophil Transmigration. J. Cell Sci 127,
4470–4482. doi:10.1242/jcs.154708

Schakenraad, K., Ernst, J., Pomp, W., Danen, E. H. J., Merks, R. M. H., Schmidt, T.,
et al. (2020). Mechanical Interplay between Cell Shape and Actin Cytoskeleton
Organization. Soft matter 16, 6328–6343. doi:10.1039/d0sm00492h

Schenkel, A. R., Mamdouh, Z., and Muller, W. A. (2004). Locomotion of
Monocytes on Endothelium Is a Critical Step during Extravasation. Nat.
Immunol. 5, 393–400. doi:10.1038/ni1051

Schimmel, L., van der Stoel, M., Rianna, C., van Stalborch, A.-M., de Ligt, A.,
Hoogenboezem, M., et al. (2018). Stiffness-Induced Endothelial DLC-1
Expression Forces Leukocyte Spreading through Stabilization of the ICAM-1
Adhesome. Cell Rep. 24, 3115–3124. doi:10.1016/j.celrep.2018.08.045

Schittenhelm, L., Hilkens, C. M., and Morrison, V. L. (2017). β2 Integrins as
Regulators of Dendritic Cell, Monocyte, and Macrophage Function. Front.
Immunol. 8, 1866. doi:10.3389/fimmu.2017.01866

Schwartz, A. B., Campos, O. A., Ernesto, C.-H., Chien, S., del Álamo, J. C., Lasheras,
J. C., et al. (2021). Elucidating the Biomechanics of Leukocyte Transendothelial
Migration by Quantitative Imaging. Front. Cell Developmental Biol. 9, 704.
doi:10.3389/fcell.2021.635263

Sedwick, C. E., Morgan, M. M., Jusino, L., Cannon, J. L., Miller, J., and Burkhardt,
J. K. (1999). TCR, LFA-1, and CD28 Play Unique and Complementary Roles in
Signaling T Cell Cytoskeletal Reorganization. J. Immunol. 162, 1367–1375.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287826

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

101

https://doi.org/10.3389/fimmu.2015.00272
https://doi.org/10.3389/fimmu.2015.00272
https://doi.org/10.1016/j.jtos.2016.01.001
https://doi.org/10.1016/j.febslet.2011.03.064
https://doi.org/10.1016/j.febslet.2011.03.064
https://doi.org/10.1002/art.33487
https://doi.org/10.1006/excr.1993.1134
https://doi.org/10.1006/excr.1993.1134
https://doi.org/10.1084/jem.20060925
https://doi.org/10.1007/s10354-009-0699-z
https://doi.org/10.1007/s10354-009-0699-z
https://doi.org/10.1016/j.bpj.2021.05.016
https://doi.org/10.1016/j.bpj.2021.05.016
https://doi.org/10.1074/jbc.270.44.26586
https://doi.org/10.1016/s0006-3495(98)77807-5
https://doi.org/10.1136/ard.61.suppl_2.ii78
https://doi.org/10.1136/ard.61.suppl_2.ii78
https://doi.org/10.1007/s10875-006-9022-6
https://doi.org/10.1007/s10875-006-9022-6
https://doi.org/10.4103/0253-7176.135385
https://doi.org/10.4103/0253-7176.135385
https://doi.org/10.3389/fimmu.2018.01700
https://doi.org/10.1016/j.prp.2016.12.019
https://doi.org/10.1016/j.prp.2016.12.019
https://doi.org/10.1038/embor.2010.147
https://doi.org/10.1038/embor.2010.147
https://doi.org/10.3389/fonc.2017.00053
https://doi.org/10.1038/s41586-020-2283-z
https://doi.org/10.1073/pnas.0902818106
https://doi.org/10.1073/pnas.0902818106
https://doi.org/10.1111/j.1600-065x.2007.00536.x
https://doi.org/10.1016/j.celrep.2015.02.037
https://doi.org/10.1016/j.celrep.2015.02.037
https://doi.org/10.1111/imr.12373
https://doi.org/10.1002/eji.1830250945
https://doi.org/10.1016/0002-9343(94)90131-7
https://doi.org/10.1038/nature02119
https://doi.org/10.1038/nature02119
https://doi.org/10.1007/s40257-016-0172-x
https://doi.org/10.1007/s40257-016-0172-x
https://doi.org/10.1056/nejmoa043335
https://doi.org/10.1007/s11894-021-00829-y
https://doi.org/10.1016/j.drudis.2010.05.013
https://doi.org/10.1084/jem.20021378
https://doi.org/10.1242/jcs.154708
https://doi.org/10.1039/d0sm00492h
https://doi.org/10.1038/ni1051
https://doi.org/10.1016/j.celrep.2018.08.045
https://doi.org/10.3389/fimmu.2017.01866
https://doi.org/10.3389/fcell.2021.635263
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Senger, D. R., Claffey, K. P., Benes, J. E., Perruzzi, C. A., Sergiou, A. P., and Detmar,
M. (1997). Angiogenesis Promoted by Vascular Endothelial Growth Factor:
Regulation through 1 1 and 2 1 Integrins. Proc. Natl. Acad. Sci. 94,
13612–13617. doi:10.1073/pnas.94.25.13612

Shannon, M. J., and Mace, E. M. (2021). Natural Killer Cell Integrins and Their
Functions in Tissue Residency. Front. Immunol. 12, 616. doi:10.3389/fimmu.
2021.647358

Shao, J. Y., and Hochmuth, R. M. (1996). Micropipette Suction for Measuring
Piconewton Forces of Adhesion and Tether Formation from Neutrophil
Membranes. Biophysical J. 71, 2892–2901. doi:10.1016/s0006-3495(96)
79486-9

Shattil, S. J., Kim, C., and Ginsberg, M. H. (2010). The Final Steps of Integrin
Activation: The End Game. Nat. Rev. Mol. Cell Biol 11, 288–300. doi:10.1038/
nrm2871

Shibata-Seki, T., Nagaoka, M., Goto, M., Kobatake, E., and Akaike, T. (2020).
Direct Visualization of the Extracellular Binding Structure of E-Cadherins in
Liquid. Sci. Rep. 10, 17044. doi:10.1038/s41598-020-72517-2

Shimaoka, M., Xiao, T., Liu, J.-H., Yang, Y., Dong, Y., Jun, C.-D., et al. (2003).
Structures of the αL I Domain and its Complex with ICAM-1 Reveal a Shape-
Shifting Pathway for Integrin Regulation. Cell 112, 99–111. doi:10.1016/s0092-
8674(02)01257-6

Siebert, S., Raj, S., and Tsoukas, A. (2016). “The Epidemiology of Ankylosing
Spondylitis, Axial Spondyloarthritis, and Back Pain,” in Axial Spondyloarthritis
(Oxford Rheumatology Library, Oxford University Press).

Sigal, A., Bleijs, D. A., Grabovsky, V., van Vliet, S. J., Dwir, O., Figdor, C. G., et al.
(2000). The LFA-1 Integrin Supports Rolling Adhesions on ICAM-1 under
Physiological Shear Flow in a Permissive Cellular Environment. J. Immunol.
165, 442–452. doi:10.4049/jimmunol.165.1.442

Silverman, H. A., Chen, A., Kravatz, N. L., Chavan, S. S., and Chang, E. H.
(2020). Involvement of Neural Transient Receptor Potential Channels in
Peripheral Inflammation. Front. Immunol. 11, 590261. doi:10.3389/fimmu.
2020.590261

Sivarapatna, A., Ghaedi, M., Le, A. V., Mendez, J. J., Qyang, Y., and Niklason, L. E.
(2015). Arterial Specification of Endothelial Cells Derived from Human
Induced Pluripotent Stem Cells in a Biomimetic Flow Bioreactor.
Biomaterials 53, 621–633. doi:10.1016/j.biomaterials.2015.02.121

Skapenko, A., Leipe, J., Lipsky, P. E., and Schulze-Koops, H. (2005). The Role of the
T Cell in Autoimmune Inflammation. Arthritis Res. Ther. 7, S4. doi:10.1186/
ar1703

Slack, R. J., Macdonald, S. J. F., Roper, J. A., Jenkins, R. G., and Hatley, R. J. D.
(2022). Emerging Therapeutic Opportunities for Integrin Inhibitors. Nat. Rev.
Drug Discov. 21, 60–78. doi:10.1038/s41573-021-00284-4

Smith, L. A., Aranda-Espinoza, H., Haun, J. B., Dembo, M., and Hammer, D. A.
(2007). Neutrophil Traction Stresses Are Concentrated in the Uropod during
Migration. Biophysical J. 92, L58–L60. doi:10.1529/biophysj.106.102822

Smolen, J. S., Aletaha, D., Barton, A., Burmester, G. R., Emery, P., Firestein, G. S.,
et al. (2018). Rheumatoid Arthritis.Nat. Rev. Dis. Primers 4, 18001. doi:10.1038/
nrdp.2018.1

Smolen, J. S., Aletaha, D., Koeller, M., Weisman, M. H., and Emery, P. (2007). New
Therapies for Treatment of Rheumatoid Arthritis. The Lancet 370, 1861–1874.
doi:10.1016/s0140-6736(07)60784-3

Smolen, J. S., Aletaha, D., and McInnes, I. B. (2016). Rheumatoid Arthritis. The
Lancet 388, 2023–2038. doi:10.1016/s0140-6736(16)30173-8

Smolen, J. S., and Steiner, G. (2003). Therapeutic Strategies for Rheumatoid
Arthritis. Nat. Rev. Drug Discov. 2, 473–488. doi:10.1038/nrd1109

Springer, T. A. (1995). Traffic Signals on Endothelium for Lymphocyte
Recirculation and Leukocyte Emigration. Annu. Rev. Physiol. 57, 827–872.
doi:10.1146/annurev.ph.57.030195.004143

Stamp, L. K., James, M. J., and Cleland, L. G. (2004). Interleukin-17: the Missing
Link between T-cell Accumulation and Effector Cell Actions in Rheumatoid
Arthritis? Immunol. Cell Biol 82, 1–9. doi:10.1111/j.1440-1711.2004.01212.x

Steinman, L. (2009). A Molecular Trio in Relapse and Remission in Multiple
Sclerosis. Nat. Rev. Immunol. 9, 440–447. doi:10.1038/nri2548

Steinman, L. (2005). Blocking Adhesion Molecules as Therapy for Multiple
Sclerosis: Natalizumab.Nat. Rev. Drug Discov. 4, 510–518. doi:10.1038/nrd1752

Steinman, L. (2004). Immune Therapy for Autoimmune Diseases. Science 305,
212–216. doi:10.1126/science.1099896

Stout, A. L., andWebb,W.W. (1998). Optical ForceMicroscopy.Methods Cell Biol.

Stout, D. A., Bar-Kochba, E., Estrada, J. B., Toyjanova, J., Kesari, H., Reichner, J. S.,
et al. (2016). Mean Deformation Metrics for Quantifying 3D Cell-Matrix
Interactions without Requiring Information about Matrix Material
Properties. Proc. Natl. Acad. Sci. USA 113, 2898–2903. doi:10.1073/pnas.
1510935113

Stricker, J., Aratyn-Schaus, Y., Oakes, P. W., and Gardel, M. L. (2011).
Spatiotemporal Constraints on the Force-dependent Growth of Focal
Adhesions. Biophysical J. 100, 2883–2893. doi:10.1016/j.bpj.2011.05.023

Stroka, K. M., and Aranda-Espinoza, H. (2011). Endothelial Cell Substrate Stiffness
Influences Neutrophil Transmigration via Myosin Light Chain Kinase-
dependent Cell Contraction. Blood 118, 1632–1640. doi:10.1182/blood-2010-
11-321125

Su, M., Yi, H., He, X., Luo, L., Jiang, S., and Shi, Y. (2019). miR-9 Regulates
Melanocytes Adhesion and Migration during Vitiligo Repigmentation
Induced by UVB Treatment. Exp. Cell Res. 384, 111615. doi:10.1016/j.
yexcr.2019.111615

Sun, H., Liu, J., Zheng, Y., Pan, Y., Zhang, K., and Chen, J. (2014). Distinct
Chemokine Signaling Regulates Integrin Ligand Specificity to Dictate Tissue-
specific Lymphocyte Homing. Developmental Cell 30, 61–70. doi:10.1016/j.
devcel.2014.05.002

Sun, Z., Costell, M., and Fässler, R. (2019). Integrin Activation by Talin, Kindlin
and Mechanical Forces. Nat. Cell Biol 21, 25–31. doi:10.1038/s41556-018-
0234-9

Sun, Z., Guo, S. S., and Fässler, R. (2016). Integrin-mediatedMechanotransduction.
J. Cell Biol. 215, 445–456. doi:10.1083/jcb.201609037

Sun, Z., Martinez-Lemus, L. A., Trache, A., Trzeciakowski, J. P., Davis, G. E., Pohl,
U., et al. (2005). Mechanical Properties of the Interaction between Fibronectin
and α5β1-integrin on Vascular Smooth Muscle Cells Studied Using Atomic
Force Microscopy. Am. J. Physiology-Heart Circulatory Physiol. 289,
H2526–H2535. doi:10.1152/ajpheart.00658.2004

Swaney, K. F., Huang, C.-H., and Devreotes, P. N. (2010). Eukaryotic Chemotaxis:
a Network of Signaling Pathways Controls Motility, Directional Sensing, and
Polarity. Annu. Rev. Biophys. 39, 265–289. doi:10.1146/annurev.biophys.
093008.131228

Sweeney, S. E., and Firestein, G. S. (2004). Rheumatoid Arthritis: Regulation of
Synovial Inflammation. Int. J. Biochem. Cell Biol. 36, 372–378. doi:10.1016/
s1357-2725(03)00259-0

Szabo, M. C., Butcher, E. C., and McEvoy, L. M. (1997). Specialization of Mucosal
Follicular Dendritic Cells Revealed by Mucosal Addressin-Cell Adhesion
Molecule-1 Display. J. Immunol. 158, 5584–5588.

Takahashi, H., Söderström, K., Nilsson, E., Kiessling, R., and Patarroyo, M. (1992).
Integrins and Other Adhesion Molecules on Lymphocytes from Synovial Fluid
and Peripheral Blood of Rheumatoid Arthritis Patients. Eur. J. Immunol. 22,
2879–2885. doi:10.1002/eji.1830221119

Takizawa, M., Arimori, T., Taniguchi, Y., Kitago, Y., Yamashita, E., Takagi, J., et al.
(2017). Mechanistic Basis for the Recognition of Laminin-511 by α6β1 Integrin.
Sci. Adv. 3, e1701497. doi:10.1126/sciadv.1701497

Tan, J. L., Tien, J., Pirone, D. M., Gray, D. S., Bhadriraju, K., and Chen, C. S.
(2003). Cells Lying on a Bed of Microneedles: An Approach to Isolate
Mechanical Force. Proc. Natl. Acad. Sci. 100, 1484–1489. doi:10.1073/
pnas.0235407100

Tang, T., Rosenkranz, A., Assmann, K. J. M., Goodman, M. J., Gutierrez-Ramos, J.-
C., Carroll, M. C., et al. (1997). A Role for Mac-1 (CDIIb/CD18) in Immune
Complex-Stimulated Neutrophil Function In Vivo: Mac-1 Deficiency
Abrogates Sustained Fcγ Receptor-dependent Neutrophil Adhesion and
Complement-dependent Proteinuria in Acute Glomerulonephritis. J. Exp.
Med. 186, 1853–1863. doi:10.1084/jem.186.11.1853

Taraszka, K. S., Higgins, J. M. G., Tan, K., Mandelbrot, D. A., Wang, J.-h., and
Brenner, M. B. (2000). Molecular Basis for Leukocyte Integrin αEβ7 Adhesion
to Epithelial (E)-Cadherin. J. Exp. Med. 191, 1555–1567. doi:10.1084/jem.191.9.
1555

Tedford, K., Steiner, M., Koshutin, S., Richter, K., Tech, L., Eggers, Y., et al. (2017).
The Opposing Forces of Shear Flow and Sphingosine-1-Phosphate Control
Marginal Zone B Cell Shuttling. Nat. Commun. 8, 2261. doi:10.1038/s41467-
017-02482-4

Tha, S. P., Shuster, J., and Goldsmith, H. L. (1986). Interaction Forces between Red
Cells Agglutinated by Antibody. II. Measurement of Hydrodynamic Force of
Breakup. Biophysical J. 50, 1117–1126. doi:10.1016/s0006-3495(86)83556-1

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 85287827

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

102

https://doi.org/10.1073/pnas.94.25.13612
https://doi.org/10.3389/fimmu.2021.647358
https://doi.org/10.3389/fimmu.2021.647358
https://doi.org/10.1016/s0006-3495(96)79486-9
https://doi.org/10.1016/s0006-3495(96)79486-9
https://doi.org/10.1038/nrm2871
https://doi.org/10.1038/nrm2871
https://doi.org/10.1038/s41598-020-72517-2
https://doi.org/10.1016/s0092-8674(02)01257-6
https://doi.org/10.1016/s0092-8674(02)01257-6
https://doi.org/10.4049/jimmunol.165.1.442
https://doi.org/10.3389/fimmu.2020.590261
https://doi.org/10.3389/fimmu.2020.590261
https://doi.org/10.1016/j.biomaterials.2015.02.121
https://doi.org/10.1186/ar1703
https://doi.org/10.1186/ar1703
https://doi.org/10.1038/s41573-021-00284-4
https://doi.org/10.1529/biophysj.106.102822
https://doi.org/10.1038/nrdp.2018.1
https://doi.org/10.1038/nrdp.2018.1
https://doi.org/10.1016/s0140-6736(07)60784-3
https://doi.org/10.1016/s0140-6736(16)30173-8
https://doi.org/10.1038/nrd1109
https://doi.org/10.1146/annurev.ph.57.030195.004143
https://doi.org/10.1111/j.1440-1711.2004.01212.x
https://doi.org/10.1038/nri2548
https://doi.org/10.1038/nrd1752
https://doi.org/10.1126/science.1099896
https://doi.org/10.1073/pnas.1510935113
https://doi.org/10.1073/pnas.1510935113
https://doi.org/10.1016/j.bpj.2011.05.023
https://doi.org/10.1182/blood-2010-11-321125
https://doi.org/10.1182/blood-2010-11-321125
https://doi.org/10.1016/j.yexcr.2019.111615
https://doi.org/10.1016/j.yexcr.2019.111615
https://doi.org/10.1016/j.devcel.2014.05.002
https://doi.org/10.1016/j.devcel.2014.05.002
https://doi.org/10.1038/s41556-018-0234-9
https://doi.org/10.1038/s41556-018-0234-9
https://doi.org/10.1083/jcb.201609037
https://doi.org/10.1152/ajpheart.00658.2004
https://doi.org/10.1146/annurev.biophys.093008.131228
https://doi.org/10.1146/annurev.biophys.093008.131228
https://doi.org/10.1016/s1357-2725(03)00259-0
https://doi.org/10.1016/s1357-2725(03)00259-0
https://doi.org/10.1002/eji.1830221119
https://doi.org/10.1126/sciadv.1701497
https://doi.org/10.1073/pnas.0235407100
https://doi.org/10.1073/pnas.0235407100
https://doi.org/10.1084/jem.186.11.1853
https://doi.org/10.1084/jem.191.9.1555
https://doi.org/10.1084/jem.191.9.1555
https://doi.org/10.1038/s41467-017-02482-4
https://doi.org/10.1038/s41467-017-02482-4
https://doi.org/10.1016/s0006-3495(86)83556-1
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Thiery, J., Keefe, D., Boulant, S., Boucrot, E., Walch, M., Martinvalet, D., et al.
(2011). Perforin Pores in the Endosomal Membrane Trigger the Release of
Endocytosed Granzyme B into the Cytosol of Target Cells. Nat. Immunol. 12,
770–777. doi:10.1038/ni.2050

Thoumine, O., Kocian, P., Kottelat, A., and Meister, J.-J. (2000). Short-term
Binding of Fibroblasts to Fibronectin: Optical Tweezers Experiments and
Probabilistic Analysis. Eur. Biophys. J. 29, 398–408. doi:10.1007/s002490000087

Toledo-Mauriño, J. J., Furuzawa-Carballeda, J., Villeda-Ramírez, M. A., Fonseca-
Camarillo, G., Meza-Guillen, D., Barreto-Zúñiga, R., et al. (2018). The
Transient Receptor Potential Vanilloid 1 Is Associated with Active
Inflammation in Ulcerative Colitis. Mediators Inflamm. 2018, e6570371.
doi:10.1155/2018/6570371

Tsokos, G. C. (2004). B Cells, Be Gone - B-Cell Depletion in the Treatment of
Rheumatoid Arthritis. N. Engl. J. Med. 350, 2546–2548. doi:10.1056/
nejmp048114

Vicente-Manzanares, M., Ma, X., Adelstein, R. S., and Horwitz, A. R. (2009). Non-
muscle Myosin II Takes centre Stage in Cell Adhesion and Migration. Nat. Rev.
Mol. Cell Biol 10, 778–790. doi:10.1038/nrm2786

von Andrian, U. H., and Mempel, T. R. (2003). Homing and Cellular Traffic in
Lymph Nodes. Nat. Rev. Immunol. 3, 867–878. doi:10.1038/nri1222

Vorselen, D., Wang, Y., de Jesus, M. M., Shah, P. K., Footer, M. J., Huse, M., et al.
(2020). Microparticle Traction Force Microscopy Reveals Subcellular Force
Exertion Patterns in Immune Cell-Target Interactions. Nat. Commun. 11, 20.
doi:10.1038/s41467-019-13804-z

Walton, C., King, R., Rechtman, L., Kaye, W., Leray, E., Marrie, R. A., et al. (2020).
Rising Prevalence of Multiple Sclerosis Worldwide: Insights from the Atlas of
MS, Third Edition. Mult. Scler. 26, 1816–1821. doi:10.1177/
1352458520970841third edition

Wang, L., Wang, F.-S., and Gershwin, M. E. (2015). Human Autoimmune Diseases: A
Comprehensive Update. J. Intern. Med. 278, 369–395. doi:10.1111/joim.12395

Wang, L., Zhou, H., Zhang, M., Liu, W., Deng, T., Zhao, Q., et al. (2019). Structure
and Mechanogating of the Mammalian Tactile Channel PIEZO2. Nature 573,
225–229. doi:10.1038/s41586-019-1505-8

Wang, S., Wu, C., Zhang, Y., Zhong, Q., Sun, H., Cao, W., et al. (2018). Integrin
α4β7 Switches its Ligand Specificity via Distinct Conformer-specific Activation.
J. Cell Biol. 217, 2799–2812. doi:10.1083/jcb.201710022

Webb, R. C. (2003). SMOOTHMUSCLE CONTRACTION AND RELAXATION.
Adv. Physiol. Education 27, 201–206. doi:10.1152/advances.2003.27.4.201

Wilder, R. L. (2002). Integrin Alpha V Beta 3 as a Target for Treatment of
Rheumatoid Arthritis and Related Rheumatic Diseases. Ann. Rheum. Dis. 61,
96ii–99. doi:10.1136/ard.61.suppl_2.ii96

Woolf, E., Grigorova, I., Sagiv, A., Grabovsky, V., Feigelson, S. W., Shulman, Z.,
et al. (2007). Lymph Node Chemokines Promote Sustained T Lymphocyte
Motility without Triggering Stable Integrin Adhesiveness in the Absence of
Shear Forces. Nat. Immunol. 8, 1076–1085. doi:10.1038/ni1499

Wruck, F., Katranidis, A., Nierhaus, K. H., Büldt, G., and Hegner, M. (2017).
Translation and Folding of Single Proteins in Real Time. Proc. Natl. Acad. Sci.
USA 114, E4399–E4407. doi:10.1073/pnas.1617873114

Xiao, T., Takagi, J., Coller, B. S., Wang, J.-H., and Springer, T. A. (2004). Structural
Basis for Allostery in Integrins and Binding to Fibrinogen-Mimetic
Therapeutics. Nature 432, 59–67. doi:10.1038/nature02976

Xing, Y., and Hogquist, K. A. (2012). T-cell Tolerance: Central and Peripheral. Cold
Spring Harbor Perspect. Biol. 4, a006957. doi:10.1101/cshperspect.a006957

Xiong, J.-P., Stehle, T., Zhang, R., Joachimiak, A., Frech, M., Goodman, S. L., et al.
(2002). Crystal Structure of the Extracellular Segment of Integrin αVβ3 in
Complex with an Arg-Gly-Asp Ligand. Science 296, 151–155. doi:10.1126/
science.1069040

Xu, B., Cook, R. E., and Michie, S. A. (2010). α4β7 integrin/MAdCAM-1 Adhesion
Pathway Is Crucial for BCellMigration into Pancreatic LymphNodes in Nonobese
Diabetic Mice. J. Autoimmun. 35, 124–129. doi:10.1016/j.jaut.2010.04.002

Xu, S., Wang, J., Wang, J.-H., and Springer, T. A. (2017). Distinct Recognition of
Complement iC3b by Integrins αXβ2 and αMβ2. Proc. Natl. Acad. Sci. USA 114,
3403–3408. doi:10.1073/pnas.1620881114

Yaghoobi, R., Omidian, M., and Bagherani, N. (2011). Vitiligo: A Review of the
Published Work. J. Dermatol. 38, 419–431. doi:10.1111/j.1346-8138.2010.
01139.x

Yakubenko, V. P., Belevych, N., Mishchuk, D., Schurin, A., Lam, S. C.-T., and
Ugarova, T. P. (2008). The Role of Integrin αDβ2 (CD11d/CD18) in Monocyte/
macrophage Migration. Exp. Cell Res. 314, 2569–2578. doi:10.1016/j.yexcr.
2008.05.016

Yamada, K. M., and Sixt, M. (2019). Mechanisms of 3D Cell Migration. Nat. Rev.
Mol. Cell Biol 20, 738–752. doi:10.1038/s41580-019-0172-9

Yamamoto, N., Sakai, F., Kon, S., Morimoto, J., Kimura, C., Yamazaki, H., et al.
(2003). Essential Role of the Cryptic Epitope SLAYGLR within Osteopontin in a
Murine Model of Rheumatoid Arthritis. J. Clin. Invest. 112, 181–188. doi:10.
1172/jci17778

Yao, M., Goult, B. T., Chen, H., Cong, P., Sheetz, M. P., and Yan, J. (2015).
Mechanical Activation of Vinculin Binding to Talin Locks Talin in an Unfolded
Conformation. Sci. Rep. 4, 4610. doi:10.1038/srep04610

Yao, M., Goult, B. T., Klapholz, B., Hu, X., Toseland, C. P., Guo, Y., et al. (2016).
The Mechanical Response of Talin. Nat. Commun. 7, 11966. doi:10.1038/
ncomms11966

Yednock, T. A., Cannon, C., Fritz, L. C., Sanchez-Madrid, F., Steinman, L., and
Karin, N. (1992). Prevention of Experimental Autoimmune Encephalomyelitis
by Antibodies against α4βl Integrin. Nature 356, 63–66. doi:10.1038/356063a0

Yusko, E. C., and Asbury, C. L. (2014). Force Is a Signal that Cells Cannot Ignore.
MBoC 25, 3717–3725. doi:10.1091/mbc.e13-12-0707

Zhang, M., Eichhorn, S. W., Zingg, B., Yao, Z., Cotter, K., Zeng, H., et al. (2021).
Spatially Resolved Cell Atlas of theMouse Primary Motor Cortex byMERFISH.
Nature 598, 137–143. doi:10.1038/s41586-021-03705-x

Zhang, X., Craig, S. E., Kirby, H., Humphries, M. J., and Moy, V. T. (2004).
Molecular Basis for the Dynamic Strength of the Integrin α4β1/VCAM-1
Interaction. Biophysical J. 87, 3470–3478. doi:10.1529/biophysj.104.045690

Zhang, X., Kim, T.-H., Thauland, T. J., Li, H., Majedi, F. S., Ly, C., et al. (2020).
Unraveling the Mechanobiology of Immune Cells. Curr. Opin. Biotechnol. 66,
236–245. doi:10.1016/j.copbio.2020.09.004

Zhu, J., Carman, C. V., Kim, M., Shimaoka, M., Springer, T. A., and Luo, B.-H.
(2007). Requirement of α and β Subunit Transmembrane helix Separation for
Integrin Outside-In Signaling. Blood 110, 2475–2483. doi:10.1182/blood-2007-
03-080077

Zhu, J., Carman, C. V., Kim, M., Shimaoka, M., Springer, T. A., and Luo, B.-H.
(2007). Requirement of α and β Subunit Transmembrane helix Separation for
Integrin Outside-In Signaling. Blood 110, 2475–2483. doi:10.1182/blood-2007-
03-080077

Zundler, S., Fischer, A., Schillinger, D., Binder, M.-T., Atreya, R., Rath, T., et al.
(2017). The α4β1 Homing Pathway Is Essential for Ileal Homing of Crohnʼs
Disease Effector T Cells In Vivo. Inflamm. Bowel Dis. 23, 379–391. doi:10.1097/
mib.0000000000001029

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 Banerjee, Nara, Chakraborty, Chowdhury and Haldar. 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 85287828

Banerjee et al. Mechanical Role of Integrin in Autoimmune Disorders

103

https://doi.org/10.1038/ni.2050
https://doi.org/10.1007/s002490000087
https://doi.org/10.1155/2018/6570371
https://doi.org/10.1056/nejmp048114
https://doi.org/10.1056/nejmp048114
https://doi.org/10.1038/nrm2786
https://doi.org/10.1038/nri1222
https://doi.org/10.1038/s41467-019-13804-z
https://doi.org/10.1177/1352458520970841
https://doi.org/10.1177/1352458520970841
https://doi.org/10.1111/joim.12395
https://doi.org/10.1038/s41586-019-1505-8
https://doi.org/10.1083/jcb.201710022
https://doi.org/10.1152/advances.2003.27.4.201
https://doi.org/10.1136/ard.61.suppl_2.ii96
https://doi.org/10.1038/ni1499
https://doi.org/10.1073/pnas.1617873114
https://doi.org/10.1038/nature02976
https://doi.org/10.1101/cshperspect.a006957
https://doi.org/10.1126/science.1069040
https://doi.org/10.1126/science.1069040
https://doi.org/10.1016/j.jaut.2010.04.002
https://doi.org/10.1073/pnas.1620881114
https://doi.org/10.1111/j.1346-8138.2010.01139.x
https://doi.org/10.1111/j.1346-8138.2010.01139.x
https://doi.org/10.1016/j.yexcr.2008.05.016
https://doi.org/10.1016/j.yexcr.2008.05.016
https://doi.org/10.1038/s41580-019-0172-9
https://doi.org/10.1172/jci17778
https://doi.org/10.1172/jci17778
https://doi.org/10.1038/srep04610
https://doi.org/10.1038/ncomms11966
https://doi.org/10.1038/ncomms11966
https://doi.org/10.1038/356063a0
https://doi.org/10.1091/mbc.e13-12-0707
https://doi.org/10.1038/s41586-021-03705-x
https://doi.org/10.1529/biophysj.104.045690
https://doi.org/10.1016/j.copbio.2020.09.004
https://doi.org/10.1182/blood-2007-03-080077
https://doi.org/10.1182/blood-2007-03-080077
https://doi.org/10.1182/blood-2007-03-080077
https://doi.org/10.1182/blood-2007-03-080077
https://doi.org/10.1097/mib.0000000000001029
https://doi.org/10.1097/mib.0000000000001029
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


Paxillin: A Hub for Mechano-
Transduction from the β3 Integrin-
Talin-Kindlin Axis
Marta Ripamonti 1, Bernhard Wehrle-Haller 2 and Ivan de Curtis1*

1Division of Neuroscience, San Raffaele Scientific Institute and Vita-Salute San Raffaele University, Milano, Italy, 2Department of
Cell Physiology and Metabolism, University of Geneva, Centre Médical Universitaire, Geneva, Switzerland

Focal adhesions are specialized integrin-dependent adhesion complexes, which ensure
cell anchoring to the extracellular matrix. Focal adhesions also function as mechano-
signaling platforms by perceiving and integrating diverse physical and (bio)chemical cues of
their microenvironment, and by transducing them into intracellular signaling for the control
of cell behavior. The fundamental biological mechanism of creating intracellular signaling in
response to changes in tensional forces appears to be tightly linked to paxillin recruitment
and binding to focal adhesions. Interestingly, the tension-dependent nature of the paxillin
binding to adhesions, combined with its scaffolding function, suggests a major role of this
protein in integrating multiple signals from the microenvironment, and accordingly
activating diverse molecular responses. This minireview offers an overview of the
molecular bases of the mechano-sensitivity and mechano-signaling capacity of core
focal adhesion proteins, and highlights the role of paxillin as a key component of the
mechano-transducing machinery based on the interaction of cells to substrates activating
the β3 integrin-talin1-kindlin.

Keywords: mechano-sensing, tensional force, lim domain, integrin activation, plasma membrane

INTRODUCTION

Focal adhesions (FAs) are specialized integrin-dependent adhesion complexes, which mediate cell
anchoring to the extracellular matrix (ECM) (Winograd-Katz et al., 2014). FAs also function as
mechano-transducing machineries perceiving and integrating diverse physical and (bio)chemical
environmental cues, and transducing them into intracellular signaling pathways (Zaidel-Bar et al.,
2007a; Wehrle-Haller, 2012; Yu et al., 2012). Indeed, FAs control cellular programs as diverse as cell
adhesion, migration, survival, growth, proliferation, and differentiation (Wehrle-Haller, 2012;
Winograd-Katz et al., 2014). To accomplish these diverse regulatory functions, αβ heterodimeric
integrin receptors (Hynes, 2002) cluster in the plasma membrane, recruit numerous proteins to their
cytoplasmic tails, and give rise to a highly dynamic intracellular protein network which has been
termed the “integrin adhesome” (Zaidel-Bar et al., 2007a; Winograd-Katz et al., 2014). The tight
regulation of its protein composition ensures FAs functioning as mechanical anchoring points, as
well as signaling platforms (Wozniak et al., 2004; Zaidel-Bar et al., 2007a; Geiger and Yamada, 2011;
Winograd-Katz et al., 2014).

The extensive implication of integrins and FAs-dependent signaling in pathological conditions
(Bachmann et al., 2019) pushes current research towards a better understanding of their functioning
and spatiotemporal regulation (Wu et al., 2019; Su et al., 2020). A few years ago, interferometric
photoactivated localization microscopy (iPALM) has revealed a layered organization of integrin-
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containing FAs (Kanchanawong et al., 2010; Case et al., 2015).
This model, proposing the spatial segregation of specific
adhesome components between a integrin signaling layer
(closest to the membrane), a force transduction layer, and an
actin regulatory layer (innermost), has been endorsed by studies
making advantage of diverse techniques, such as single protein
tracking microscopy, superresolution microscopy, proximity
biotinylation, and bimolecular fluorescence complementation
(Dong et al., 2016; Chastney et al., 2020; Legerstee and
Houtsmuller, 2021; Orre et al., 2021; Ripamonti et al., 2021).
Despite these great advances, the characterization of several
structural and mechanical aspects of the sophisticated integrin-
dependent protein network, a comprehensive understanding of
the FA machinery is still far from being accomplished
(Chastney et al., 2020; Legerstee and Houtsmuller, 2021).

The decoding of how specific cellular responses can be
provoked by a given physiological, pathological, or
pharmacological stimulus is challenged by the
interdependency of FA players, regulatory systems,
including the plasma membrane and its composition, and
the tension across integrin receptors (Vogel, 2006; Gauthier
and Roca-Cusachs, 2018). In addition, a wide range of post-
translational modifications and the expression of many FA
protein splice variants and isoforms generate additional layers
of complexity that need to be understood to identify specific
versus more general functions of FAs (Anthis et al., 2010; Choi
et al., 2011; Soto-Ribeiro et al., 2019).

This review offers an overview of the molecular basis of the
mechano-sensitivity and mechano-signaling capacity of the core
FA proteins β3 integrin, talin1, and kindlin (Figure 1) that enable

FIGURE 1 | Schematic representation of core FA proteins and their interactions. The β3 integrin subunit is composed of an extracellular domain, a
transmembrane domain, and a C-terminal cytoplasmic tail presenting the membrane proximal NPLY talin-binding and membrane distal NITY kindlin-binding sites. The
heterodimeric integrin receptor in a bent-close low-affinity conformation (left) switches to an extended-open high-affinity state and binds ligands and intracellular proteins
(right). Talin1 consists of a globular head, an unstructured linker, and a C-terminal rod domain which intramolecularly interacts with the head domain to keep
cytosolic talin1 auto-inhibited. Upon integrin activation, the talin1 F2 domain binds to membrane phospholipid PI(4,5)P2, the talin F3 subdomain to the membrane
proximal NPLYmotif in the β3 integrin cytoplasmic tail, and the talin rod engages the F-actin network.Kindlin is similarly organized to talin-head but with the addition of a
PH domain inserted within the F2 domain which recognizes membrane phosphoinositides, while the F3 domain binds to the membrane-distal NITY motif in the β3
integrin cytoplasmic tail. The paxillin amino-terminal half presents five short LD motifs and is followed by the carboxyl-terminal half composed of four LIM domains. The
paxillin N-terminal LD1 and LD2 interact with the talin1 R8 domain, the LIM domains point towards the membrane proximal region, the positively charged LIM4 domain
interacts with kindlin and the plasma membrane. One of the paxillin LIM domain could recognize the Y presented by the NPLY motif. +++ indicates positively charged
regions. For representative purposes, the β3 integrin tail is outsized and some protein domains are simplified or omitted for clarity.
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mechano-transduction. The focus is on β3 integrins as a
paradigm for paxillin- and mechano-dependent mechanisms
that may be extended to other classes of integrins. We will
first address β3 integrin receptors, their link to talin1 and
kindlin, and how paxillin is recruited to this complex for
further mechanical stabilization, as well as to elicit diverse
signaling pathways. We will highlight the role of paxillin and
its central position to integrate the structural changes of the β3
integrin-talin1-kindlin complex, and offer evidence that paxillin
is not only a scaffold or signaling protein as previously described,
but also a key component of the mechano-transducing machinery
(Figure 2).

THE αVβ3 INTEGRIN RECEPTOR

Integrins come in different flavors, ranging from diversity in
ligand binding and exhibiting specific structural features (Hynes,
2002; Bachmann et al., 2019), which makes it impossible to cover
the entire family in this review. For historical reasons the αvβ3
integrin is one of the best studied receptors, with implication in
many pathophysiological settings (Zhu C. et al., 2019),
representing a typical example of many integrin-dependent
functions.

The β3 integrin receptors comprise two heterodimers
originating from the pairing of the β3 subunit with either αIIb
or αv chains, creating the αIIbβ3 and the αvβ3 heterodimers,
respectively (Hynes, 2002; Bachmann et al., 2019). The αIIbβ3
integrin complex is a platelet-specific receptor which is activated
by multiple signaling cascades to trigger platelet activation and
aggregation (Ye et al., 2012; Huang et al., 2019). In contrast, the
αvβ3 integrin has a wider expression and physiological functions
related to tissue repair and inflammation in osteoclasts, platelets,
megakaryocytes, kidney, vascular smooth muscles, endothelium,
and placenta (Horton, 1997). In addition, αvβ3 is upregulated in

endothelial cells undergoing tumor-induced angiogenesis
(Mahabeleshwar et al., 2007), as well as in many tumor cells
(Horton, 1997; Vonlaufen et al., 2001). The αvβ3 integrin
recognizes the Arg-Gly-Asp (RGD)-tripeptide-containing
sequence present in different ECM ligands (Pytela et al., 1985;
Horton, 1997; Humphries et al., 2006), and preferentially binds to
vitronectin and osteopontin, especially under low force
conditions (Bachmann et al., 2020). Changes in mechanical
cues of the microenvironment enlarge the ligand preference of
αvβ3 integrin, and can induce mis-regulation of integrin-
dependent signaling pathways (Bachmann et al., 2020), as in
the case of pathological ECM stiffening in the tumor niche
(Attieh et al., 2017). The αvβ3 receptor also plays a role in
tumor progression and metastasis formation: by controlling
the actin cytoskeleton (Havaki et al., 2007); by supporting
tumor cell binding to, and transmigration across activated
endothelia (Saalbach et al., 2005); by synergizing with VEGF-
dependent pathways to promote angiogenesis (Mahabeleshwar
et al., 2007); and by sustaining the activation of the Src kinase
(Huveneers et al., 2007). Importantly, αvβ3 FAs localize
proteolytically active matrix metalloproteinases at the cell
surface (Brooks et al., 1996) and support efficient directed cell
migration to promote metastasis formation (Ballestrem et al.,
2001).

THE β3 INTEGRIN-TALIN1-KINDLIN-PAXILLIN
COMPLEX

The assembly of FAs requires the conformational switch of the β3
integrin receptor from a bent-close low-affinity, to an extended-
open high-affinity state (Figure 1). This activation can be
triggered by the binding of the intracellular adapter proteins
talin1 and kindlin to the cytoplasmic tail of the β3 integrin
(Hytonen and Wehrle-Haller, 2014; Bachmann et al., 2019;

FIGURE 2 | Temporal sequence of β3 integrin activation and paxillin-mediated organization of adhesions. (A), Schematic representation of FA assembly over time.
Ligand, talin and kindlin binding to integrin receptors triggers their clustering, mediates the mechanical connection with the F-actin network, and recruits cytoplasmic
proteins. (B), Paxillin is a structural, signaling and linker component of FAs. C-terminal LIM domains target paxillin to FAs, possibly directly interacting with talin, kindlin,
and β3 integrin (putative domains indicated). The paxillin N-terminus functions as a signaling molecule, binding/recruiting different subsets of FA proteins,
modulating F-actin polymerization and tension within adhesions, and therefore generating feedback signaling which can lead to FA turnover.
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Huang et al., 2019). These integrin activators are essential for
integrin-dependent attachment and spreading: talin-null cells
and kindlin-null cells display a non-adherent phenotype
(Bottcher et al., 2017), suggesting a lack of transmission of
mechanical signals and of cellular responses.

The progression from first integrin-adapter interactions and
ECM-ligand binding toward FA maturation involves integrins
clustering and their mechanical connection to the intracellular
actin network (Thievessen et al., 2013; Hytonen and Wehrle-
Haller, 2014) (Figure 1; Figure 2A). During this process, force is a
key player acting at several steps. For example, catch bonds (i.e.
force-dependent bonds strengthened by the force applied along
the receptor) are formed at the level of the integrin-ligand
interaction (Gauthier and Roca-Cusachs, 2018), while the
mechanical tension along the integrin-adapters-actin axis leads
to the exposure of cryptic binding sites in the talin C-terminal rod
domain (Del Rio et al., 2009; Rahikainen et al., 2017), thus
favoring the interaction with adapter proteins (e.g., paxillin,
vinculin, and FAK) and the assembly of multiprotein signaling
complexes (Hytonen and Vogel, 2008; Hytonen and Wehrle-
Haller, 2014; Goult et al., 2018).

Talin1
By virtue of its structure, talin fulfils the role of a mechano-sensor
of the extracellular rigidity, as well as of a mechano-transducer
(Austen et al., 2015; Gough and Goult, 2018). The talin
N-terminal head domain binds to integrins, induces
conformational changes of the juxtamembrane- and ecto-
domains of the integrin receptor, and stimulates integrin
activation and clustering (Wegener et al., 2008; Saltel et al.,
2009). Alongside, the binding of the talin C-terminal rod
domain to the F-actin network directly transmits mechanical
forces to the cellular cytoskeleton (Zhang X. et al., 2008;
Rahikainen et al., 2017). As a feedback mechanism, the
stretching of the talin rod domain reveals additional binding
sites and ensures a tension-dependent recruitment of cytoplasmic
proteins to the adhesion complexes (Figure 1; Figure 2A).

The talin N-terminal head domain consists of a globular
FERM domain (F0 to F3 subdomains) (Zhang et al., 2020),
connected by an unstructured linker to a C-terminal rod
domain, which contains 13 α-helical bundles (R1 to R13)
(Rahikainen et al., 2017) (Figure 1). The interaction of the
talin head with the talin rod domain (via F3-R9) keeps
cytosolic talin in a globular, autoinhibited conformation
(Goksoy et al., 2008; Calderwood et al., 2013) (Figure 1). The
recruitment of the talin head to the plasma membrane is
controlled by two mechanisms: 1) the binding of the
membrane-bound Rap1 GTPase to the F0 and F1-subdomains
(Lagarrigue et al., 2020), and 2) the simultaneous binding of the
F1-loop and the F2 subdomains to the membrane phospholipid
PI(4,5)P2 (Anthis et al., 2009; Saltel et al., 2009; Goult et al., 2010).
The concomitant membrane association of a basic loop in the
talin F3 subdomain leads to the release of the autoinhibition, the
detachment of the C-terminal domain, and the exposure of an
additional β3 integrin tail binding site in the talin F3 subdomain,
which assures binding to a juxtamembrane acidic motif, as well as
the membrane proximal W-NPLY peptide, in the β3 integrin

cytoplasmic tail (Cluzel et al., 2005; Wegener et al., 2008; Saltel
et al., 2009; Zhang et al., 2020) (Figure 1). Full integrin activation
and clustering however requires an F1-loop mediated interaction
with the inner-membrane clasp to open the inhibitory salt-bridge
formed between the αv and β3 integrin tails (Kukkurainen et al.,
2020; Lagarrigue et al., 2020).

Once the auto-inhibited conformation of talin is released, talin
engages the F-actin network: either directly through the two main
actin-binding sites in the rod domain (Figure 1; Figure 2A); or
indirectly, through the interaction with F-actin-bound vinculin
(Humphries et al., 2007; Austen et al., 2015; Rahikainen et al.,
2017; Gough and Goult, 2018; Atherton et al., 2020). When this
mechanical connection is established, the application of tension
results in the reversible unfolding of the talin rod, which reveals
cryptic binding sites and allows the conversion of the tensional
force on the talin rod into the recruitment of additional adapters
(Yao et al., 2016; Rahikainen et al., 2017; Goult et al., 2018).
Importantly, the role of talin in integrin activation is distinct from
its mechano-transducing function (Austen et al., 2015;
Rahikainen et al., 2017). In fact, the binding of a talin head
only construct lacking actin binding capacity and the ability to
transmit mechanical force is sufficient to induce integrin “inside-
out” activation and clustering, in the absence of mechano-
transmission and FA-dependent signaling (Cluzel et al., 2005;
Zhang X. et al., 2008; Saltel et al., 2009; Rahikainen et al., 2017;
Keeble et al., 2019; Kukkurainen et al., 2020).

Kindlin
Proteins of the kindlin family, also known as FERMT proteins,
have a structure similar to the talin head, with F0, F1, F2 and F3
domains, and a largely unstructured F1-loop (Li et al., 2017;
Zhang et al., 2020) (Figure 1). In addition, within the F2 domain
of kindlin is inserted a PH (pleckstrin homology) domain that
recognizes membrane phosphoinositides PIP2 and PIP3 (Liu
et al., 2011; Liu et al., 2012). The F3 domain of kindlin binds to
the membrane-distal NITY motif and the preceding ß-sheet of
the β3 integrin cytoplasmic tail (Moser et al., 2008; Harburger
et al., 2009; Li et al., 2017; Bachmann et al., 2019) (Figure 1). An
indirect binding of kindlin to F-actin is mediated by the ILK/
Pinch/Parvin (IPP) complex (Nikolopoulos and Turner, 2000;
Honda et al., 2013; Kadry et al., 2018). However, a direct
interaction of kindlin with F-actin was also suggested by pull
down assays (Bledzka et al., 2016). Like talin, kindlin is essential
for integrin activation (Montanez et al., 2008; Moser et al., 2008;
Harburger et al., 2009; Theodosiou et al., 2016; Hirbawi et al.,
2017; Li et al., 2017) and cell spreading, in a mechanism
proposed to be mediated by its binding to paxillin
(Theodosiou et al., 2016). Mechano-transduction of kindlin
within FAs appears to be linked to its ability of inducing the
talin head-mediated activation and clustering of integrins
(Kukkurainen et al., 2020), an essential step in the assembly
of FAs (Gao et al., 2017; Li et al., 2017). In the sequence of events
leading to integrin activation and clustering, it is proposed that
membrane-associated kindlin assures the initial integrin-
recognition event (Figure 2A), which is followed by the talin
recruitment and immobilisation of the integrin-talin1-kindlin
complex within FAs (Orre et al., 2019).
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Paxillin
Paxillin is a fundamental FA-associated adapter that connects
structural and signaling components (Figure 2B), including
tyrosine and serine/threonine kinases and GAPs/GEFs
(Schaller, 2001). This hub protein coordinates integrin-
downstream signaling pathways (Zaidel-Bar et al., 2007a;
Green and Brown, 2019), contributing to cell spreading (Wade
et al., 2002; Brimer et al., 2014; Pinon et al., 2014), migration, and
proliferation (Deakin and Turner, 2008). In addition to its
physiological role, paxillin sustains pathological processes in
cancer progression (Lopez-Colome et al., 2017), including cell
invasion (Iwasaki et al., 2002), metastasis (Ito et al., 2000) and
angiogenesis (German et al., 2014).

Paxillin is composed of two modules (Figure 1): an
unstructured amino-terminal half, comprising five leucine- and
aspartic acid-rich motifs (with the consensus LDXLLXXL and
thus named LD) forming short amphipathic α-helices (Bertolucci
et al., 2005); and a carboxyl-terminal half composed of four LIM
domains, each folded in two consecutive zinc fingers (Freyd et al.,
1990; Velyvis et al., 2001). Recruitment of paxillin to FAs is
mediated by the array of LIM domains, while its signaling
capacity mostly relies on the N-terminal LD motif containing
sequences (Brown et al., 1996; Ripamonti et al., 2021)
(Figure 2B).

Although several interactions of paxillin with the elements of
the β3 integrin-talin1-kindlin complex have been reported
(Zacharchenko et al., 2016; Bottcher et al., 2017; Gao et al.,
2017; Gough and Goult, 2018; Zhu C. et al., 2019; Atherton
et al., 2020), a comprehensive understanding of paxillin
engagement with this protein complex is missing. While the
region of paxillin interacting with the talin F2/F3 subdomain
remains unclear (Gao et al., 2017), the short helices of LD1 and
LD2 can both pack against the side of the talin R8 four-helix
bundle (Zacharchenko et al., 2016; Gough and Goult, 2018)
(Figure 1). This mechanism of talin-binding is exploited also
by other FA proteins (e.g., Rho GAP, DLC1) to interact with the
talin rod, suggesting that competitive interactions among
different LD-motif binding proteins, such as FAK, vinculin
and talin can take place within FAs (Zacharchenko et al., 2016).

Several reports have suggested that paxillin also interacts with
kindlin to promote integrin activation and cell spreading
(Bottcher et al., 2017; Zhu L. et al., 2019). A direct binding of
the paxillin LIM3 domain to the PH domain of kindlin was
proposed, based on co-immunoprecipitation experiments,
deletion mutagenesis and binding assays (Theodosiou et al.,
2016). In addition, interactions between the N-terminal LD
motifs of paxillin and the PH and F0 domains of kindlin2, as
well as between the F0 domain and the paxillin LIM3-LIM4
domains, have been identified by lysine cross-linking proteomic
experiments of recombinant kindlin2-paxillin complexes
(Bottcher et al., 2017). These apparently conflicting data may
represent different maturation stages of FAs. It is also possible
that the exceptional abundance of lysine residues within the
paxillin LD motifs and the LIM4 domain revealed interactions
that are only short lived or not occurring in a physiological
context. The NMR structure of the kindlin F0 domain complexed
with paxillin LIM4 domain (Zhu L. et al., 2019) is consistent with

the recently proposed orientation of paxillin within the FA
complex, and with the interaction of its positively charged
LIM4 domain with the plasma membrane (Kanchanawong
et al., 2010; Ripamonti et al., 2021) (Figure 1). Interestingly,
the disposition of proteins within adhesions has been also
addressed by means of a proximity biotinylation assay
(BioID), which revealed that the paxillin N-terminus could
extend for ~25 nm into the cytoplasm, and accommodate
interactions within the intermediate zone of FAs, where are
situated proteins that cannot be detected by using kindlin2 as
BioID probe (Dong et al., 2016). All this is consistent with iPALM
studies showing that N-terminally tagged paxillin is farther away
from the PM compared to the C-terminally-tagged protein
(Kanchanawong et al., 2010).

The interaction of paxillin with β3 integrin is still
controversial: although reported two decades ago (Pfaff and
Jurdic, 2001), several biochemical experiments failed to detect
the direct binding of paxillin to the cytoplasmic tail of β3 (Brown
et al., 1996; de Curtis and Malanchini, 1997; Tanaka et al., 2010).
According to the tension-dependent recruitment of paxillin to
FAs and stressed actin filaments (Sawada and Sheetz, 2002;
Schiller et al., 2011; Sun et al., 2020; Winkelman et al., 2020),
these results may be explained by the lack of tension and proper
presentation of crucial integrin residues, required for paxillin
binding (Pinon et al., 2014; Ripamonti et al., 2021). Different LIM
domain-mediated protein-protein interactions involve the
recognition of Tyr-containing motifs by the aromatic pocket
of LIM domains (Wu and Gill, 1994; Wixler et al., 2000). By
analogy, it was proposed that paxillin is binding to the
membrane-proximal NPLY motif of β3 integrin (Pinon et al.,
2014; Soto-Ribeiro et al., 2019; Ripamonti et al., 2021).
Interestingly, modification of the talin1-binding NPLY
sequence led to the loss of paxillin recruitment at FAs, and to
a delay in cell spreading (Wegener et al., 2007; Pinon et al., 2014;
Soto-Ribeiro et al., 2019).

The intricate interplay between paxillin and FA components is
exemplified by the observation that none of the in vitro protein-
protein interactions identified so far is strictly required or
sufficient for paxillin recruitment to FAs in living cells
(Ripamonti et al., 2021). Conversely, a multitude of low-
affinity interactions could contribute to paxillin localization at
FAs and/or nascent adhesions prior to tensional force generation.
For instance: the kindlin F0 binding to paxillin LIM4 domain was
proposed to mediate paxillin recruitment to the plasma
membrane at sites of FA assembly (Zhu L. et al., 2019);
similarly the dynamic and transient binding of the paxillin
LIM4 domain to the plasma membrane was shown to stabilize
paxillin docking to FAs (Ripamonti et al., 2021) (Figure 1).
Furthermore, a tension-independent paxillin binding to talin
was disclosed by the employment of a mitochondrial targeting
assay (Atherton et al., 2020), and a solid-phase binding assay
(Ripamonti et al., 2021). This interaction could be functionally
similar to the binding of paxillin LIM3 to the PH domain of
kindlin, which was suggested to drive paxillin recruitment into
nascent adhesions but not into mature FAs (Theodosiou et al.,
2016). To which extent each of these interactions contributes to
the stable docking of paxillin within FAs was recently addressed
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by measuring the off-rate of engineered paxillin molecules
photoactivated within FAs in living cells (Ripamonti et al.,
2021). This study confirmed the presence of a multitude of
low-affinity interactions leading to paxillin FA-localization,
and a complex interplay of LIM1, LIM2 and LIM4 domains to
get paxillin stabilized within mature FAs.

PAXILLIN AS A CENTRAL HUB MEDIATING
MECHANO-TRANSDUCTION AT FAs

Integrin-mediated adhesions are described as mechano-sensitive
because of their changes in response to mechanical stimuli
(Hytonen and Wehrle-Haller, 2016; Gauthier and Roca-
Cusachs, 2018). However, adhesions also fulfil the role of
mechano-transducer, transmitting physical and mechanical
signals from the ECM to the cytoskeleton, and converting
them into cellular responses (Wehrle-Haller, 2012; Stutchbury
et al., 2017). This function of FAs relies on the presence of
intracellular proteins capable of sensing force-induced
conformational changes, as observed for the talin and kindlin
adapters (Stutchbury et al., 2017; Bachmann et al., 2019).

Several reports described the mechano-sensitivity of paxillin,
although the molecular basis of its force sensing capacity is at the
present not fully understood. The presence of talin and kindlin
for the arrival of paxillin at nascent adhesions is necessary but not
sufficient, since the development of force across the adhesion
complex is also required (Cluzel et al., 2005; Hytonen and
Wehrle-Haller, 2014) (Figure 2A). Along this line, it was
shown that paxillin exhibits a stretch-dependent binding to
the cytoskeleton (Sawada and Sheetz, 2002), as well as a
remarkable ability of its LIM domains to detect mechanically
strained stress fibers (Smith et al., 2013). Furthermore, several
LIM domain-containing proteins that cluster at FAs (Kadrmas
and Beckerle, 2004) are recruited in a myosin II-dependent
fashion, suggesting that LIM domains could function as
tension sensors of a strained F-actin network (Schiller et al.,
2011; Sun et al., 2020; Winkelman et al., 2020).

The tension-dependent binding of paxillin to adhesions,
combined to its hub function, suggests a major role of this
protein in integrating signals from the integrin complex and in
activating molecular pathways shaping cell behaviour (Green and
Brown, 2019) (Figure 2B). The versatility of paxillin in the selection
of binding partners is supported by the nature of its LD domains
(Alam et al., 2020) that generally establish poorly selective, transient
interactions, which require multiple layers of regulation (Alam et al.,
2014). Due to the low binding affinity of single LD motifs, multiple
simultaneous interactions are required to achieve stable complexes
and elicit cellular responses (Alam et al., 2014). For example,
opposite faces of the four-helix bundle in the FAT (Focal
Adhesion Targeting) domain of FAK and in vinculin tail
associate to paxillin LD2 and LD4 (Hoellerer et al., 2003).

Owing to its extraordinary connection with a plethora of
adhesome components, paxillin is regarded as a unique
protein capable of integrating the diverse functions of FAs
(Green and Brown, 2019; Chastney et al., 2020). In other
words, paxillin fulfils the crucial linker function connecting

the core actin, the cell cortex, the signaling, and the regulatory
modules constituted by subsets of FA proteins (Figure 2B)
(Green and Brown, 2019; Chastney et al., 2020). For a
complete understanding of paxillin interactions and functions,
precise analyses considering FA protein isoforms and their post-
translational modifications should be considered as well. The
analysis of these aspects goes beyond the goal of this review, yet
we can provide as an example the cell adhesion-triggered paxillin
phosphorylation at Tyr31 and Tyr118 (Burridge et al., 1992) which
modulates its binding to β3 integrin adhesions (Ripamonti et al.,
2021), possibly by increasing paxillin affinity for FAK and
vinculin (Zaidel-Bar et al., 2007b; Choi et al., 2011; Case et al.,
2015). Noteworthy, the described paxillin-dependent nanoscale
(re-)localization of vinculin within the FA architecture (Case
et al., 2015) suggests that paxillin functions as a FA organizer
beside its linker function (Figure 2B) (Green and Brown, 2019).

How tension and the assembly of the described β3 integrin-
talin1-kindlin-paxillin complex at FAs is dynamically regulated
during cell motility remains an open question. Adhesion
remodelling directly and positively correlates with the ability
of cells to migrate (Deakin and Turner, 2011), which physically
relies on adhesion formation at the leading edge and adhesion
disassembly at the cell rear (Webb et al., 2004; Cluzel et al., 2005).
The latter was proposed to be under the control of Src-mediated
phosphorylation of paxillin Tyr31/118 (Cortesio et al., 2011).
Accordingly, Tyr-to-Phe mutations of these residues hampered
adhesion turnover (Webb et al., 2004; Zaidel-Bar et al., 2007b)
and inhibited tumor cell invasion (Mekhdjian et al., 2017).
Consistent with these findings, sustained paxillin binding to
FAs, phosphorylation of Tyr31/118, and FAK signaling can
result in FA disassembly and turnover of its components
(Webb et al., 2004). On the other hand, loss of paxillin
phosphorylation was proposed to be responsible of hindering
FA disassembly and support FA maturation toward fibrillar
adhesions and their translocation to the cell center (Zaidel-Bar
et al., 2007b; Bachmann et al., 2019).

Paxillin may be involved in the regulation of tension at the cell
edge during migration on ECM ligands. In this direction, the
complex between the ArfGAP and scaffold protein GIT1
(G-protein-coupled receptor-kinase interacting protein-1) and
the guanine nucleotide exchange factor for Rac1 βPix has been
implicated in the regulation of FAs and cell migration (Turner
et al., 1999; Premont et al., 2000). GIT1 is recruited to FAs by
direct binding of its FA-targeting domain to paxillin LD2 and
LD4 motifs (Schmalzigaug et al., 2007; Zhang Z. M. et al., 2008;
Wehrle-Haller and Bastmeyer, 2014). Recently, evidence has been
provided for the formation of protein condensates of the GIT1/
βPix complex driven by liquid-liquid phase separation (Zhu et al.,
2020), a process involved in the organization and
compartmentalization of several events occurring in the
cytoplasm and the nucleus of eukaryotic cells (Banani et al.,
2017; de Curtis, 2021). The results from the study of the Zhang’s
group indicate that the formation of GIT1/βPix condensates and
their targeting at FAs by paxillin are required to regulate cell
migration (Zhu et al., 2020). Paxillin is shown to promote the
formation of GIT1/βPix condensates, and one intriguing
hypothesis is that paxillin-mediated formation and recruitment
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of GIT1/βPix condensates at FAs may modulate F-actin
polymerization and tension within adhesions to modulate FAs
turnover (Figure 2B). Also, dominant-active Rac1-transfected
cells presented slower integrin turnover than control cells,
indicating that βPix activity may locally stabilize the turnover
of integrins, and arrest retrograde sliding adhesions (Ballestrem
et al., 2001). These mechanisms could explain the paxillin-
mediated rescue of unstable and rapidly sliding adhesions,
indicating a role of paxillin in the control of the F-actin
feedback loop (Ripamonti et al., 2021).

CONCLUSION AND PERSPECTIVES

The gathering of structural and positional data led to the proposal
of the slanted fence model of FAs, in which connections among
neighbouring integrin-talin1-kindlin-paxillin units stabilize the
complex (Sun et al., 2016; Bachmann et al., 2019; Ripamonti et al.,
2021) (Figure 1). The proposed layered organization of FAs
potentially bears the secret how integrin receptors support
mechanical load and create intracellular signaling in response
to changes in tensional forces (Kanchanawong et al., 2010;

Bachmann et al., 2019). The detailed characterization of this
key biological mechanism, tightly related to paxillin recruitment
and binding to FAs (Figure 2) (Cluzel et al., 2005; Hytonen and
Wehrle-Haller, 2014, 2016; Ripamonti et al., 2021), will help in
the development of efficient integrin-targeting anti-cancer
therapies, so far challenged by the complexity of the integrin
system which has caused unexpected side effects (Su et al., 2020;
Li et al., 2021).

AUTHOR CONTRIBUTIONS

MR wrote the manuscript in collaboration with BW-H
and IdC.

FUNDING

This work was supported by grant IG 20203 from AIRC
(Associazione Italiana per la Ricerca sul Cancro) to IdC. MR
is supported by a post-doctoral fellowship from Fondazione
Umberto Veronesi.

REFERENCES

Alam, T., Alazmi, M., Naser, R., Huser, F., Momin, A. A., Astro, V., et al. (2020).
Proteome-level Assessment of Origin, Prevalence and Function of Leucine-
Aspartic Acid (LD) Motifs. Bioinformatics 36, 1121–1128. doi:10.1093/
bioinformatics/btz703

Alam, T., Alazmi, M., Gao, X., and Arold, S. T. (2014). How to Find a Leucine in a
Haystack? Structure, Ligand Recognition and Regulation of Leucine-Aspartic
Acid (LD) Motifs. Biochem. J. 460, 317–329. doi:10.1042/bj20140298

Anthis, N. J., Wegener, K. L., Critchley, D. R., and Campbell, I. D. (2010). Structural
Diversity in Integrin/talin Interactions. Structure 18, 1654–1666. doi:10.1016/j.
str.2010.09.018

Anthis, N. J., Wegener, K. L., Ye, F., Kim, C., Goult, B. T., Lowe, E. D., et al. (2009).
The Structure of an Integrin/talin Complex Reveals the Basis of Inside-Out
Signal Transduction. EMBO J. 28, 3623–3632. doi:10.1038/emboj.2009.287

Atherton, P., Lausecker, F., Carisey, A., Gilmore, A., Critchley, D., Barsukov, I.,
et al. (2020). Relief of Talin Autoinhibition Triggers a Force-independent
Association with Vinculin. J. Cel Biol 219, e201903134. doi:10.1083/jcb.
201903134

Attieh, Y., Clark, A. G., Grass, C., Richon, S., Pocard, M., Mariani, P., et al. (2017).
Cancer-associated Fibroblasts lead Tumor Invasion through Integrin-β3-
dependent Fibronectin Assembly. J. Cel Biol 216, 3509–3520. doi:10.1083/
jcb.201702033

Austen, K., Ringer, P., Mehlich, A., Chrostek-Grashoff, A., Kluger, C., Klingner, C.,
et al. (2015). Extracellular Rigidity Sensing by Talin Isoform-specific
Mechanical Linkages. Nat. Cel Biol 17, 1597–1606. doi:10.1038/ncb3268

Bachmann, M., Schäfer, M., Mykuliak, V. V., Ripamonti, M., Heiser, L.,
Weissenbruch, K., et al. (2020). Induction of Ligand Promiscuity of αVβ3
Integrin by Mechanical Force. J. Cel Sci 133, jcs242404. doi:10.1242/jcs.242404

Bachmann,M., Kukkurainen, S., Hytönen, V. P., andWehrle-Haller, B. (2019). Cell
Adhesion by Integrins. Physiol. Rev. 99, 1655–1699. doi:10.1152/physrev.00036.
2018

Ballestrem, C., Hinz, B., Imhof, B. A., and Wehrle-Haller, B. (2001). Marching at
the Front and Dragging behind. J. Cel Biol 155, 1319–1332. doi:10.1083/jcb.
200107107

Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017). Biomolecular
Condensates: Organizers of Cellular Biochemistry. Nat. Rev. Mol. Cel Biol 18,
285–298. doi:10.1038/nrm.2017.7

Bertolucci, C. M., Guibao, C. D., and Zheng, J. (2005). Structural Features of the
Focal Adhesion Kinase-Paxillin Complex Give Insight into the Dynamics of
Focal Adhesion Assembly. Protein Sci. 14, 644–652. doi:10.1110/ps.041107205

Bledzka, K., Bialkowska, K., Sossey-Alaoui, K., Vaynberg, J., Pluskota, E., Qin, J.,
et al. (2016). Kindlin-2 Directly Binds Actin and Regulates Integrin Outside-In
Signaling. J. Cel Biol 213, 97–108. doi:10.1083/jcb.201501006

Böttcher, R. T., Veelders, M., Rombaut, P., Faix, J., Theodosiou, M., Stradal, T. E.,
et al. (2017). Kindlin-2 Recruits Paxillin and Arp2/3 to Promote Membrane
Protrusions during Initial Cell Spreading. J. Cel Biol 216, 3785–3798. doi:10.
1083/jcb.201701176

Brimer, N., Wade, R., and Vande Pol, S. (2014). Interactions between E6, FAK, and
GIT1 at Paxillin LD4 Are Necessary for Transformation by Bovine
Papillomavirus 1 E6. J. Virol. 88, 9927–9933. doi:10.1128/jvi.00552-14

Brooks, P. C., Strömblad, S., Sanders, L. C., Von Schalscha, T. L., Aimes, R. T.,
Stetler-Stevenson, W. G., et al. (1996). Localization of Matrix Metalloproteinase
MMP-2 to the Surface of Invasive Cells by Interaction with Integrin αvβ3. Cell
85, 683–693. doi:10.1016/s0092-8674(00)81235-0

Brown, M. C., Perrotta, J. A., and Turner, C. E. (1996). Identification of LIM3 as the
Principal Determinant of Paxillin Focal Adhesion Localization and
Characterization of a Novel Motif on Paxillin Directing Vinculin and Focal
Adhesion Kinase Binding. J. Cel Biol 135, 1109–1123. doi:10.1083/jcb.135.4.
1109

Burridge, K., Turner, C. E., and Romer, L. H. (1992). Tyrosine Phosphorylation of
Paxillin and pp125FAK Accompanies Cell Adhesion to Extracellular Matrix: a
Role in Cytoskeletal Assembly. J. Cel Biol 119, 893–903. doi:10.1083/jcb.119.
4.893

Calderwood, D. A., Campbell, I. D., and Critchley, D. R. (2013). Talins and
Kindlins: Partners in Integrin-Mediated Adhesion. Nat. Rev. Mol. Cel Biol 14,
503–517. doi:10.1038/nrm3624

Case, L. B., Baird, M. A., Shtengel, G., Campbell, S. L., Hess, H. F., Davidson, M.W.,
et al. (2015). Molecular Mechanism of Vinculin Activation and Nanoscale
Spatial Organization in Focal Adhesions. Nat. Cel Biol 17, 880–892. doi:10.
1038/ncb3180

Chastney, M. R., Lawless, C., Humphries, J. D., Warwood, S., Jones, M. C., Knight,
D., et al. (2020). Topological Features of Integrin Adhesion Complexes
Revealed by Multiplexed Proximity Biotinylation. J. Cel Biol 219,
e202003038. doi:10.1083/jcb.202003038

Choi, C. K., Zareno, J., Digman, M. A., Gratton, E., and Horwitz, A. R. (2011).
Cross-correlated Fluctuation Analysis Reveals Phosphorylation-Regulated

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8520167

Ripamonti et al. Mechano-Transduction at Focal Adhesions

110

https://doi.org/10.1093/bioinformatics/btz703
https://doi.org/10.1093/bioinformatics/btz703
https://doi.org/10.1042/bj20140298
https://doi.org/10.1016/j.str.2010.09.018
https://doi.org/10.1016/j.str.2010.09.018
https://doi.org/10.1038/emboj.2009.287
https://doi.org/10.1083/jcb.201903134
https://doi.org/10.1083/jcb.201903134
https://doi.org/10.1083/jcb.201702033
https://doi.org/10.1083/jcb.201702033
https://doi.org/10.1038/ncb3268
https://doi.org/10.1242/jcs.242404
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1083/jcb.200107107
https://doi.org/10.1083/jcb.200107107
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1110/ps.041107205
https://doi.org/10.1083/jcb.201501006
https://doi.org/10.1083/jcb.201701176
https://doi.org/10.1083/jcb.201701176
https://doi.org/10.1128/jvi.00552-14
https://doi.org/10.1016/s0092-8674(00)81235-0
https://doi.org/10.1083/jcb.135.4.1109
https://doi.org/10.1083/jcb.135.4.1109
https://doi.org/10.1083/jcb.119.4.893
https://doi.org/10.1083/jcb.119.4.893
https://doi.org/10.1038/nrm3624
https://doi.org/10.1038/ncb3180
https://doi.org/10.1038/ncb3180
https://doi.org/10.1083/jcb.202003038
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Paxillin-FAK Complexes in Nascent Adhesions. Biophysical J. 100, 583–592.
doi:10.1016/j.bpj.2010.12.3719

Cluzel, C., Saltel, F., Lussi, J., Paulhe, F., Imhof, B. A., andWehrle-Haller, B. (2005).
The Mechanisms and Dynamics of αvβ3 Integrin Clustering in Living Cells.
J. Cel Biol 171, 383–392. doi:10.1083/jcb.200503017

Cortesio, C. L., Boateng, L. R., Piazza, T. M., Bennin, D. A., and Huttenlocher, A.
(2011). Calpain-mediated Proteolysis of Paxillin Negatively Regulates Focal
Adhesion Dynamics and Cell Migration. J. Biol. Chem. 286, 9998–10006. doi:10.
1074/jbc.m110.187294

de Curtis, I. (2021). Biomolecular Condensates at the Front: Cell Migration Meets
Phase Separation. Trends Cel Biol. 31, 145–148. doi:10.1016/j.tcb.2020.12.002

de Curtis, I., and Malanchini, B. (1997). Integrin-mediated Tyrosine
Phosphorylation and Redistribution of Paxillin during Neuronal Adhesion.
Exp. Cel Res. 230, 233–243. doi:10.1006/excr.1996.3423

Deakin, N. O., and Turner, C. E. (2011). Distinct Roles for Paxillin and Hic-5 in
Regulating Breast Cancer Cell Morphology, Invasion, andMetastasis.MBoC 22,
327–341. doi:10.1091/mbc.e10-09-0790

Deakin, N. O., and Turner, C. E. (2008). Paxillin Comes of Age. J. Cel Sci 121,
2435–2444. doi:10.1242/jcs.018044

Del Rio, A., Perez-Jimenez, R., Liu, R., Roca-Cusachs, P., Fernandez, J. M., and
Sheetz, M. P. (2009). Stretching Single Talin Rod Molecules Activates Vinculin
Binding. Science 323, 638–641. doi:10.1126/science.1162912

Dong, J. M., Tay, F. P., Swa, H. L., Gunaratne, J., Leung, T., Burke, B., et al. (2016).
Proximity Biotinylation Provides Insight into the Molecular Composition of
Focal Adhesions at the Nanometer Scale. Sci. Signal. 9, rs4. doi:10.1126/
scisignal.aaf3572

Freyd, G., Kim, S. K., and Horvitz, H. R. (1990). Novel Cysteine-Rich Motif and
Homeodomain in the Product of the Caenorhabditis elegans Cell Lineage Gene
Lin-II. Nature 344, 876–879. doi:10.1038/344876a0

Gao, J., Huang, M., Lai, J., Mao, K., Sun, P., Cao, Z., et al. (2017). Kindlin Supports
Platelet Integrin αIIbβ3 Activation by Interacting with Paxillin. J. Cel Sci 130,
3764–3775. doi:10.1242/jcs.205641

Gauthier, N. C., and Roca-Cusachs, P. (2018). Mechanosensing at Integrin-
Mediated Cell-Matrix Adhesions: from Molecular to Integrated
Mechanisms. Curr. Opin. Cel Biol. 50, 20–26. doi:10.1016/j.ceb.2017.12.014

Geiger, B, and Yamada, KM (2011). Molecular architecture and function of matrix
adhesions.Cold SpringHarb Perspect Biol 3, a005033. doi:10.1101/cshperspect.a005033

German, A. E., Mammoto, T., Jiang, E., Ingber, D. E., and Mammoto, A. (2014).
Paxillin controls endothelial cell migration and tumor angiogenesis by altering
neuropilin 2 expression. J Cell Sci 127, 1672–1683. doi:10.1242/jcs.132316

Goksoy, E., Ma, Y.-Q., Wang, X., Kong, X., Perera, D., Plow, E. F., and Qin, J.
(2008). Structural basis for the autoinhibition of talin in regulating integrin
activation. Molecular Cell 31, 124–133. doi:10.1016/j.molcel.2008.06.011

Gough, R. E., and Goult, B. T. (2018). The Tale of Two Talins - Two Isoforms to
fine-tune Integrin Signalling. FEBS Lett. 592, 2108–2125. doi:10.1002/1873-
3468.13081

Goult, B. T., Bouaouina, M., Elliott, P. R., Bate, N., Patel, B., Gingras, A. R., et al.
(2010). Structure of a Double Ubiquitin-like Domain in the Talin Head: a Role
in Integrin Activation. EMBO J. 29, 1069–1080. doi:10.1038/emboj.2010.4

Goult, B. T., Yan, J., and Schwartz, M. A. (2018). Talin as a Mechanosensitive
Signaling Hub. J. Cel Biol 217, 3776–3784. doi:10.1083/jcb.201808061

Green, H. J., and Brown, N. H. (2019). Integrin Intracellular Machinery in Action.
Exp. Cel Res. 378, 226–231. doi:10.1016/j.yexcr.2019.03.011

Harburger, D. S., Bouaouina, M., and Calderwood, D. A. (2009). Kindlin-1 and -2
Directly Bind the C-Terminal Region of β Integrin Cytoplasmic Tails and Exert
Integrin-specific Activation Effects. J. Biol. Chem. 284, 11485–11497. doi:10.
1074/jbc.m809233200

Havaki, S., Kouloukoussa, M., Amawi, K., Drosos, Y., Arvanitis, L. D., Goutas, N.,
et al. (2007). Altered Expression Pattern of Integrin Alphavbeta3 Correlates
with Actin Cytoskeleton in Primary Cultures of Human Breast Cancer. Cancer
Cel Int 7, 16. doi:10.1186/1475-2867-7-16

Hirbawi, J., Bialkowska, K., Bledzka, K. M., Liu, J., Fukuda, K., Qin, J., et al. (2017).
The Extreme C-Terminal Region of Kindlin-2 Is Critical to its Regulation of
Integrin Activation. J. Biol. Chem. 292, 14258–14269. doi:10.1074/jbc.m117.
776195

Hoellerer, M. K., Noble, M. E. M., Labesse, G., Campbell, I. D., Werner, J. M., and
Arold, S. T. (2003). Molecular Recognition of Paxillin LD Motifs by the Focal

Adhesion Targeting Domain. Structure 11, 1207–1217. doi:10.1016/j.str.2003.
08.010

Honda, S., Shirotani-Ikejima, H., Tadokoro, S., Tomiyama, Y., and Miyata, T.
(2013). The Integrin-Linked Kinase-PINCH-Parvin Complex Supports
Integrin αIIbβ3 Activation. PLoS One 8, e85498. doi:10.1371/journal.pone.
0085498

Horton, M. A. (1997). The αvβ3 Integrin "vitronectin Receptor". Int. J. Biochem. Cel
Biol. 29, 721–725. doi:10.1016/s1357-2725(96)00155-0

Huang, J., Li, X., Shi, X., Zhu, M., Wang, J., Huang, S., et al. (2019). Platelet Integrin
αIIbβ3: Signal Transduction, Regulation, and its Therapeutic Targeting.
J. Hematol. Oncol. 12, 26. doi:10.1186/s13045-019-0709-6

Humphries, J. D., Byron, A., and Humphries, M. J. (2006). Integrin Ligands at a
Glance. J. Cel Sci 119, 3901–3903. doi:10.1242/jcs.03098

Humphries, J. D., Wang, P., Streuli, C., Geiger, B., Humphries, M. J., and
Ballestrem, C. (2007). Vinculin Controls Focal Adhesion Formation by
Direct Interactions with Talin and Actin. J. Cel Biol 179, 1043–1057. doi:10.
1083/jcb.200703036

Huveneers, S., Van Den Bout, I., Sonneveld, P., Sancho, A., Sonnenberg, A., and
Danen, E. H. J. (2007). Integrin αvβ3 Controls Activity and Oncogenic Potential
of Primed C-Src. Cancer Res. 67, 2693–2700. doi:10.1158/0008-5472.can-06-
3654

Hynes, R. O. (2002). Integrins. Cell 110, 673–687. doi:10.1016/s0092-8674(02)
00971-6

Hytönen, V. P., and Vogel, V. (2008). How Force Might Activate Talin’s Vinculin
Binding Sites: SMD Reveals a Structural Mechanism. Plos Comput. Biol. 4, e24.
doi:10.1371/journal.pcbi.0040024

Hytönen, V. P., and Wehrle-Haller, B. (2016). Mechanosensing in Cell-Matrix
Adhesions - Converting Tension into Chemical Signals. Exp. Cel Res. 343,
35–41. doi:10.1016/j.yexcr.2015.10.027

Hytönen, V. P., andWehrle-Haller, B. (2014). Protein Conformation as a Regulator
of Cell-Matrix Adhesion. Phys. Chem. Chem. Phys. 16, 6342–6357. doi:10.1039/
c3cp54884h

Ito, A., Kataoka, T. R., Watanabe, M., Nishiyama, K., Mazaki, Y., Sabe, H., et al.
(2000). A Truncated Isoform of the PP2A B56 Subunit Promotes Cell Motility
through Paxillin Phosphorylation. EMBO J. 19, 562–571. doi:10.1093/emboj/
19.4.562

Iwasaki, T., Nakata, A., Mukai, M., Shinkai, K., Yano, H., Sabe, H., et al. (2002).
Involvement of Phosphorylation of Tyr-31 and Tyr-118 of Paxillin in MM1
Cancer Cell Migration. Int. J. Cancer 97, 330–335. doi:10.1002/ijc.1609

Kadrmas, J. L., and Beckerle, M. C. (2004). The LIM Domain: from the
Cytoskeleton to the Nucleus. Nat. Rev. Mol. Cel Biol 5, 920–931. doi:10.
1038/nrm1499

Kadry, Y. A., Huet-Calderwood, C., Simon, B., and Calderwood, D. A. (2018).
Kindlin-2 Interacts with a Highly Conserved Surface of ILK to Regulate Focal
Adhesion Localization and Cell Spreading. J. Cel Sci 131, jcs221184. doi:10.
1242/jcs.221184

Kanchanawong, P., Shtengel, G., Pasapera, A. M., Ramko, E. B., Davidson, M. W.,
Hess, H. F., et al. (2010). Nanoscale Architecture of Integrin-Based Cell
Adhesions. Nature 468, 580–584. doi:10.1038/nature09621

Keeble, A. H., Turkki, P., Stokes, S., Khairil Anuar, I. N. A., Rahikainen, R.,
Hytonen, V. P., et al. (2019). Approaching Infinite Affinity through Engineering
of Peptide-Protein Interaction. Proc Natl Acad Sci U S A.

Kukkurainen, S., Azizi, L., Zhang, P., Jacquier, M. C., Baikoghli, M., Von Essen, M.,
et al. (2020). The F1 Loop of the Talin Head Domain Acts as a Gatekeeper in
Integrin Activation and Clustering. J. Cel Sci 133, jcs239202. doi:10.1242/jcs.
239202

Lagarrigue, F., Paul, D. S., Gingras, A. R., Valadez, A. J., Sun, H., Lin, J., et al. (2020).
Talin-1 Is the Principal Platelet Rap1 Effector of Integrin Activation. Blood 136,
1180–1190. doi:10.1182/blood.2020005348

Legerstee, K., and Houtsmuller, A. B. (2021). A Layered View on Focal Adhesions.
Biology (Basel) 10, 1189. doi:10.3390/biology10111189

Li, H., Deng, Y., Sun, K., Yang, H., Liu, J., Wang, M., et al. (2017). Structural Basis of
Kindlin-Mediated Integrin Recognition and Activation. Proc. Natl. Acad. Sci.
U.S.A. 114, 9349–9354. doi:10.1073/pnas.1703064114

Li, M., Wang, Y., Li, M., Wu, X., Setrerrahmane, S., and Xu, H. (2021). Integrins as
Attractive Targets for Cancer Therapeutics. Acta Pharmaceutica Sinica B 11,
2726–2737. doi:10.1016/j.apsb.2021.01.004

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8520168

Ripamonti et al. Mechano-Transduction at Focal Adhesions

111

https://doi.org/10.1016/j.bpj.2010.12.3719
https://doi.org/10.1083/jcb.200503017
https://doi.org/10.1074/jbc.m110.187294
https://doi.org/10.1074/jbc.m110.187294
https://doi.org/10.1016/j.tcb.2020.12.002
https://doi.org/10.1006/excr.1996.3423
https://doi.org/10.1091/mbc.e10-09-0790
https://doi.org/10.1242/jcs.018044
https://doi.org/10.1126/science.1162912
https://doi.org/10.1126/scisignal.aaf3572
https://doi.org/10.1126/scisignal.aaf3572
https://doi.org/10.1038/344876a0
https://doi.org/10.1242/jcs.205641
https://doi.org/10.1016/j.ceb.2017.12.014
https://doi.org/10.1101/cshperspect.a005033
https://doi.org/10.1242/jcs.132316
https://doi.org/10.1016/j.molcel.2008.06.011
https://doi.org/10.1002/1873-3468.13081
https://doi.org/10.1002/1873-3468.13081
https://doi.org/10.1038/emboj.2010.4
https://doi.org/10.1083/jcb.201808061
https://doi.org/10.1016/j.yexcr.2019.03.011
https://doi.org/10.1074/jbc.m809233200
https://doi.org/10.1074/jbc.m809233200
https://doi.org/10.1186/1475-2867-7-16
https://doi.org/10.1074/jbc.m117.776195
https://doi.org/10.1074/jbc.m117.776195
https://doi.org/10.1016/j.str.2003.08.010
https://doi.org/10.1016/j.str.2003.08.010
https://doi.org/10.1371/journal.pone.0085498
https://doi.org/10.1371/journal.pone.0085498
https://doi.org/10.1016/s1357-2725(96)00155-0
https://doi.org/10.1186/s13045-019-0709-6
https://doi.org/10.1242/jcs.03098
https://doi.org/10.1083/jcb.200703036
https://doi.org/10.1083/jcb.200703036
https://doi.org/10.1158/0008-5472.can-06-3654
https://doi.org/10.1158/0008-5472.can-06-3654
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1371/journal.pcbi.0040024
https://doi.org/10.1016/j.yexcr.2015.10.027
https://doi.org/10.1039/c3cp54884h
https://doi.org/10.1039/c3cp54884h
https://doi.org/10.1093/emboj/19.4.562
https://doi.org/10.1093/emboj/19.4.562
https://doi.org/10.1002/ijc.1609
https://doi.org/10.1038/nrm1499
https://doi.org/10.1038/nrm1499
https://doi.org/10.1242/jcs.221184
https://doi.org/10.1242/jcs.221184
https://doi.org/10.1038/nature09621
https://doi.org/10.1242/jcs.239202
https://doi.org/10.1242/jcs.239202
https://doi.org/10.1182/blood.2020005348
https://doi.org/10.3390/biology10111189
https://doi.org/10.1073/pnas.1703064114
https://doi.org/10.1016/j.apsb.2021.01.004
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Liu, J., Fukuda, K., Xu, Z., Ma, Y.-Q., Hirbawi, J., Mao, X., et al. (2011). Structural
Basis of Phosphoinositide Binding to Kindlin-2 Protein Pleckstrin Homology
Domain in Regulating Integrin Activation. J. Biol. Chem. 286, 43334–43342.
doi:10.1074/jbc.m111.295352

Liu, Y., Zhu, Y., Ye, S., and Zhang, R. (2012). Crystal Structure of Kindlin-2 PH
Domain Reveals a Conformational Transition for its Membrane Anchoring and
Regulation of Integrin Activation. Protein Cell 3, 434–440. doi:10.1007/s13238-
012-2046-1

López-Colomé, A. M., Lee-Rivera, I., Benavides-Hidalgo, R., and López, E. (2017).
Paxillin: a Crossroad in Pathological Cell Migration. J. Hematol. Oncol. 10, 50.
doi:10.1186/s13045-017-0418-y

Mahabeleshwar, G. H., Feng, W., Reddy, K., Plow, E. F., and Byzova, T. V. (2007).
Mechanisms of Integrin-Vascular Endothelial Growth Factor Receptor Cross-
Activation in Angiogenesis. Circ. Res. 101, 570–580. doi:10.1161/circresaha.107.
155655

Mekhdjian, A. H., Kai, F., Rubashkin, M. G., Prahl, L. S., Przybyla, L. M., Mcgregor,
A. L., et al. (2017). Integrin-mediated Traction Force Enhances Paxillin
Molecular Associations and Adhesion Dynamics that Increase the
Invasiveness of Tumor Cells into a Three-Dimensional Extracellular Matrix.
MBoC 28, 1467–1488. doi:10.1091/mbc.e16-09-0654

Montanez, E., Ussar, S., Schifferer, M., Bösl, M., Zent, R., Moser, M., et al. (2008).
Kindlin-2 Controls Bidirectional Signaling of Integrins. Genes Dev. 22,
1325–1330. doi:10.1101/gad.469408

Moser, M., Nieswandt, B., Ussar, S., Pozgajova, M., and Fässler, R. (2008). Kindlin-
3 Is Essential for Integrin Activation and Platelet Aggregation. Nat. Med. 14,
325–330. doi:10.1038/nm1722

Nikolopoulos, S. N., and Turner, C. E. (2000). Actopaxin, a New Focal Adhesion
Protein that Binds Paxillin LD Motifs and Actin and Regulates Cell Adhesion.
J. Cel Biol 151, 1435–1448. doi:10.1083/jcb.151.7.1435

Orré, T., Joly, A., Karatas, Z., Kastberger, B., Cabriel, C., Böttcher, R. T., et al.
(2021). Molecular Motion and Tridimensional Nanoscale Localization of
Kindlin Control Integrin Activation in Focal Adhesions. Nat. Commun. 12,
3104. doi:10.1038/s41467-021-23372-w

Orré, T., Rossier, O., and Giannone, G. (2019). The Inner Life of Integrin Adhesion
Sites: From Single Molecules to Functional Macromolecular Complexes. Exp.
Cel Res. 379, 235–244. doi:10.1016/j.yexcr.2019.03.036

Pfaff, M., and Jurdic, P. (2001). Podosomes in Osteoclast-like Cells. J. Cel Sci 114,
2775–2786. doi:10.1242/jcs.114.15.2775

Pinon, P., Pärssinen, J., Vazquez, P., Bachmann, M., Rahikainen, R., Jacquier, M.-
C., et al. (2014). Talin-bound NPLYMotif Recruits Integrin-Signaling Adapters
to Regulate Cell Spreading and Mechanosensing. J. Cel Biol 205, 265–281.
doi:10.1083/jcb.201308136

Premont, R. T., Claing, A., Vitale, N., Perry, S. J., and Lefkowitz, R. J. (2000). The
GIT Family of ADP-Ribosylation Factor GTPase-Activating Proteins. J. Biol.
Chem. 275, 22373–22380. doi:10.1074/jbc.275.29.22373

Pytela, R., Pierschbacher, M. D., and Ruoslahti, E. (1985). A 125/115-kDa Cell
Surface Receptor Specific for Vitronectin Interacts with the Arginine-
Glycine-Aspartic Acid Adhesion Sequence Derived from
Fibronectin. Proc. Natl. Acad. Sci. U.S.A. 82, 5766–5770. doi:10.1073/
pnas.82.17.5766

Rahikainen, R., Von Essen, M., Schaefer, M., Qi, L., Azizi, L., Kelly, C., et al. (2017).
Mechanical Stability of Talin Rod Controls Cell Migration and Substrate
Sensing. Sci. Rep. 7, 3571. doi:10.1038/s41598-017-03335-2

Ripamonti, M., Liaudet, N., Azizi, L., Bouvard, D., Hytönen, V. P., and Wehrle-
Haller, B. (2021). Structural and Functional Analysis of LIM Domain-
dependent Recruitment of Paxillin to αvβ3 Integrin-Positive Focal
Adhesions. Commun. Biol. 4, 380. doi:10.1038/s42003-021-01886-9

Saalbach, A., Wetzel, A., Haustein, U.-F., Sticherling, M., Simon, J. C., and
Anderegg, U. (2005). Interaction of Human Thy-1 (CD 90) with the
Integrin αvβ3 (CD51/CD61): an Important Mechanism Mediating
Melanoma Cell Adhesion to Activated Endothelium. Oncogene 24,
4710–4720. doi:10.1038/sj.onc.1208559

Saltel, F., Mortier, E., Hytönen, V. P., Jacquier, M.-C., Zimmermann, P., Vogel, V.,
et al. (2009). New PI(4,5)P2- and Membrane Proximal Integrin-Binding Motifs
in the Talin Head Control β3-integrin Clustering. J. Cel Biol 187, 715–731.
doi:10.1083/jcb.200908134

Sawada, Y., and Sheetz, M. P. (2002). Force Transduction by Triton Cytoskeletons.
J. Cel Biol 156, 609–615. doi:10.1083/jcb.200110068

Schaller, M. D. (2001). Paxillin: a Focal Adhesion-Associated Adaptor Protein.
Oncogene 20, 6459–6472. doi:10.1038/sj.onc.1204786

Schiller, H. B., Friedel, C. C., Boulegue, C., and Fässler, R. (2011). Quantitative
Proteomics of the Integrin Adhesome Show a Myosin II-dependent
Recruitment of LIM Domain Proteins. EMBO Rep. 12, 259–266. doi:10.
1038/embor.2011.5

Schmalzigaug, R., Garron, M., Roseman, J., Xing, Y., Davidson, C., Arold, S., et al.
(2007). GIT1 Utilizes a Focal Adhesion Targeting-Homology Domain to Bind
Paxillin. Cell Signal. 19, 1733–1744. doi:10.1016/j.cellsig.2007.03.010

Smith, M. A., Blankman, E., Deakin, N. O., Hoffman, L. M., Jensen, C. C., Turner,
C. E., et al. (2013). LIM Domains Target Actin Regulators Paxillin and Zyxin to
Sites of Stress Fiber Strain. PLoS One 8, e69378. doi:10.1371/journal.pone.
0069378

Soto-Ribeiro, M., Kastberger, B., Bachmann, M., Azizi, L., Fouad, K., Jacquier, M.
C., et al. (2019). β1D Integrin Splice Variant Stabilizes Integrin Dynamics and
Reduces Integrin Signaling by Limiting Paxillin Recruitment. J. Cel Sci 132,
jcs224493. doi:10.1242/jcs.224493

Stutchbury, B., Atherton, P., Tsang, R., Wang, D. Y., and Ballestrem, C. (2017).
Distinct Focal Adhesion Protein Modules Control Different Aspects of
Mechanotransduction. J. Cel Sci 130, 1612–1624. doi:10.1242/jcs.195362

Su, C.-y., Li, J.-q., Zhang, L.-l., Wang, H., Wang, F.-h., Tao, Y.-w., et al. (2020). The
Biological Functions and Clinical Applications of Integrins in Cancers. Front.
Pharmacol. 11, 579068. doi:10.3389/fphar.2020.579068

Sun, X., Phua, D. Y. Z., Axiotakis, L., Jr., Smith, M. A., Blankman, E., Gong, R., et al.
(2020). Mechanosensing through Direct Binding of Tensed F-Actin by LIM
Domains. Developmental Cel 55, 468–482. doi:10.1016/j.devcel.2020.09.022

Sun, Z., Guo, S. S., and Fässler, R. (2016). Integrin-mediatedMechanotransduction.
J. Cel Biol 215, 445–456. doi:10.1083/jcb.201609037

Tanaka, T., Moriwaki, K., Murata, S., and Miyasaka, M. (2010). LIM Domain-
Containing Adaptor, Leupaxin, Localizes in Focal Adhesion and Suppresses the
Integrin-Induced Tyrosine Phosphorylation of Paxillin. Cancer Sci. 101,
363–368. doi:10.1111/j.1349-7006.2009.01398.x

Theodosiou, M., Widmaier, M., Böttcher, R. T., Rognoni, E., Veelders, M.,
Bharadwaj, M., et al. (2016). Kindlin-2 Cooperates with Talin to Activate
Integrins and Induces Cell Spreading by Directly Binding Paxillin. Elife 5,
e10130. doi:10.7554/eLife.10130

Thievessen, I., Thompson, P. M., Berlemont, S., Plevock, K. M., Plotnikov, S. V.,
Zemljic-Harpf, A., et al. (2013). Vinculin-actin Interaction Couples Actin
Retrograde Flow to Focal Adhesions, but Is Dispensable for Focal Adhesion
Growth. J. Cel Biol 202, 163–177. doi:10.1083/jcb.201303129

Turner, C. E., Brown, M. C., Perrotta, J. A., Riedy, M. C., Nikolopoulos, S. N.,
Mcdonald, A. R., et al. (1999). Paxillin LD4Motif Binds PAK and PIX through a
Novel 95-kD Ankyrin Repeat, ARF-GAP Protein: A Role in Cytoskeletal
Remodeling. J. Cel Biol 145, 851–863. doi:10.1083/jcb.145.4.851

Velyvis, A., Yang, Y., Wu, C., and Qin, J. (2001). Solution Structure of the Focal
Adhesion Adaptor PINCH LIM1 Domain and Characterization of its
Interaction with the Integrin-Linked Kinase Ankyrin Repeat Domain.
J. Biol. Chem. 276, 4932–4939. doi:10.1074/jbc.m007632200

Vogel, V. (2006). Mechanotransduction Involving Multimodular Proteins:
Converting Force into Biochemical Signals. Annu. Rev. Biophys. Biomol.
Struct. 35, 459–488. doi:10.1146/annurev.biophys.35.040405.102013

Vonlaufen, A., Wiedle, G., Borisch, B., Birrer, S., Luder, P., and Imhof, B. A. (2001).
Integrin αvβ3 Expression in Colon Carcinoma Correlates with Survival. Mod.
Pathol. 14, 1126–1132. doi:10.1038/modpathol.3880447

Wade, R., Bohl, J., and Vande Pol, S. (2002). Paxillin Null Embryonic Stem Cells
Are Impaired in Cell Spreading and Tyrosine Phosphorylation of Focal
Adhesion Kinase. Oncogene 21, 96–107. doi:10.1038/sj.onc.1205013

Webb, D. J., Donais, K., Whitmore, L. A., Thomas, S. M., Turner, C. E., Parsons,
J. T., et al. (2004). FAK-src Signalling through Paxillin, ERK and MLCK
Regulates Adhesion Disassembly. Nat. Cel Biol 6, 154–161. doi:10.1038/
ncb1094

Wegener, K. L., Basran, J., Bagshaw, C. R., Campbell, I. D., Roberts, G. C. K.,
Critchley, D. R., et al. (2008). Structural Basis for the Interaction between the
Cytoplasmic Domain of the Hyaluronate Receptor Layilin and the Talin F3
Subdomain. J. Mol. Biol. 382, 112–126. doi:10.1016/j.jmb.2008.06.087

Wegener, K. L., Partridge, A. W., Han, J., Pickford, A. R., Liddington, R. C.,
Ginsberg, M. H., et al. (2007). Structural Basis of Integrin Activation by Talin.
Cell 128, 171–182. doi:10.1016/j.cell.2006.10.048

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8520169

Ripamonti et al. Mechano-Transduction at Focal Adhesions

112

https://doi.org/10.1074/jbc.m111.295352
https://doi.org/10.1007/s13238-012-2046-1
https://doi.org/10.1007/s13238-012-2046-1
https://doi.org/10.1186/s13045-017-0418-y
https://doi.org/10.1161/circresaha.107.155655
https://doi.org/10.1161/circresaha.107.155655
https://doi.org/10.1091/mbc.e16-09-0654
https://doi.org/10.1101/gad.469408
https://doi.org/10.1038/nm1722
https://doi.org/10.1083/jcb.151.7.1435
https://doi.org/10.1038/s41467-021-23372-w
https://doi.org/10.1016/j.yexcr.2019.03.036
https://doi.org/10.1242/jcs.114.15.2775
https://doi.org/10.1083/jcb.201308136
https://doi.org/10.1074/jbc.275.29.22373
https://doi.org/10.1073/pnas.82.17.5766
https://doi.org/10.1073/pnas.82.17.5766
https://doi.org/10.1038/s41598-017-03335-2
https://doi.org/10.1038/s42003-021-01886-9
https://doi.org/10.1038/sj.onc.1208559
https://doi.org/10.1083/jcb.200908134
https://doi.org/10.1083/jcb.200110068
https://doi.org/10.1038/sj.onc.1204786
https://doi.org/10.1038/embor.2011.5
https://doi.org/10.1038/embor.2011.5
https://doi.org/10.1016/j.cellsig.2007.03.010
https://doi.org/10.1371/journal.pone.0069378
https://doi.org/10.1371/journal.pone.0069378
https://doi.org/10.1242/jcs.224493
https://doi.org/10.1242/jcs.195362
https://doi.org/10.3389/fphar.2020.579068
https://doi.org/10.1016/j.devcel.2020.09.022
https://doi.org/10.1083/jcb.201609037
https://doi.org/10.1111/j.1349-7006.2009.01398.x
https://doi.org/10.7554/eLife.10130
https://doi.org/10.1083/jcb.201303129
https://doi.org/10.1083/jcb.145.4.851
https://doi.org/10.1074/jbc.m007632200
https://doi.org/10.1146/annurev.biophys.35.040405.102013
https://doi.org/10.1038/modpathol.3880447
https://doi.org/10.1038/sj.onc.1205013
https://doi.org/10.1038/ncb1094
https://doi.org/10.1038/ncb1094
https://doi.org/10.1016/j.jmb.2008.06.087
https://doi.org/10.1016/j.cell.2006.10.048
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Wehrle-Haller, B., and Bastmeyer, M. (2014). Intracellular Signaling and
Perception of Neuronal Scaffold through Integrins and Their Adapter
Proteins. Prog. Brain Res. 214, 443–460. doi:10.1016/b978-0-444-63486-3.
00018-9

Wehrle-Haller, B. (2012). Structure and Function of Focal Adhesions. Curr. Opin.
Cel Biol. 24, 116–124. doi:10.1016/j.ceb.2011.11.001

Winkelman, J. D., Anderson, C. A., Suarez, C., Kovar, D. R., and Gardel, M. L.
(2020). Evolutionarily Diverse LIM Domain-Containing Proteins Bind Stressed
Actin Filaments through a Conserved Mechanism. Proc. Natl. Acad. Sci. U.S.A.
117, 25532–25542. doi:10.1073/pnas.2004656117

Winograd-Katz, S. E., Fässler, R., Geiger, B., and Legate, K. R. (2014). The Integrin
Adhesome: from Genes and Proteins to Human Disease. Nat. Rev. Mol. Cel Biol
15, 273–288. doi:10.1038/nrm3769

Wixler, V., Geerts, D., Laplantine, E., Westhoff, D., Smyth, N., Aumailley, M., et al.
(2000). The LIM-Only Protein DRAL/FHL2 Binds to the Cytoplasmic Domain
of Several α and β Integrin Chains and Is Recruited to Adhesion Complexes.
J. Biol. Chem. 275, 33669–33678. doi:10.1074/jbc.m002519200

Wozniak, M. A., Modzelewska, K., Kwong, L., and Keely, P. J. (2004). Focal
Adhesion Regulation of Cell Behavior. Biochim. Biophys. Acta (Bba) - Mol. Cel
Res. 1692, 103–119. doi:10.1016/j.bbamcr.2004.04.007

Wu, P. H., Opadele, A. E., Onodera, Y., and Nam, J. M. (2019). Targeting Integrins
in Cancer Nanomedicine: Applications in Cancer Diagnosis and Therapy.
Cancers (Basel) 11, 1783. doi:10.3390/cancers11111783

Wu, R. Y., and Gill, G. N. (1994). LIM Domain Recognition of a Tyrosine-
Containing Tight Turn. J. Biol. Chem. 269, 25085–25090. doi:10.1016/s0021-
9258(17)31502-8

Yao, M., Goult, B. T., Klapholz, B., Hu, X., Toseland, C. P., Guo, Y., et al. (2016).
The Mechanical Response of Talin. Nat. Commun. 7, 11966. doi:10.1038/
ncomms11966

Ye, F., Kim, C., and Ginsberg, M. H. (2012). Reconstruction of Integrin Activation.
Blood 119, 26–33. doi:10.1182/blood-2011-04-292128

Yu, C.-h., Luo, W., and Sheetz, M. P. (2012). Spatial-temporal Reorganization
of Activated Integrins. Cell Adhes. Migration 6, 280–284. doi:10.4161/cam.
20753

Zacharchenko, T., Qian, X., Goult, B. T., Jethwa, D., Almeida, T. B., Ballestrem, C.,
et al. (2016). LD Motif Recognition by Talin: Structure of the Talin-DLC1
Complex. Structure 24, 1130–1141. doi:10.1016/j.str.2016.04.016

Zaidel-Bar, R., Itzkovitz, S., Ma’ayan, A., Iyengar, R., and Geiger, B. (2007a).
Functional Atlas of the Integrin Adhesome. Nat. Cel Biol 9, 858–867. doi:10.
1038/ncb0807-858

Zaidel-Bar, R., Milo, R., Kam, Z., and Geiger, B. (2007b). A Paxillin Tyrosine
Phosphorylation Switch Regulates the Assembly and Form of Cell-Matrix
Adhesions. J. Cel Sci 120, 137–148. doi:10.1242/jcs.03314

Zhang, P., Azizi, L., Kukkurainen, S., Gao, T., Baikoghli, M., Jacquier, M. C., et al.
(2020). Crystal Structure of the FERM-Folded Talin Head Reveals the
Determinants for Integrin Binding. Proc. Natl. Acad. Sci. U S A. 117 (51),
32402–32412. doi:10.1073/pnas.2014583117

Zhang, X., Jiang, G., Cai, Y., Monkley, S. J., Critchley, D. R., and Sheetz, M. P. (2008a).
Talin Depletion Reveals independence of Initial Cell Spreading from Integrin
Activation and Traction. Nat. Cel Biol 10, 1062–1068. doi:10.1038/ncb1765

Zhang, Z. M., Simmerman, J. A., Guibao, C. D., and Zheng, J. J. (2008b). GIT1 Paxillin-
Binding Domain Is a Four-helix Bundle, and it Binds to Both Paxillin LD2 and LD4
Motifs. J. Biol. Chem. 283, 18685–18693. doi:10.1074/jbc.m801274200

Zhu, C., Kong, Z., Wang, B., Cheng, W., Wu, A., and Meng, X. (2019a). ITGB3/
CD61: a Hub Modulator and Target in the Tumor Microenvironment. Am.
J. Transl Res. 11, 7195–7208.

Zhu, J., Zhou, Q., Xia, Y., Lin, L., Li, J., Peng, M., et al. (2020). GIT/PIX Condensates
Are Modular and Ideal for Distinct Compartmentalized Cell Signaling.Mol. Cel
79, 782–796. doi:10.1016/j.molcel.2020.07.004

Zhu, L., Liu, H., Lu, F., Yang, J., Byzova, T. V., and Qin, J. (2019b). Structural Basis
of Paxillin Recruitment by Kindlin-2 in Regulating Cell Adhesion. Structure 27,
1686–1697. doi:10.1016/j.str.2019.09.006

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 Ripamonti, Wehrle-Haller and de Curtis. 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 April 2022 | Volume 10 | Article 85201610

Ripamonti et al. Mechano-Transduction at Focal Adhesions

113

https://doi.org/10.1016/b978-0-444-63486-3.00018-9
https://doi.org/10.1016/b978-0-444-63486-3.00018-9
https://doi.org/10.1016/j.ceb.2011.11.001
https://doi.org/10.1073/pnas.2004656117
https://doi.org/10.1038/nrm3769
https://doi.org/10.1074/jbc.m002519200
https://doi.org/10.1016/j.bbamcr.2004.04.007
https://doi.org/10.3390/cancers11111783
https://doi.org/10.1016/s0021-9258(17)31502-8
https://doi.org/10.1016/s0021-9258(17)31502-8
https://doi.org/10.1038/ncomms11966
https://doi.org/10.1038/ncomms11966
https://doi.org/10.1182/blood-2011-04-292128
https://doi.org/10.4161/cam.20753
https://doi.org/10.4161/cam.20753
https://doi.org/10.1016/j.str.2016.04.016
https://doi.org/10.1038/ncb0807-858
https://doi.org/10.1038/ncb0807-858
https://doi.org/10.1242/jcs.03314
https://doi.org/10.1073/pnas.2014583117
https://doi.org/10.1038/ncb1765
https://doi.org/10.1074/jbc.m801274200
https://doi.org/10.1016/j.molcel.2020.07.004
https://doi.org/10.1016/j.str.2019.09.006
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


Adhesion of Dictyostelium Amoebae
to Surfaces: A Brief History of
Attachments
Lucija Mijanović and Igor Weber*

Division of Molecular Biology, Ruđer Bošković Institute, Zagreb, Croatia

Dictyostelium amoebae adhere to extracellular material using similar mechanisms to
metazoan cells. Notably, the cellular anchorage loci in Amoebozoa and Metazoa are both
arranged in the form of discrete spots and incorporate a similar repertoire of intracellular
proteins assembled into multicomponent complexes located on the inner side of the
plasma membrane. Surprisingly, however, Dictyostelium lacks integrins, the canonical
transmembrane heterodimeric receptors that dominantly mediate adhesion of cells to the
extracellular matrix in multicellular animals. In this review article, we summarize the
current knowledge about the cell-substratum adhesion in Dictyostelium, present an
inventory of the involved proteins, and draw parallels with the situation in animal cells. The
emerging picture indicates that, while retaining the basic molecular architecture common
to their animal relatives, the adhesion complexes in free-living amoeboid cells have
evolved to enable less specific interactions with diverse materials encountered in their
natural habitat in the deciduous forest soil. Dissection of molecular mechanisms that
underlay short lifetime of the cell-substratum attachments and high turnover rate of the
adhesion complexes in Dictyostelium should provide insight into a similarly modified
adhesion phenotype that accompanies the mesenchymal-amoeboid transition in tumor
metastasis.

Keywords: cell-substratum adhesion, adhesion receptors, cell migration, actin cytoskeleton, amoebozoa, integrins,
mesenchymal-amoeboid transition

INTRODUCTION

The mid-1980s, when integrins were being unraveled as the receptors that mediate cellular adhesion
to extracellular matrix in mammals and other animals (Hynes, 1987, 2004), also witnessed
prominent activity in the characterization of the adhesion of unicellular amoeba Dictyostelium
discoideum to external surfaces (Gingell and Vince, 1982; Owens et al., 1987, 1988). Dictyostelium as
model organism was on the forefront of the homotypic cell-cell adhesion research (Beug et al., 1973),
but its use as a model for the cell-substratum adhesion was hampered by the lack of a well-defined
extracellular matrix. The early work was therefore focused on the influence of the physico-chemical
characteristics of various glass coatings on cell adhesion. Briefly, it turned out thatDictyostelium cells
adhered strongly to hydrophobic and positively charged surfaces and weaker to hydrophilic surfaces
(Gingell and Vince, 1982; Owens et al., 1988). Of special importance was the introduction of
antiadhesive coatings based on entropic repulsion of long polyethylene glycol chains, a concept that
has been frequently used ever since to abrogate adhesion of cells to underlying surfaces (Owens et al.,
1987; Amiji and Park, 1992). This early body of work by Gingell and co-workers is also significant
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because of the extensive use of reflection interference contrast
microscopy (RICM) and the introduction of internal reflection
aqueous fluorescence microscopy for quantitative assessment of
adhesion zones (Gingell and Vince, 1982; Todd et al., 1988).

In the 1990s, it was discovered that aggregation-competent cells
canmigrate with surprisingly little interaction with the substratum,
forming discrete attachment spots with a footprint of less than 10%
of the cell surface (Wessels et al., 1994; Weber et al., 1995). These
attachment zones visible in RICMmust, however, be distinguished
from much smaller punctuate structures at the bottom cell
membrane such as the actin-rich podosomes (Fukui and Inoué,
1997) and the ventral adhesion foci (Patel et al., 2008) (Table 1). A
major step forward in the molecular characterization of the
adhesion apparatus arrived with the cloning of a Dictyostelium
talin homologue, talin A (Kreitmeier et al., 1995), which proved to
be vital for cell-substratum and EDTA-sensitive cell-cell adhesion
(Niewöhner et al., 1997). It was soon discovered that talin A and
other proteins such as myosin VII and paxillin B localized to the
ventral adhesion foci, the transient punctuate structures at the cell
membrane closely apposed to the underlying surface (Kreitmeier
et al., 1995; Bukharova et al., 2005; Patel et al., 2008). Their
composition, dot-like appearance and immobility relative to the
substratum resembled the focal adhesions well-known from
fibroblasts and other mammalian cells in culture, which are,

however, invariably coupled to transmembrane heterodimeric
receptors integrins (Legerstee and Houtsmuller, 2021). Although
putative adhesion receptors in Dictyostelium were
subsequently identified, only SibA showed a limited relatedness
to integrin beta subunit, primarily at its C-terminus (Cornillon
et al., 2006).

A hallmark of the metastatic spread of tumor cells, the
mesenchymal-amoeboid transition, is accompanied by a
profound loss of cell adhesion to the extracellular matrix and
the disappearance of canonical focal adhesions (Liu et al., 2015).
Amoeboid mode of migration inDictyostelium amoeba presents a
good model for the migration of metastatic cells in humans,
especially since the two organisms share the basic biophysical and
regulatory mechanisms responsible for the actin-driven
locomotion (Artemenko et al., 2014; Filić et al., 2021). It may
seem surprising that much more is known about the structure,
assembly, regulation and function of the focal adhesion
complexes in mammals than about their apparently much
simpler counterparts in Dictyostelium. However, the
Dictyostelium punctuate adhesion contacts are small, fragile
and short-lived, and as such still elude more comprehensive
characterization. In the following, we provide an inventory of
proteins involved in the cell-substratum adhesion in
Dictyostelium (Table 2).

TABLE 1 | Reported observations and composition of punctuate structures at the cell-substratum interface in Dictyostelium cells in chronological order. Abbreviations:
IF—immunofluorescence; DIC—differential interference contrast; TEM—transmission electron microscopy; GFP—green fluorescent protein; TIRF—total internal
reflection of fluorescence; RICM—reflection interference contrast microscopy; TalA—talin A; TalB—talin B; MyoIB—myosin IB; ABP120—actin binding protein; Arp3—actin-
related protein three; PaxB—paxillin B; RasGEF—Ras guanine nucleotide-exchange factor; RapGAP1—Rap GTPase-activating protein one; VinA—vinculin A;
CtxI—cortexillin I.

Observation Protein localization References

First report on dot-like structures in Dictyostelium, ultrastructural
evidence for outgrowing actin filaments (actin dots/eupodia)

F-actin (rhodamine-phalloidin) Yumura and
Kitanishi-Yumura, (1990)

Punctuate attachments to the substratum are localized at the filopod tips
and underneath cell bodies (ventral foci)

TalA (IF) Kreitmeier et al. (1995)

Eupodia imaged by DIC microscopy and IF, TalA is not enriched in
F-actin-enriched dots (eupodia)

F-actin (IF, rhodamine-phalloidin), TalA (IF), α-actinin (IF), MyoB
(IF); the latter two proteins localize to eupodia

Fukui and Inoué, (1997)

Localization of actin-binding proteins and ultrastructure of eupodia (TEM) F-actin (rhodamine-phalloidin), coronin (IF), fimbrin (IF) and
ABP120 (IF) localize to eupodia

Fukui et al. (1999)

Actin dots are sites of close contact to the substratum (RICM) and the
anchorage points of the traction force transmission

GFP-actin, average lifetime is 20 s Uchida and Yumura, (2004)

Actin dots have an average lifetime of 15–20 s Actin (GFP) and Arp3 (GFP), TIRF Bretschneider et al. (2004)
Ventral foci are stationary relative to the substratum during cell migration TalA (GFP) and F-actin (rhodamine-phalloidin) only partially co-

localize in the ventral foci
Hibi et al. (2004)

Speckled patterns of staining in regions near the cell membrane closely
apposed to the substratum

TalB (IF) Tsujioka et al. (2004)

Unusually strong accumulation of actin in the dots in phg2- cells Phg2-GFP is not localized to the actin-rich puncta Gebbie et al. (2004)
PaxB localizes to long lived stationary foci at the cell/substratum interface PaxB (GFP) is localized to ventral foci distinct from the actin-rich

contact dots (ABD-mRFPmars)
Bukharova et al. (2005)

Number of actin dots is increased in RasGEF GbpD-overexpressing cells
compared to GbpD- cells

F-actin (LimEΔcoil-GFP) Bosgraaf et al. (2005)

GFP-RapGAP1 localizes to dots stained with TRITC-phalloidin RapGAP1 (GFP) Jeon et al. (2007a)
At least two populations of small stationary spots located at the interface
of the cells with the substratum

TalA and PaxB are sequentially recruited to discrete ventral foci
visible in TIRF

Patel et al. (2008)

Abberant localization and turnover of ventral foci in frmA- cells PaxB (GFP), TalA (GFP) Patel et al. (2008)
PaxB-containing ventral foci do not form in talA-/talB- cells, but actin-
containing dots do form

PaxB (GFP) and actin (GFP) Tsujioka et al. (2008)

Dots enriched in F-actin are the anchorage points of traction forces F-actin (GFP-ABD120k) Iwadate and Yumura, (2008)
VinA and PaxB localize to the ventral foci VinA (GFP), PaxB (GFP) Nagasaki et al. (2009)
Spot-like localization of SadA observed by TIRF SadA (GFP) Kamprad et al. (2018)
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MOLECULAR INVENTORY: ADHESION
RECEPTORS AND THEIR BINDING
PARTNERS
After the identification of a crucial role played by a Dictyostelium
talin orthologue in cell-substratum adhesion (Niewöhner et al.,
1997), it appeared plausible that this process relied on a variant of
integrin-mediated adhesive complexes (IACs), similar to those
found in Metazoa (Kang et al., 2021). A quest to identify
candidate adhesion receptors began by a screen of randomly
generated mutants for defects in phagocytosis (Cornillon et al.,
2000). The screen exposed Phg1A, a protein belonging to the
transmembrane nine family (TM9) with the typical large
extracellular domain and nine hydrophobic C-terminal
transmembrane domains (Froquet et al., 2008), soon followed
by the discovery of related TM9 proteins Phg1B and Phg1C
(Benghezal et al., 2003). Characterization of single and double
knock-outs of Phg1A and Phg1B revealed a severe defect in
adhesion of phg1A- cells to hydrophilic particles and suggested a
synergistic effects of the two proteins in controlling the adhesion
(Cornillon et al., 2000; Benghezal et al., 2003). Concomitantly to

TM9 proteins, yet another protein with nine putative
transmembrane domains, SadA, was shown to be important
for adhesion in Dictyostelium. sadA- cells were unable to
attach to plastic dishes and to spread, and their phagocytosis
was strongly impaired (Fey et al., 2002; Froquet et al., 2012). Since
SadA contains three conserved extracellular EGF-like repeats that
are also present in integrins and tenascins, it was suggested that it
represents a genuine adhesion receptor (Fey et al., 2002). It was
later shown that the cytoplasmic tail of SadA interacts with the
talin A/myosin VII complex (Tuxworth et al., 2005; Cornillon
et al., 2006), and with cortexillin I (Kowal and Chisholm, 2011),
indicating a link to the actin cytoskeleton.

The most likely candidate for the main adhesion receptor in
Dictyostelium, however, was identified in another random
mutagenesis screen and named SibA (similar to integrin beta
A) (Cornillon et al., 2006). As indicated by its name, SibA is a type
I transmembrane protein with features similar to metazoan
integrin β-chains, e.g. an extracellular Von Willebrandt A
domain and a single glycine-rich transmembrane domain, but
also with significant structural differences in comparison to
integrin β (Cornillon et al., 2006). There are four close

TABLE 2 | Knock-out phenotypes and relevant interactors of core proteins involved in the regulation of the cell-substratum adhesion in Dictyostelium. The list does not
include a number of proteins that were found to influence the adhesion but were not characterized in detail. The phenotype of knock-out strains was described only in the
context of the cell-substratum adhesion. The interactions were mostly identified using pull-down and co-immunoprecipitation assays. Additionaly, some binding partners
were detected by GDI (guanine nucleotide dissociation inhibitor) and GAP (GTPase-activating protein) assays, RapA activation assay and yeast-two-hybrid assay.
Abbreviations: HL5—HL5 nutrient medium; PB—phosphate buffer; MFA—microfluidic assay; CtxI—cortexillin I; TalA—talin A; TalB—talin B; MyoVII—myosin VII;
PldB—phospholipase D. An asterisk (*) indicates conflicting reports.

Protein Knock-out Phenotype Interactors References

Phg1A reduced attachment to glass in HL5; SibA mRNA and total
protein levels low, SibA surface levels low

Cornillon et al. (2000), Benghezal et al. (2003), Gebbie et al.
(2004), Froquet et al. (2012)

Phg1B reduced attachment to glass in HL5 (thermosensitive defect);
double phg1A-/phg1B−

—reduced attachment to glass in HL5,
slightly reduced in PB

Benghezal et al. (2003)

SadA abolished attachment to plastic in HL5; reduced attachment to
glass in PB (MFA); SibA protein surface levels low, total level of
SibA low

CtxI Fey et al. (2002), Kowal and Chisholm (2011), Froquet et al.
(2012), Tarantola et al. (2014)

SibA reduced attachment to glass in PB (MFA) TalA Cornillon et al. (2006), Tarantola et al. (2014)
Phg2 reduced attachment to plastic in HL5; reduced attachment to

glass in HL5; increased attachment in PB on filters
RapA Gebbie et al. (2004), Kortholt et al. (2006), Jeon et al. (2007b)

Talin A reduced attachment to plastic in HL5*; normal attachment to
plastic in HL5*; reduced attachment to glass in HL5; reduced
attachment to glass in PB (also in MFA); reduced attachment to
albumin-coated glass

MyoVII; Sib family proteins
(SibA-SibE)

Niewöhner et al. (1997)*; Simson et al. (1998), Gebbie et al.
(2004), Tuxworth et al. (2005), Cornillon et al. (2006), Ibarra
et al. (2006), Kortholt et al. (2006)*, Tarantola et al. (2014),
Plak et al. (2016)*

Talin B normal attachment to plastic in HL5; double talA-/talB-

—abolished attachment to substratum in HL5
RapA Patel et al. (2008), Plak et al. (2016)

Paxillin B reduced attachment to plastic in HL5; reduced attachment to
glass in PB; expression of PldB restores wild-type adhesion
levels

PldB Bukharova et al. (2005), Patel et al. (2008), Nagasaki et al.
(2009), Pribic et al. (2011)

Myosin VII reduced attachment to plastic in HL5; strongly reduced
attachment to glass in HL5; TalA levels reduced

TalA Titus (1999), Tuxworth et al. (2001), Tuxworth et al. (2005),
Gebbie et al. (2004), Ibarra et al. (2006), Kortholt et al. (2006),
Galdeen et al. (2007)

FrmA increased attachment to plastic in HL5; mislocalization and
altered turnover of TalA and PaxB in adhesion foci

Patel et al. (2008)

RapA lethal; knock-down via antisense RNA—decreased growth and
viability

PI3K; Phg2; GbpD;
RapGAP1; RapGAPB; TalB

Kang et al. (2002), Gebbie et al. (2004), Kortholt et al. (2006),
Kortholt et al. (2010), Jeon et al. (2007a), Jeon et al. (2007b),
Parkinson et al. (2009), Plak et al. (2016)

GbpD reduced attachment to plastic in PB RapA Bosgraaf et al. (2005), Kortholt et al. (2006)
RapGAP1 increased attachment in PB on filters RapA Jeon et al. (2007a)
RapGAPB increased attachment to plastic in HL5 RapA Parkinson et al. (2009)
RapC increased attachment in PB on filters Park et al. (2018a), Jeon et al. (2021), Kim et al. (2021)
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homologs of SibA (SibB to SibE) in Dictyostelium and all of them
bind talin A via their cytosolic domain (Cornillon et al., 2006).
Only SibA and SibC are expressed abundantly in vegetative cells
and their individual genetic inactivation caused a partial loss of
adhesion to various substrata and particles, but generation of a
double sibA-/sibC- knockout strain failed, suggesting possible
lethality (Cornillon et al., 2008). Taken together, the present
state of knowledge about the transmembrane proteins involved in
the regulation of adhesion to external surfaces suggests that Sib
proteins are the primary receptors, whereas SadA and Phg1
proteins play an auxiliary and regulatory role. The expression
level, stability and targeting of SibA to the cell surface are
influenced by Phg1A and SadA (Froquet et al., 2012).
Compared to wild-type, SibA, SadA and Phg1 deficient cells
exhibit comparable defects in phagocytosis and the adhesion
to underlying surfaces (Fey et al., 2002; Benghezal et al., 2003;
Froquet et al., 2012; Tarantola et al., 2014).

The phosphorylation of functional motifs in the cytoplasmic
integrin tails leads to conformational changes that enable the
recruitment of downstream proteins such as 14-3-3, talin, and
kindlin (Gahmberg and Grönholm, 2022). Most integrin β-tails
contain conserved NPXY motifs that belong to a recognition
sequence for phosphotyrosine-binding (PTB) domains
(Calderwood et al., 2003). Besides PTBs, Src homology 2
(SH2) domains also bind phosphorylated tyrosine and are
important in integrin signaling (Gahmberg and Grönholm,
2022). Instead by canonical tyrosine kinases, tyrosine
phosphorylation in Dictyostelium is mediated by tyrosine
kinase-like (TLK) proteins (Goldberg et al., 2006). While some
TLKs are known to phosphorylate tyrosines exclusively, e.g. ZakA
and Dpyk2-4, the others are dual-specificity kinases, e.g. SplA and
Shk1 (Goldberg et al., 2006). The prime adhesion receptor in
Dictyostelium, SibA, contains two NPXY motifs (Cornillon et al.,
2006). It was shown that the membrane-proximal NPXY motif is
essential for binding of SibA to talin A similar to situation in
metazoa, thus suggesting that SibA might be regulated in a
manner analogous to integrins (Cornillon et al., 2006; Anthis
et al., 2009).

FERM (the four-point-one, ezrin, radixin andmoesin) domain
proteins encompass, together with paxillin and vinculin, the core
members of IAC in metazoans (Calderwood et al., 2013), and
seven have been identified inDictyostelium: talin A and B, myosin
VII, myosin G, and FrmA-C (Patel et al., 2008; Breshears et al.,
2010). The importance for the cell-substratum adhesion of the
first characterized member, talin A, lived up to expectations: talA-

cells showed varying degrees of weakened adhesion to multiple
substrata (Niewöhner et al., 1997; Simson et al., 1998; Gebbie
et al., 2004; Tarantola et al., 2014), and defective uptake of various
particles (Niewöhner et al., 1997; Gebbie et al., 2004). Talin A is
the first protein to show up in the nascent ventral adhesion foci
and at the distal ends of attached filopodia (Kreitmeier et al., 1995;
Patel et al., 2008), but is also present at the trailing regions of
locomoting cells (Hibi et al., 2004; Tuxworth et al., 2005; Tsujioka
et al., 2012). Cells lacking another talin paralog in Dictyostelium,
talin B, show only slightly impaired adhesion to the substratum,
but when both talins are inactivated, the double KO cells are
unable to attach at all when cultivated in the HL5 nutrient

medium (Tsujioka et al., 2008; Plak et al., 2016). Paxillin B is
a close homolog of mammalian paxillin, contains four highly
conserved LIM domains and four paxillin LD domains, and is
recruited to the tips of filopodia and the ventral adhesion foci
sequentially after talin A (Bukharova et al., 2005; Patel et al., 2008;
Nagasaki et al., 2009). Cells lacking paxillin B are defective in
adhesion to substrata, but, interestingly, its overexpression was
also reported to impair adhesion (Bukharova et al., 2005; Duran
et al., 2009; Nagasaki et al., 2009). A class VII myosin is also
enriched in the ventral adhesion foci and the filopodia tips
(Tuxworth et al., 2001; Petersen et al., 2016), whereas the
myoVII- cells show reduced attachment areas and diminished
binding to particles (Tuxworth et al., 2001; Gebbie et al., 2004).
Dictyostelium vinculins A and B possess regions with binding
sites for α-actinin, talin, paxillin and actin, similar to human
vinculin (Nagasaki et al., 2009; Huber and O’Day, 2012). Vinculin
A appears to localize to the ventral adhesion foci, but its
importance for the cell-substratum adhesion in general has not
been investigated, apart from its requirement for cytokinesis in
cells devoid of a functional myosin II (Nagasaki et al., 2009).

Similar localizations and mutant phenotypes indicated that
talin A, paxillin B and myosin VII belong to the same complex,
probably related to metazoan IACs. Indeed, it was shown that
talin A is stabilized against degradation via its interaction with the
myosin VII tail (Gebbie et al., 2004; Tuxworth et al., 2005;
Galdeen et al., 2007). Although the two proteins do not
depend on each other for localization (Tuxworth et al., 2005),
formation of the complex prolongs the residence of myosin VII
on the plasma membrane (Galdeen et al., 2007). FrmA is required
for the proper cell-substratum adhesion by promoting the
turnover of the ventral adhesion structures (Patel et al., 2008).
In frmA− cells, the ventral adhesion foci containing paxillin B
localize aberrantly around the circumference of the cell-
substratum contact area and the persistence of these foci
increases greatly, which is probably responsible for an
increased adhesion of the mutant cells to the substratum
(Patel et al., 2008). On the other hand, frmB− cells have a
significantly reduced adhesion (Kim et al., 2017). Multiple
evidence about functional analogies and interactions between
the FERM and the transmembrane proteins strengthens the
notion that they assemble into transient structures of the IAC
type. For instance, the talin A/myosin VII complex interacts with
the conserved cytosolic domain of Sib family proteins (Tuxworth
et al., 2005; Cornillon et al., 2006). Also, adhesion defects of talA-

andmyoVII- cells are more pronounced on hydrophilic substrata,
similar to those of phg1- and phg2- cells, suggesting an
involvement in the same process (Gebbie et al., 2004). Small
GTPase Rap1 is considered to be one of the key regulators of cell
adhesion in Metazoa via its direct and indirect interactions with
talin (Calderwood et al., 2013; Zhang et al., 2014; Zhu et al., 2017).
In Dictyostelium too, RapA interacts directly with the RA domain
of talin B, and regulates talin B signaling by local allosteric
activation rather than by its recruitment (Plak et al., 2016).
Since the deletion of RapA is likely lethal (Kang et al., 2002;
Jeon et al., 2007b), data about the role of RapA in cell adhesion are
based on overexpressor strains and genetic deletion of its
regulators. Overexpression of active RapA in wild-type cells
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strongly increases adhesion (Rebstein et al., 1993; Jeon et al.,
2007b, 2021), in single talA- or talB- the effect is modest, while in
double mutants there is no effect, suggesting that RapA regulates
cell-substratum adhesion also via an indirect activation of Talin A
(Plak et al., 2016), similar to the activation of Talin1 by RIAM
proteins in mammalian cells (Lagarrigue et al., 2016). Consistent
with these results, cells lacking the RapGEF GbpD are more
loosely attached to the substratum compared to wild-type cells,
while activation of RapA by GbpD leads to a stronger attachment
(Bosgraaf et al., 2005; Kortholt et al., 2006). Further corroboration
of a positive role played by RapA in promoting cell-substratum
adhesion comes from the studies of RapGAP proteins. So, the lack
of RapGAP1, as well as of RapGAPB, leads to an increase in cell
attachment, whereas RapGAP1-overexpressing cells are weakly
attached to the substratum (Jeon et al., 2007a; Parkinson et al.,
2009).

OTHER LIAISONS

Attachment of cells to external surfaces, especially during
locomotion, depends also on other processes within the actin
cytoskeleton in addition to adhesion. A classic example is the
myosin II-driven contractility that supports detachment of the
rear end of migrating cells (Jay et al., 1995). It has thus been
proposed that RapA, in addition to its talin-mediated role,
negatively controls myosin II assembly through the activation
of the serine/threonine kinase Phg2 specifically at the leading
edges of migrating and dividing cells (Kortholt et al., 2006; Jeon
et al., 2007a). Indeed, phg2- cells are strongly impaired in cell-
substratum adhesion and form exceedingly large assemblies of
F-actin at the ventral cell surface, suggesting an additional actin
depolymerization activity of Phg2 (Gebbie et al., 2004), possibly
related to the established role of mammalian serine/threonine
kinases in the regulation of integrin-mediated adhesion
(Bachmann et al., 2019). Another evidence that the spatial
balance in actin polymerization influences cell adhesion comes
from the cells lacking a functional SCAR/WAVE complex, which
show reduced cell–substratum interactions in migration,
although they still possess actin pseudopods (Veltman et al.,
2012). This finding thus indicates a specific role of SCAR/WAVE
in regulating the strength of the cellular traction stresses
(Bastounis et al., 2011). Cells lacking a component of the
SCAR/WAVE complex NapA have an even more pronounced
adhesion defect, suggesting additional involvement of NapA in a
SCAR/WAVE-independent pathway (Ibarra et al., 2006).

A number of other proteins were connected to the regulation of
the cell-substratum adhesion inDictyostelium, but the mechanisms
of their action have not been clarified. For example, RapC is a close
homolog of RapA with antagonistic functions in cell adhesion and
migration, since rapC- cells show an increased substratum
adhesion (Park et al., 2018a; Kim et al., 2021). Interestingly,
mammalian Rap2 was found to promote integrin-dependent
adhesion similar to Rap1 (McLeod et al., 2004). Increased cell-
substratum adhesion has also been detected in Dictyostelium cells
lacking AmpA and Sma (Kelsey and Blumberg, 2013), SepA
(Müller-Taubenberger et al., 2009), coronin 7 (Shina et al.,

2010b), dynamin B (Rai et al., 2011), copine A (Buccilli et al.,
2019), KrsB (Artemenko et al., 2012), SpdA (Dias et al., 2016),
LrrkA (Bodinier et al., 2021), and in mutants identified in a screen
for increased cell attachment, e.g. PTEN, HtmA, AraA, DspA, and
AbnC (Lampert et al., 2017). In mammals, coronin 1 is important
for integrin β2 translocation to the platelet surface (Riley et al.,
2020), dynamin 2 was shown to control Rap1 activation via FAK/
Pyk2 and RapGEF leading to integrin clustering in T lymphocytes
(Eppler et al., 2017), whereas PTEN reduces tyrosine
phosphorylation by FAK and thereby negatively regulates the
formation of focal adhesions and spreading in fibroblasts
(Tamura et al., 1998). Conversely, diminished adhesion of
Dictyostelium cells has been reported after the knock-out of
genes coding for Gp130 (Chia et al., 2005), Ate1 (Batsios et al.,
2019), Cbp7 (Park et al., 2018b), ForH (Schirenbeck et al., 2005),
Ino1 (Frej et al., 2016), LrrA (Liu et al., 2005), and SecG (Shina
et al., 2010a). Cytohesin 1, a mammalian homolog of SecG, was
shown to bind β2 integrin chain in T lymphocytes (Kolanus et al.,
1996). Mutant Dictyostelium cells devoid of IBARa have been
described as lacking the dynamic spreading behavior characteristic
for wild-type cells (Linkner et al., 2014).

CONCLUDING REMARKS

Among over 200 human adhesome proteins, fewer than 50 are
found in Dictyostelium (Zaidel-Bar, 2009). Although the adhesive
properties of Dictyostelium cells are remarkably similar to those
of animals, most Dictyostelium adhesion molecules have little
sequence similarity to animal proteins (Abedin and King, 2010).
However, over the past decade, integrins and other components
of the IAC (or adhesome) were identified outside of Metazoa,
leading to the suggestion that the IAC and associated proteins
have a more ancient evolutionary origin than previously
anticipated (Abedin and King, 2010; Sebé-Pedrós et al., 2010;
Kang et al., 2021), similar to proteins involved in other cell
adhesion systems (Harwood and Coates, 2004; Murray and
Zaidel-Bar, 2014). Based on the sequenced genomes of
Dictyostelium discoideum and Acanthamoeba castellanii, it was
thought until recently that integrins α and β were not represented
in Amoebozoa (Cavalier-Smith, 2017). However, a recent
examination of 113 genomes and transcriptomes identified
integrin α homologs in 23 and integrin β homologs in 19
amoebozoan taxa (Kang et al., 2021). Peculiarly, no evidence
of integrins was found in the few lineages of Amoebozoa that
aggregate to form tissue-like assemblies, such as Dictyostelida,
although they produce an elaborate ECM during multicellular
development (Huber and O’Day, 2017). It is probable that this is
due to a secondary loss of integrins and other IAC components in
majority of amoebozoan taxa, similar to the situation in the
closest relative of animals, Choanoflagellata, which also lack
integrins. One should also not completely dismiss a tantalizing
possibility that some IAC components, including integrins, were
lost during axenic selection of common laboratory strains such as
the AX4 whose genome was sequenced (Eichinger et al., 2005;
Bloomfield et al., 2008). Since integrin repeats were identified in
two phyla of Asgard archaea (Liu et al., 2021), it is highly likely
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that integrins were present in the common ancestor of
Amoebozoa and Metazoa. Very little is known about the
function of amoebozoan integrins, but they are probably
involved in the adhesion to external surfaces as in unicellular
holozoans (Custodio et al., 1995; Parra-Acero et al., 2020).
Interestingly, many amoebozoan species contain either
integrins α or β, and yet possess all the signaling components
of the IAC (Kang et al., 2021). It would therefore be interesting to
examine the functional consequences of a possible integrin
homodimerization in these organisms.

It would be of immediate interest to invest more work into the
characterization of Dictyostelium adhesome/IAC. One obvious
strategy would be to use the powerful tools of proteomics that
were utilized to establish a consensus core adhesome of 60
proteins in mammals (Horton et al., 2015). A complementary,
ultrastructural approach should be used to obtain a three-
dimensional reconstruction of ventral focal adhesion
complexes using cryo-electron tomography (Patla et al., 2010).
It has been proposed that the focal adhesions mediate the cell
attachment by suppressing the repulsive thermal undulations of
the cell plasma membrane (Zidovska and Sackmann, 2006;
Huang et al., 2012; Fenz et al., 2017). The use of discrete,
punctuate adhesive contacts between the cell and its
substratum appears to be a universal strategy to accomplish a
contact between the two surfaces with a minimal investment of

multiprotein assemblies. The emerging Dictyostelium adhesome
and a relative ease in manipulating the adhesive conditions in this
organism might provide a fruitful independent testing ground of
this concept (Loomis et al., 2012).
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The Connection Between Rap1 and
Talin1 in the Activation of Integrins in
Blood Cells
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Integrins regulate the adhesion and migration of blood cells to ensure the proper
positioning of these cells in the environment. Integrins detect physical and chemical
stimuli in the extracellular matrix and regulate signaling pathways in blood cells that mediate
their functions. Integrins are usually in a resting state in blood cells until agonist stimulation
results in a high-affinity conformation (“integrin activation”), which is central to integrins’
contribution to blood cells’ trafficking and functions. In this review, we summarize the
mechanisms of integrin activation in blood cells with a focus on recent advances
understanding of mechanisms whereby Rap1 regulates talin1-integrin interaction to
trigger integrin activation in lymphocytes, platelets, and neutrophils.

Keywords: integrin activation, cell adhesion, cell migration, signaling, blood cells

INTRODUCTION

Integrin receptors are heterodimeric α and β cell adhesion molecules that play essential roles in
cell-to-cell, cell-to-extracellular matrix, and cell-to-pathogen interactions (Hynes, 2002; Hogg
et al., 2011). Integrins regulate signaling pathways in blood cells to mediate cell adhesion, cell
migration, cell proliferation and cell differentiation (Schwartz et al., 1995; Hynes, 2002). Blood
cells, including leukocytes and platelets, dynamically increase the affinity of integrins for their
ligands (activation). This is a central event for many cellular functions (Tadokoro et al., 2003;
Shattil et al., 2010). Leukocyte integrins β1, β2, and β7 are essential for innate and adaptive
immune responses (Hynes, 2002; Luo et al., 2007; Hogg et al., 2011; Vestweber, 2015); and also
contribute to many cardiovascular diseases, including atherosclerosis, thrombosis, stroke and
peripheral arterial disease (Clemetson and Clemetson, 1998; Galkina and Ley, 2007; Lal et al.,
2007; Lu et al., 2008). When rolling leukocytes are stimulated by chemokines or cytokines, the
integrins thus activated interact with their ligands on endothelial cells and induce cell arrest and
then extravasation during inflammatory responses (Hynes, 2002; Ley et al., 2007). Likewise,
binding of integrin αIIbβ3 to its ligand in a high affinity state is a critical step to enable both
stable adhesion to the vessel wall and platelet aggregation for effective hemostasis (Bennett and
Vilaire, 1979).

Rap1 GTPases act as a molecular switch that controls talin1-dependent activation (Bos et al., 2001;
Bos et al., 2003) of β1 (Tadokoro et al., 2003; Shattil et al., 2010), β2 (Katagiri et al., 2003; Simonson
et al., 2006), β3 (Petrich et al., 2007a; Petrich et al., 2007b; Nieswandt et al., 2007; Haling et al., 2011),
and β7 (Sun et al., 2014; Sun et al., 2018) and integrins. The Rap1-interacting adaptor molecule
(RIAM) is an effector of Rap1 that mediating this function in leukocytes (Klapproth et al., 2015; Su
et al., 2015; Lagarrigue et al., 2017; Sun et al., 2021). Recent work indicates that direct Rap1 binding to
talin1 plays a vital role in integrin activation in platelets (Bromberger et al., 2018; Lagarrigue et al.,
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2018; Lagarrigue et al., 2020) and also contributes to integrin
activation in leukocytes (Lagarrigue et al., 2020; Bromberger et al.,
2021; Lagarrigue et al., 2022).

In this review, we discuss recent insights into the mechanisms
of talin1 recruitment to integrins and their subsequent activation
in blood cells, focusing on the function of the Rap1-talin1 axis in
different cell types and classes of integrins.

INTEGRIN ACTIVATION

Integrin α and β subunits are composed of a large ectodomain, a
transmembrane domain (TMD) and a cytoplasmic tail (CT)
(Hynes, 1987). The integrin β subunit head contains a cation-
dependent ligand binding site (Loftus et al., 1990) that is part of
an A domain (sometimes called “I domain’ meaning inserted
domain) (Xiong et al., 2001). Four β1 integrins and all four β2
integrins of leukocytes contain a second A domain in the α
subunit which serves as the primary ligand binding site (Lee
et al., 1995). Conformational changes in the extracellular domain
increased the affinity of integrins for monomeric ligands and this
results from the destabilization of the association of
transmembrane and cytoplasmic α and β domains (Hughes
et al., 1996; Kim et al., 2003; Mould et al., 2003; Luo et al.,
2004; Partridge et al., 2005). Integrins exhibit at least three major
conformational states (Takagi et al., 2002; Luo et al., 2007; Chen
et al., 2010; Springer and Dustin, 2012): inactive (low affinity,
bent-closed, resting state), intermediate (low affinity, extended-
closed), and active (high affinity, extended-open). The extended-
high affinity state is induced by a conformational rearrangement
in the A domain that follows the displacement of the α7 helix in
this structure (Emsley et al., 2000). A current model proposes that
talin1 associates with the cytoplasmic tail of the β subunit and
disrupts the stabilization of the inner membrane clasp (Anthis
et al., 2009; Lau et al., 2009). In addition, the binding of talin1 to
membrane lipids is also essential for activation (Anthis et al.,
2009) because it enables a change in the topology of the β
transmembrane domain that disrupts an outer membrane
clasp (Kim et al., 2011a) thus breaking the two constraints
that stabilize the αβ TMD association. Recent studies with β7
integrin have confirmed the importance of transmission of β
TMD topology that disrupts the outer membrane clasp (Sun et al.,
2018) in vivo in the development of gut-associated lymphoid
tissue. Furthermore, studies of β2 integrins have shown that a
mutation that reduces transmission changes in TMD topology
blocks integrin extension (Sun et al., 2020) but not the high-
affinity conformation.

INTEGRIN ADAPTOR PROTEINS

The inside-out signaling of integrins is precisely controlled by the
binding of various intracellular adapter proteins to integrins
(Abram and Lowell, 2009). A well-described pathway of
integrin activation in leukocytes and platelets involves
production of Ca2+ and diacylglycerol, protein kinase C (PKC)
and activation of Rap1 GTPase. Then, Rap1 interacts with its

effector Rap1-GTP-interacting-adaptor molecule (RIAM,
product of the APBB1IP gene), which in turn recruits talin1 to
the plasma membrane to facilitate its association with integrin
(Han et al., 2006; Lee et al., 2009; Lagarrigue et al., 2016). Kindlin3
also participates in this process. Kindlins play an important role
in integrin-mediated functions (Tu et al., 2003; Kloeker et al.,
2004; Moser et al., 2008; Moser et al., 2009); however, a major role
of kindlins is also to enable clustering of integrins leading to
avidity modulation and resultant outside-in signaling (Ye et al.,
2013).

Rap1 is a small GTPase essential for inside-out signaling of the
integrin (Franke et al., 1997; Jeon et al., 2007). It is activated
downstream of many agonists by the action of guanine
nucleotide-exchange factors (GEFs), which trigger the switch
from GDP-bound Rap1 to GTP-bound Rap1, resulting in
activation of integrins in leukocytes or platelets. Several Rap1
GEFs such as diacylglycerol-regulated GEF1 (CalDAG-GEF1)
and Ca2+ have been identified and are activated in response to
a diverse set of upstream stimuli, indicating that multiple
pathways may converge on Rap1 GTPases (Abram and Lowell,
2009). RapGEF1, RapGEF3 and RapGEF6 activate Rap1 and
promote integrin activation in leukocytes (Abram and Lowell,
2009), while CalDAG-GEF1 is important for Rap1 activation in
platelets (Eto et al., 2002; Crittenden et al., 2004; Canault et al.,
2014; Lozano et al., 2016). GTP binding causes a conformational
change in Rap1 that enables it to engage other proteins that serve
as effectors of Rap1-regulated functions.

The ability of intracellular signaling pathways to induce
integrin activation depends on the binding of talin1 to the
integrin β tail (Tadokoro et al., 2003; Ye et al., 2010; Kim
et al., 2011b; Lefort et al., 2012). Talin1 is a major cytoskeletal
protein that links integrins and the actin cytoskeleton through its
head domain (N-terminal) binding to the integrin β CT domains,
and its rod domain (C-terminal) binding to F-actin (Critchley
and Gingras, 2008). In mammals, the Tln1 and Tln2 genes encode
talin1 and talin2 respectively, but only talin1 is expressed in blood
cells and endothelium. The talin1 head domain (THD) comprises
an atypical FERM (band 4.1, ezrin, radixin, and moesin) domain
grouping four subdomains: F1, F2, F3, and an F0 subdomain
derived from the F1 duplication (Calderwood et al., 2013).
Structural studies have shown that the F3 subdomain interacts
with the conserved proximal NPXY motif in the CT domain of β
integrin, leading to the conformational change of integrin and
triggering integrin activation (Hemmings et al., 1996; Garcia-
Alvarez et al., 2003; Wegener et al., 2007; Shattil et al., 2010; Kim
et al., 2011b). The rod domain has 13 subdomains (R1-R13),
which include binding sites for RIAM, integrins, vinculin and
F-actin (Hemmings et al., 1996; Goult et al., 2013). The
mechanism of talin1 activation is still controversial. Binding to
PIP5Kγ facilitates the recruitment of talin1 to the plasma
membrane, where the talin1-F2 and -F3 subdomains interact
with phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2). This
binding disrupts the association between the talin1-head
domain with the tail and exposes integrin binding sites (Di
Paolo et al., 2002; Ling et al., 2002). Germline deletion of
talin1 results in embryonic lethality (Monkley et al., 2000),
The consequences of the loss of talin1 in mouse blood cells by
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conditional inactivation have explicitly shown the key role of
talin1 in the activation of integrins in leukocytes and platelets
(Petrich et al., 2007b; Nieswandt et al., 2007; Manevich-
Mendelson et al., 2010; Lefort et al., 2012; Klann et al., 2017).
Although the mechanism by which talin1 activates integrins has
been well described, there is a need to understand precisely the
details of signal transduction events from cell stimulation to the
recruitment of talin1 to integrins.

THE RAP1-RIAM-TALIN1 AXIS VS. THE
RAP1-TALIN1 AXIS

Rap1 is an important signaling hub for the integration of adhesive
signals. Rap1 exists in two isoforms, Rap1a and Rap1b, which are
encoded by two different genes. RIAM is an effector of Rap1 that
binds talin1 to allow its interaction with the cytoplasmic tails of
integrins (Lafuente et al., 2004; Lee et al., 2009; Chen et al., 2017).
RIAM belongs to the family of Mig-10/RIAM/Lamellipodin (MRL)
adapter proteins which are characterized by a structural module
comprising a Ras association domain (RA) and a pleckstrin
homology domain (PH). RIAM forms an autoinhibitory
conformation by an intramolecular interaction between the
inhibitory (IN) segment and the RA domain at its binding site to
Rap1 and on which the packing of two RIAM molecules by the
intermolecular interaction of the PH domain masks the binding to
phosphoinositides (Chang et al., 2019; Cho et al., 2021).
Phosphorylation of the IN segment and PH domain by focal
adhesion kinase (FAK) and proto-oncogene tyrosine-protein
kinase (Src), respectively, releases these inhibitory conformations
and contribute to RIAM activation thus facilitating its interaction
with Rap1 and PI(4,5)P2 to promote talin1-dependent integrin
activation (Chang et al., 2019; Cho et al., 2021).

RIAM is crucial for Rap1-dependent integrin activation in
leukocytes (Klapproth et al., 2015; Su et al., 2015; Lagarrigue et al.,
2017; Sun et al., 2021). RIAM is mainly expressed in leukocytes
where it regulates the function of β2 integrins to support their
adhesion andmigration (Klapproth et al., 2015; Su et al., 2015). In
contrast, RIAM is dispensable for α4β1 integrin activation and
functions (Klapproth et al., 2015; Su et al., 2015). RIAM depletion
in CD4+ T cells inhibits antigen-dependent autoimmunity by
interfering with the interaction between effector T cells and
antigen presenting cells (Lagarrigue et al., 2017). Interestingly,
RIAM has been shown to interact with kindlin-3 even before it
binds talin1 (Kliche et al., 2012), but whether RIAM directly
interacts with kindlin-3 is unknown. Recently, we showed that
RIAM is required for integrin activation in conventional T
(Tconv) cells but is dispensable in regulatory T (Treg) cells,
although Rap1 is necessary for Treg cell function and RIAM is
expressed in Treg cells (Sun et al., 2021).

Lamellipodin (Lpd) (Krause et al., 2004) is a paralogue of
RIAM (Lafuente et al., 2004) that compensates for the deficiency
of RIAM in the activation of integrins in Treg cells (Sun et al.,
2021). Similar to RIAM, Lpd contains talin1 binding sites and
triggers integrin activation (Watanabe et al., 2008; Lee et al.,
2009). In addition to regulating talin1-dependent integrin
activation, RIAM also contributes to β2 integrin-mediated

outside-in signaling in neutrophils and macrophages
(Klapproth et al., 2015; Torres-Gomez et al., 2020). On the
other hand, the role of Lpd in the outside-in signaling of
integrins is poorly understood and deserves to be explored.

In vivo studies in mice have revealed that loss of RIAM inhibits
integrin activation in a cell type-specific manner. RIAM loss can
ameliorate autoimmune diseases such as experimental type I
diabetes (Lagarrigue et al., 2017) or inflammatory bowel
disease (Sun et al., 2021) by suppressing integrin-mediated
activation of Tconv cells while retaining Treg cell function.
Platelets express little RIAM or Lpd (Klapproth et al., 2015).
Mice deficient in Lpd and RIAM exhibit intact platelet integrin
activation (Klapproth et al., 2015; Lagarrigue et al., 2015; Stritt
et al., 2015; Su et al., 2015; Sun et al., 2021) and normal
hemostasis. Moreover, the fact that RIAM deficiency affects
leukocyte integrin β2 function less than talin1 deficiency
suggests the existence of alternative RIAM-independent
pathways that regulate the recruitment of talin1 to integrins
(Klapproth et al., 2015; Sun et al., 2021).

NMR studies indicated a direct interaction between Rap1b and
the F0 subdomain on talin1 with low affinity (Goult et al., 2010),
suggesting that it is a mechanism of recruitment of talin1 to
integrins (Zhu et al., 2017). The direct interaction between
TalinB and Rap1 is required for adhesion of Dictyostelium cells
(Plak et al., 2016). A mutation that blocks the binding of Rap1 to
the F0 subdomain of talin1 is an embryonic lethal mutation in
Drosophila (Camp et al., 2018). A quantitative study of the
proteome in murine platelets revealed that Rap1 and talin1 are
highly expressed in murine platelets at an equimolar ratio (Zeiler
et al., 2014). In the absence of other known effectors of Rap1 in
platelets, it became clear that the direct interaction of Rap1 with
talin1 F0 could play a vital role in integrin activation in platelets.
However, a talin1 (R35E) mutation in the F0 subdomain, which
blocks direct binding of Rap1, has amodest effect on talin1 induced
αIIbβ3 activation (Lagarrigue et al., 2018). In parallel, Moser’s
group generated a Tln13mut mouse carrying the K15A, R30A, R35A
mutations in the F0 subdomain of talin1 and showed a weak
contribution of the F0-Rap1 interaction in the activation of αIIbβ3.
Talin1 (R35E) and Tln13mut mice are apparently healthy, fertile,
and viable, and showed bleeding times similar to wild-type
littermates, indicating mild defects in platelet aggregation and
hemostasis (Bromberger et al., 2018; Lagarrigue et al., 2018).
Thus, Rap1-talin1 F0 binding has a minor effect on platelet
integrin activation despite a critical role of Rap1 and talin1 for
αIIbβ3 activation and platelet function (Petrich et al., 2007b;
Nieswandt et al., 2007; Stefanini et al., 2018). We recently found
a new Rap1 binding site in the talin1 F1 domain (Gingras et al.,
2019). The talin1 (R118E) mutation in the F1 domain profoundly
reduces the ability of F1 to bind Rap1 and significantly disrupts the
ability of Rap1 to mediate talin1-induced integrin activation in
platelets (Gingras et al., 2019; Lagarrigue et al., 2020). The talin1 F1
subdomain plays a distinct andmuchmore central role than the F0
domain in Rap1-mediated integrin activation in mammalian cells.
Moreover, loss of both Rap1 binding sites in talin1 (R35E,R118E)
mutant mice causes a much greater defect in platelet integrin
activation, similar to that caused by knockout of both Rap1 a and b
isoforms (Stefanini et al., 2018; Lagarrigue et al., 2020). These
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results suggest that Rap1 binding to the F0 and F1 subdomains of
talin1 induces talin1-dependent integrin activation in platelets and
plays a fundamental role in hemostasis and thrombosis.

We now have a more complete picture of how the talin1 head
domain interacts with the membrane. Positively charged patches
in the talin1 F2 and F3 areas bind to membranes to stabilize the
weak interaction of talin1 F3 with the cytoplasmic β integrin
domain to explain the membrane dependency of talin1-induced
activation (Ye et al., 2010; Chinthalapudi et al., 2018; Bromberger
et al., 2019). Additionally, the Rap1 binding site in the F1
subdomain of talin1 functions in conjunction with a unique
inserted loop that interacts with membrane lipids to enable
Rap1 to contribute significantly to the membrane targeting of
talin1 (Goult et al., 2010; Gingras et al., 2019). The proximity of
the putative membrane-binding helix of the F1 loop to the F1-
linked geranyl-geranyl fragment of Rap1 provides a compelling
model to explain the complementary role of these two membrane-
binding sites in the activation of the integrin. Furthermore, while
all studies have focused only on the binding of Rap1b to talin1
(Goult et al., 2010; Bromberger et al., 2018; Lagarrigue et al., 2018;
Gingras et al., 2019), we can anticipate that Rap1a may also
interact directly with talin1 given that Rap1a and Rap1b share
95% sequence identity. Moreover, the main positively charged
residues in talin1 for Rap1 binding are conserved in talin2, in
particular K15 and R35 in talin1 F0 and R98 and R118 in talin1 F1,
suggesting that Rap1 could also interact directly with talin2.
Future studies are needed to determine if direct binding can be
extended to each of the Rap1 and talin isoforms.

CELL-TYPE SPECIFIC CONNECTIONS
BETWEEN RAP1 AND TALIN1

The mechanism of recruitment of talin1 by Rap1 has been the
subject of several recent studies (Zhu et al., 2017; Bromberger

et al., 2018; Bromberger et al., 2019; Gingras et al., 2019;
Lagarrigue et al., 2020; Bromberger et al., 2021; Lagarrigue
et al., 2022). Interestingly, this dialogue varies by cell type and
integrin class. In platelets, lacking endogenous RIAM, talin1
(R35E, R118E) mutations profoundly inhibit integrin αIIbβ3
activation and platelet aggregation, revealing that talin1 is the
sole effector of Rap1 (Lagarrigue et al., 2020) (Figure 1).

We have also recently shown that direct binding of Rap1 to
talin1 regulates integrin activation in Tconv and Treg cells
(Lagarrigue et al., 2022). Inhibition of Rap1 binding to talin1
(R35E,R118E) induces a significant decrease in the activation of
integrins α4β1, α4β7 and αLβ2 in Tconv and Treg cells, resulting
in defects in T cell homing and functions. However, unlike
platelets, RIAM is required for optimal integrin activation in
T cells (Klapproth et al., 2015; Su et al., 2015; Lagarrigue et al.,
2017; Sun et al., 2021) (Figure 1). While the loss of RIAM
strongly impacts the activation of integrins β2 and β3, the
effect is minimal on integrin α4β1. In contrast, T cells
expressing talin1 (R35E,R118E) show only partial loss of
integrin activation (Lagarrigue et al., 2022). RIAM-deficient
T cells expressing talin1 (R35E,R118E) show a much deeper
impairment in αLβ2, α4β1 and α4β7 activation. RIAM and
Lpd depletion combined with talin1 (R35E,R118E) further
significantly abrogates integrin activation in Treg cells. RIAM
overexpression circumvents the integrin activation deficit in
talin1 (R35E,R118E)-expressing T cells, suggesting that RIAM
may compensate for Rap1 binding to talin1 during integrin
activation (Lagarrigue et al., 2022). Altogether, these results
indicate the importance of the interaction between Rap1 and
talin1 which promote the activation of integrins αLβ2, α4β1 and
α4β7 in T cells (Figure 1).

The two axes Rap1-talin1 and Rap1-RIAM-talin1 act
synergistically to regulate integrin β2 activation in
leukocytes (Bromberger et al., 2021; Lagarrigue et al., 2022).
On the other hand, what distinguishes these two paths is not so

FIGURE 1 | The hierarchy of integrin activation pathways differs by cell type. RIAM- and LPD-dependent pathways and the direct binding of Rap1 to talin1 coexist
and contribute in parallel in blood cells, including immune cells. The thickness of the arrow indicates the relative importance of each channel.
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clear. The involvement of RIAM adds a higher level of
regulation since RIAM must be phosphorylated by Fak and
Src to be activated (Chang et al., 2019; Cho et al., 2021).
Moreover, RIAM, but also Lpd, couple talin1-mediated
integrin activation to the regulation of actin dynamics by
forming a molecular complex that results in cellular
protrusions at the tips of migrating cells (Lagarrigue et al.,
2015). It is therefore tempting to see in the expression of MRL
proteins in leukocytes a reflection of their migratory capacity
which requires fine tuning of the activation of integrins and the
regulation of the actin cytoskeleton. In contrast, one might
speculate that in platelets, which do not express RIAM and are
much less motile, the Rap1-talin1 pathway occurs more
rapidly due to the extra time required for RIAM or Lpd to
be phosphorylated and released from the autoinhibition in
leukocytes. Further research is needed to determine whether
direct binding of Rap1 to talin1, without the use of MRL
proteins as an intermediary, reduces the time required for
integrin activation in platelets to specifically mediate their
binding to the vascular wall under a strong shear force.

Neutrophils are generally considered to be the first immune
cells to defend against pathogens or infections. Aberrant
neutrophil infiltration is seen in patients with autoimmune
disease (Caradonna et al., 2000; Smith et al., 2005). Loss of
Rap1 can markedly suppress neutrophil functions largely
because it inhibits integrin activation (Bromberger et al.,
2018). The Tln13mut mouse (Bromberger et al., 2018), like the
talin1 (R35E) mutant mouse (Lagarrigue et al., 2018), does not
show leukocytosis, and the neutrophils of the Tln13mut mice show
a slight adhesion defect and a reduced extravasation. However,
Tln13mut mutation combined with the loss of RIAM clearly
suppresses neutrophil integrin functions (Bromberger et al.,
2021). In contrast, Tln1R118E/R118E mice exhibit leukocytosis
(Lagarrigue et al., 2020), which affects both neutrophils and
lymphocytes, suggesting that the F1-Rap1 interaction has a
greater functional impact than the F0-Rap1 interaction. The
role of Rap1-talin1 binding in neutrophil adhesion and arrest
deserves further investigation.

CONCLUSION

Binding of talin1 to integrin is a terminal event in the inside-out
signaling of integrins. Rap1 serves as a convergence point for many
adhesive signals. The link between Rap1 and talin1 in integrin
activation has long remained a significant gap in our
understanding of this event. However, recent advances, partly
accelerated by the RIAM and Lpd knockout mice, developed
respectively by the laboratories of F.B. Gertler (Klapproth et al.,
2015; Su et al., 2015) and M. Krause (Law et al., 2013), have
enabled dissections of the role of MRL proteins in different cells.
In particular, RIAM appears to play the most important role in most
lymphocytes and neutrophils. In Treg cells, however, Lpd is clearly
more important. The third connection, via direct binding to Rap1 to
two binding sites in the head domain of talin1 (Gingras et al., 2019), is
important in all blood cells. In platelets, which express negligible
amounts of the MRL proteins, direct binding of Rap1 to talin1
accounts for Rap1-dependent integrin activation (Lagarrigue et al.,
2020). Thus, these three pathways act in parallel to connect Rap1 to
talin1. The relative contribution of each pathway varies by cell type
and integrin type and this variation offers the potential to selectively
manipulate integrin activation in a cell type-specific manner.
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Thy-1 is a cell surface glycosylphosphatidylinositol (GPI)-anchored glycoprotein that bears
a broad mosaic of biological roles across various cell types. Thy-1 displays strong
physiological and pathological implications in development, cancer, immunity, and
tissue fibrosis. Quite uniquely, Thy-1 is capable of mediating integrin-related signaling
through direct trans- and cis-interaction with integrins. Both interaction types have shown
distinctive roles, even when interacting with the same type of integrin, where binding in
trans or in cis often yields divergent signaling events. In this review, we will revisit recent
progress and discoveries of Thy-1–integrin interactions in trans and in cis, highlight their
pathophysiological consequences and explore other potential binding partners of Thy-1
within the integrin regulation/signaling paradigm.

Keywords: integrin, Thy-1 (CD90), trans-interaction, cis-interaction, signaling, pathophysiology

1 INTRODUCTION

Thy-1 [also known as cluster of differentiation 90 (CD90)] is a 25 kDa cell-surface glycoprotein
located in lipid rafts, which is tethered to the outer leaflet of the cell membrane via a
glycosylphosphatidylinositol (GPI) anchor. This protein was first identified more than half
a century ago on mouse T cells (Reif and Allen 1964a). Thy-1 has been identified as a member of
immunoglobin superfamily (IgSF), displaying strong homology to both the variable and
constant regions of immunoglobin (Williams and Gagnon 1982). The protein is widely
expressed among different cell types and across many species, and is involved in
neurogenesis, immunity, development, fibrosis, and cancer. These functions have been
previously reviewed elsewhere (Haeryfar and Hoskin 2004; Barker and Hagood 2009;
Herrera-Molina, Valdivia et al., 2013; Leyton and Hagood 2014; Hagood 2019; Saalbach
and Anderegg 2019; Sauzay, Voutetakis et al., 2019). In this review, we will focus on the trans-
and cis-interactions between Thy-1 and other cell surface molecules, especially the interactions
with the first identified Thy-1 receptors: the integrins.

The binding of Thy-1 to αvβ3 integrin was first reported as a trans-interaction of astrocytes
with EL4 cells. The interaction is dependent on the RLD tripeptide, a structural analog of the
established integrin binding RGD motif (Ruoslahti 1996) present on Thy-1, which triggers
canonical integrin outside-in signaling (Leyton, Schneider et al., 2001). Subsequently, Thy-1
has been shown to interact with αvβ3 integrin in cis; this interaction is critically important for
fibroblasts to appropriately sense and respond to the mechanical stiffness of their
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surroundings, via an essential functionality of this integrin
known as mechanotransduction (Fiore, Strane et al., 2015).
Collectively, existing evidence suggests Thy-1 as a dual-
functional integrin regulator —mediating integrin
downstream signaling through direct trans-interaction,
while also regulating baseline integrin activity/avidity in
cis-by preferentially coupling to integrin in its inactive
conformation.

More specifically, trans-interaction between Thy-1 and
integrin, which also involves the heparan sulfate proteoglycan
syndecan-4 forms a tri-molecular complex that regulates the
adhesion and migration of melanoma cells, blood cells and
astrocytes. Importantly, a bidirectional communication has
been described between astrocytes associated with other brain
cells, such as neurons, where not only astrocytes migrate in
response to Thy-1, but neurons also respond to integrin/
syndecan-4 binding by contracting their elongated processes
and acquiring a rounded shape (Burgos-Bravo, Martinez-Meza
et al., 2020). On the other hand, the cis-interaction of Thy-1 with
integrins also mediates a different biological role versus its trans
interactions. The integrin binding RLD motif on Thy-1 can
directly bind to integrin molecules within the same lipid raft
and thus, constrain activation-independent extension of
integrins, further stabilizing the bent-inactive conformation. In
addition, through recruiting various lipid raft-bound proteins to
the proximity of the integrin cytoplasmic tail, Thy-1 enables a cell
to “feel” its environmental stiffness and react accordingly (Fiore,
Strane et al., 2015). The details of the molecular basis and
biological significance for both trans and cis interactions
between Thy-1 and integrins will be carefully reviewed and
discussed in the following sections.

2 THY-1 DIRECTLY BINDS INTEGRINS IN
TRANS

Thy-1–integrin interaction in trans was originally described
in vitro in 2001, as the association of astrocytes containing
αvβ3 integrin with a Thy-1+/+-thymoma cell line (EL-4), but
not with Thy-1−/−- EL-4−f cells, (Leyton, Schneider et al.,
2001). Since then, evidence has indicated that more
physiologically relevant cell-cell interactions mediated by
this Thy-1–integrin interaction exist, including 1) activated
endothelial cells and cancer cells; 2) activated endothelial cells
and neutrophils, monocytes; 3) activated fibroblasts and
dendritic cells; 4) fibroblasts and cancer cells; as well as 5)
neurons and astrocytes. In all these cases, the trans cell-cell
interaction could potentially trigger downstream signaling;
however, detailed molecular mechanisms have not been
deciphered for all the cells involved. In this section, we will
review the cells that reportedly participate in these Thy-
1–integrin interactions, the molecular mechanisms triggered
downstream of these encounters and then, incorporate a third
element known to contribute to this association: syndecan-4.
Because αvβ3 integrin and syndecan-4 are both considered
mechanoreceptors, we will also address the signaling
mechanisms that are involved downstream of these

receptors, when cells are subjected to external forces due to
their binding to other cells through Thy-1.

2.1 Thy-1–Integrin Interaction in Cell-Cell
Interactions
2.1.1 Activated Endothelial Cells and Cancer Cells
The αvβ3 integrin–Thy-1 interaction mediates the binding of
various cancer cells to endothelial cells (ECs). Reportedly, ECs
do not express Thy-1, but they do so under inflammatory
conditions. Thy-1 expression levels on the cell surface are
enhanced in vitro by cytokines, such as Tumor Necrosis Factor
(TNF), and Thy-1 is also detected in ECs of primary
melanoma, but not in tissue sections obtained from benign
skin lesions (Schubert, Gutknecht et al., 2013). On the other
hand, melanoma cells are more aggressive with higher levels of
activated αvβ3 integrin, since this integrin stimulates tumor
growth and extracellular matrix (ECM) invasion (Johnson
1999). This is possible through the interaction of
endothelial Thy-1 with the αvβ3 integrin in melanoma cells,
since antibodies targeting these molecules inhibit melanoma
trans-endothelial migration and the adhesion of melanoma
cells to the human dermal microvascular endothelial cells
(HDMEC) under flow or static conditions (Saalbach, Wetzel
et al., 2005). In addition, using mouse B16F10 melanoma cells
in an isogenic model of metastasis in vivo, Leyton and co-
workers recently demonstrated that unlike melanoma cells
expressing αvβ3 integrin, those lacking this integrin fail to
metastasize to the lung (Brenet, Martinez et al., 2020).
Importantly, another study that used Thy-1 knockout mice,
showed that B16F10 cells (αvβ3 integrin+/+), injected via the
tail vein do not metastasize (Schubert, Gutknecht et al., 2013).
Moreover, reported that human breast cancer cells MDA-MB-
231, as well as B16F10 melanoma cells, adhere to activated EC
in vitro, allowing trans-endothelial migration of these cancer
cells in a β3 integrin-dependent manner Brenet, Martinez et al.
(2020). These in vitro results, together with those using cells
with silenced β3 integrin in a metastatic model, highlight the
importance of Thy-1–integrin interaction in cancer-
endothelial cell interactions in melanoma and breast cancer
progression and metastasis.

Thy-1 has been associated with tumor progression in
several types of cancers. In malignant pleural mesothelioma,
Thy-1 is found overexpressed in primary cancer cells obtained
from tumors exposed to chemotherapeutic drugs in vitro. The
elevated expression of Thy-1 correlates with tumor
progression, which has been additionally associated with
lower survival rate of patients according to data from The
Cancer Genome Atlas (TCGA) (Oehl, Kresoja-Rakic et al.,
2018). Thy-1 is also considered a tumor promoter in pancreas
adenocarcinoma, where its expression is elevated in the stroma
fibroblasts and in ECs, favoring tumor growth and
angiogenesis (Zhu, Thakolwiboon et al., 2014). Additionally,
Thy-1 and α6 integrin overexpression have been associated
with high metastasis and poor survival in gallbladder cancer
patients (Zhang, Yang et al., 2016). The α6 integrin, which
pairs with two distinct β subunits to form the laminin binding
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integrins α6β1 and α6β4, has also been associated with
metastasis in other cancer types, such as hepatocarcinoma
and breast cancer, respectively (Carloni, Mazzocca et al., 2001;
Yoon, Shin et al., 2006).

2.1.2 Activated Endothelial Cells and Leukocytes
Thy-1 in HDMEC binds to αMβ2 integrin in leukocytes.
Proinflammatory cytokines, such as TNF, can activate the ECs,
inducing an increase in Thy-1 expression levels (Brenet, Martinez
et al., 2020). Leukocytes could then associate with ECs through an
αMβ2 integrin–Thy-1 interaction and undertake trans-
endothelial migration, suggesting that leukocytes could reach
distant organs through inflamed tissues by crossing barriers
with activated ECs (Wetzel, Chavakis et al., 2004). Thy-1 in
activated ECs could also bind to αMβ2 integrin in
polymorphonuclear cells derived from patients with psoriasis
and promote their transmigration through the EC layer to
accumulate in the skin (Wetzel, Wetzig et al., 2006).

The αXβ2 is a different leukocyte integrin that has also been
described as a Thy-1 receptor. Although a direct interaction of
αXβ2 integrin with Thy-1 was validated more than 15 years ago
through SPR experiments (Choi, Leyton et al., 2005), the
biological function of this interaction has not yet been
established. However, a recent study showed an interaction of
a tumor promoter molecule, extracellular matrix protein1
(ECM1) with αXβ2 integrin, which induces cancer cell
stemness through the phosphorylation of the AKT/FAK/
paxillin/Rac pathway. The binding of ECM1 to αXβ2 integrin
affects the ability of this integrin to bind to Thy-1, thus altering
Thy-1 function. Additionally, overexpression of ECM1 or its
silencing correlates with Thy-1 expression levels (Yin, Wang
et al., 2021). Here, Thy-1 could account, in part, for the
cancer cell stemness induced by the ECM1-αXβ2 integrin
association because, on the one hand, there will be greater
Thy-1 expression and, on the other, the Thy-1 integrin
partner will be sequestered by the ECM1 binding; however,
this is a possibility that remains to be investigated.

2.1.3 Activated Fibroblasts and Dendritic Cells
Dendritic cells (DCs) enzymatically clear their way through
the ECM, and with the aid of dermal fibroblasts reach the
lymph. DCs and fibroblasts contact each other via the
interaction of Thy-1 in fibroblasts and β2 integrin in DCs,
in vitro cultures (Saalbach, Klein et al., 2007; Saalbach, Klein
et al., 2010). Dermal fibroblasts increase the capabilities of DCs
to migrate upon TNF/IL-1β treatment of fibroblasts. Boosted
DC migration is attributed to the induction of membrane
metalloprotease-9 (MMP-9) expression by the dermal DCs.
Similarly, evidence indicates that lung fibroblasts can direct
DC migration under inflammatory diseases, like chronic
obstructive pulmonary disease and chronic asthma. These
events are coordinated by αvβ8 integrin, which activates
Transforming Growth factor-β (TGF-β) (Kitamura, Cambier
et al., 2011); however, the participation of Thy-1 is unclear in
this scenario. In a different study, αvβ5 integrin was described
to lead to TGF-β activation through the processing of the
latency-associated peptide (LAP), and it was shown that Thy-1

could regulate this process by binding to the integrin in cis,
preventing its interaction with LAP (Zhou, Hagood et al.,
2004). Therefore, it is tempting to speculate that Thy-1
could also play a role in the αvβ8 integrin-mediated
activation of TGF-β in airway remodeling. Thus far, this
possibility has not been studied.

2.1.4 Fibroblasts and Cancer Cells
Interestingly, cancer-associated fibroblasts (CAFs) are known to
promote tumor progression; however, the molecular mechanism
by which CAFs regulate these events are unknown. One study has
shown that gastric cancer patients with a large number of CAFs
exhibit drug resistance and a poor prognosis. These CAFs
produce extracellular vesicles that, when injected in a
peritoneal metastasis mouse model, induce drug resistance.
Additionally, these CAF vesicles, when added to cancer cells
grown in Matrigel, lead to β1 integrin stabilization on the plasma
membrane and drug resistance in vitro (Uchihara, Miyake et al.,
2020). Another study indicated that CAFs align the fibronectin
matrix through increased cellular contractility, generating
traction forces that allow cancer cells to migrate directionally
and invade tissues to promote metastasis (Erdogan, Ao et al.,
2017). A different study in human lung adenocarcinoma
indicated that Thy-1 is expressed in these CAFs and the
presence of an elevated number of Thy-1+/+ CAFs is a sign of
poor prognosis (Schliekelman, Creighton et al., 2017). Therefore,
an interesting possibility is that, apart from aligning the ECM
protein fibronectin, these Thy-1+/+ CAFs could guide integrin-
positive cancer cells to migrate and metastasize. Indeed, several
integrins have been involved in cancer cell migration over ECM
proteins secreted by CAFs (for a recent review on this topic, see
Jang and Beningo 2019); but in this case, the contribution of the
Thy-1–integrin interaction to cancer cell migration and invasion
has yet to be identified.

In ovarian cancer cells, the scenario is more complex since
Thy-1 can exert both tumor promoter and suppressor functions.
On the one hand, Thy-1+/+ cancer stem cells in ovarian cancer
show a high proliferative and self-renewal capability compared to
Thy-1−/− cells. Additionally, Thy-1 knockdown in these cells
makes the cancer features disappear (Leyton, Diaz et al.,
2019). However, different studies have reported that Thy-1 is
downregulated in ovarian cancer tissues and that Thy-1
overexpression decreases tumor formation in vivo and
anchorage-independent growth in vitro, effects that are
dependent on the expression of αvβ3 integrin (Abeysinghe,
Cao et al., 2003; Chen, Hsu et al., 2016). The in vitro effects of
Thy-1 overexpression are mirrored by silencing β3 integrin,
indicating a role of Thy-1 in cis-regulation of this integrin.
Therefore, as it is clear from other reported examples, the
context-dependent role of Thy-1 (Bradley, Ramirez et al.,
2009) could perhaps explain these differences in tumor
regulation.

2.1.5 Neurons and Astrocytes
The interaction of β3 integrin and Thy-1 was first described as an
important trigger of morphological changes in astrocytes (Leyton,
Schneider et al., 2001). Later, the interaction was shown to be
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involved in neuron-astrocyte association and to be mediated by
the αvβ3 integrin (Hermosilla, Munoz et al., 2008). The binding
of these two molecules was then held responsible for changes
occurring in neurons, suggesting a bidirectional signaling
emanating from each component: the αvβ3 integrin in
astrocytes and Thy-1 in neurons. Importantly, this trans-
interaction was challenged by the presence of αvβ3 integrin in
neurons, posing the question as to whether the cis-interaction of
Thy-1–integrin in neurons would play a role in the signaling
triggered in trans by a similar integrin. By silencing neuronal β3
integrin, showed that the Thy-1–integrin interaction in cis is
dispensable for αvβ3 integrin transactivation of neurite
outgrowth inhibition and suggested that the neuronal αvβ3
integrin could bind Thy-1 and form small nanoclusters that
would regulate the binding of the integrin with other cellular
or ECM ligands (Maldonado, Calderon et al., 2017). Therefore,
many interactions could occur in parallel between ECM-integrins
and integrins and proteins present on the same (cis) or on
different (trans) cells, supporting the idea of a complex
regulation of the function of many cell adhesion molecules.
Therefore, αvβ3 integrin binding to Thy-1 constitutes an
important interaction in neurite-astrocyte communication.
However, some studies have indicated that neither anti-
integrin antibodies, RGD peptides, nor Thy-1-Fc protein can
completely abolish the functionality of the αvβ3 integrin–Thy-1
interaction, suggesting that other molecules participate in the
cellular outcome. Indeed, syndecan-4 was reported as a mediator
of a trimolecular interaction with Thy-1 and αvβ3 integrin, and
the complex is required for the formation of focal adhesions and
stress fibers induced by the engaged receptors in astrocytes
(Avalos, Valdivia et al., 2009). As suspected, the trimolecular
complex formed was also important for the effect of Thy-
1–integrin interaction in neurite retraction (Burgos-Bravo,
Martinez-Meza et al., 2020). In this case, syndecan-4
accelerated the effect of Thy-1–integrin ligation, inducing
faster cytoskeleton contraction, neurite retraction and
inhibition of neurite outgrowth (Burgos-Bravo, Martinez-Meza
et al., 2020).

2.2 Thy-1 Regulates Downstream Integrin
Signaling Through Trans-interactions
As mentioned above, detailed molecular mechanisms
downstream of Thy-1–integrin receptors are still ill defined;
therefore, in this section we will summarize what has been
best described thus far. Breast cancer and melanoma cells
treated with Thy-1 trigger signals by engaging β3 integrin. The
molecular cascade stimulated downstream of integrin ligation
involves increased intracellular Ca2+ concentration, Connexin-43
and Pannexin-1 hemichannel opening, ATP release, and P2X7
receptor (P2X7R) activation. This signaling mechanism occurs in
these two models: cancer cell migration and invasion.
Considering that the transmigration of breast cancer and
melanoma cells is significantly decreased when cells have low
levels of β3 integrin and that, in a preclinical mouse model,
melanoma cells that normally metastasize to the lung cannot
reach the target organ when β3 integrin has been silenced (Brenet,

Martinez et al., 2020), the signaling mechanism triggered by the
Thy-1–integrin interaction is important for cancer cell migration,
invasion and transvasation both in in vitro and in vivo models.
The aforementioned signaling pathway triggered by Thy-
1–integrin ligation was previously reported for activated
astrocytes (Henriquez, Herrera-Molina et al., 2011; Alvarez,
Lagos-Cabre et al., 2016; Lagos-Cabre, Alvarez et al., 2017).

Anti-αv integrin monoclonal antibodies, like CNTO 95 (also
known as intetumumab), have demonstrated the important role
of this integrin in tumor promotion and metastasis. CNTO 95
proved useful in inhibiting invasion of breast cancer cells (Chen,
Manning et al., 2008), as a standalone treatment (Mullamitha,
Ton et al., 2007) or in combination with other drugs in patients
with prostate cancer (O’Day, Pavlick et al., 2011; O’Day, Pavlick
et al., 2012). However, subsequent phase II studies of CNTO 95
showed no clinical benefits (Heidenreich, Rawal et al., 2013),
resulting in the discontinuation of the trials [reviewed in (Rocha,
Learmonth et al., 2018)]. It is conceivable that this failed anti-
integrin strategy is at least partially caused by the presence of
Thy-1, which is particularly highly-expressed in those invasive
cancer cells (Sauzay, Voutetakis et al., 2019).

Dermal fibroblasts are activated by TNF/IL-1β treatment and
produce IL-6 which then stimulates DCs to produce MMP9,
helping these cells to migrate through the ECM and transmigrate
through basement membrane-like structures (Saalbach, Klein
et al., 2010). Dermal DCs co-cultured with activated
fibroblasts produce 10-fold higher levels of MMP9 than DCs
treated directly with the proinflammatory cytokines TNF/IL-1β.
In addition, experiments using antibodies indicated that the high
production of MMP9, but not MMP2, account in part for the
enhanced motility of DCs in an inflamed tissue. Interestingly, the
interaction of activated fibroblasts with neutrophils also promotes
secretion of MMP9 by neutrophils, and in this case, the Thy-
1–αMβ2 integrin interaction is required for MMP9 production
(Saalbach, Arnhold et al., 2008). In the context of fibroblast-DC
interaction, the Thy-1–integrin interaction might also play an
important role in DC migration, since integrins are recognized
players of cell migration. In this skin inflammatory model, IL-6
was recognized for the first time as a cytokine capable of inducing
DC production of MMP9 and thus, as an important regulator of
DC migration [see recent review on this topic in (Perez, Leyton
et al., 2022)].

In gastric cancer cells growing in Matrigel, their exposure to
extracellular vesicles produced by CAFs, leads to a rapid change
of shape in these cancer cells. A proteomic analysis performed
with these vesicles revealed the presence of Annexin A6 in CAF-
vesicles, but not in cancer cell-vesicles. In this study, Annexin A6
is shown to stabilize β1 integrin, thereby leading to drug
resistance. CAF-vesicles can activate focal adhesion kinase
(FAK) and promote nuclear translocation of the yes-associated
protein (YAP) in cancer cells. Therefore, ECM-ligated β1 integrin
induces drug resistance through the activation of the FAK and
YAP signaling pathways (Uchihara, Miyake et al., 2020).
Importantly, extracellular vesicles reportedly play a role in the
development of drug resistance by various mechanisms, which
include transport of drugs, drug pumps, pro-survival cargos, and
mRNAs (Burgos-Ravanal, Campos et al., 2021). It is noteworthy
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that Thy-1 has been shown to co-exist with Annexin A6 on
extracellular vesicles (Morciano, Beckhaus et al., 2009) and can
directly interact with β1 integrin in trans (Fiore, Ju et al., 2014).
These facts suggest an important role of Thy-1 in drug
resistance—indeed, high expression of breast cancer resistance
protein (BCRP) has been identified in Thy-1 positive cells
(Sukowati, Anfuso et al., 2013).

Thy-1 induces a strong adhesion of reactive astrocytes to
culture plates within the first hour of Thy-1 stimulation
(Kong, Munoz et al., 2013), in a process dependent on
Thy-1 binding to astrocytic αvβ3 integrin (Leyton,
Schneider et al., 2001; Hermosilla, Munoz et al., 2008;
Kong, Munoz et al., 2013). Additionally, in a different
cellular model, the absence of Thy-1 (Thy-1−/− cells) in
fibroblasts induces faster migration than that observed for
Thy-1+/+ cells, suggesting an inhibitory effect of Thy-1 on cell
migration (Barker et al., 2004a). However, prolonged

interaction between Thy-1 and αvβ3 integrin (>60 min) can
promote astrocyte migration (Kong, Munoz et al., 2013),
demonstrating that the initial block of cell migration
mediated by Thy-1 disappears after the first hour of
stimulation. The molecular mechanisms underlying the
shift between strong cell adhesion and migration are still
under study. Thy-1-astrocyte receptor binding results in
the aggregation of αvβ3 integrin at the plasma membrane,
the recruitment and phosphorylation of FAK and p130Cas,
recruitment of vinculin, paxillin and PI3K (Leyton, Schneider
et al., 2001; Kong, Munoz et al., 2013), as well as the activation
of RhoA and p160ROCK (Avalos, Labra et al., 2002; Avalos,
Arthur et al., 2004) and the inactivation of Rac1 (Kong,
Munoz et al., 2013), events that lead to morphological
changes and increased focal adhesion (FA) formation
(Figure 1). The latter are points of adhesion of cells to the
ECM, and enhanced number and area of these structures lead

FIGURE 1 | Thy-1 mediates and regulates integrin signaling through trans-interaction with integrins. Thy-1 can directly bind integrins and syndecan-4 and mediate
distinctive signaling pathways between the two interacting cells. Recruitment of Cbp by Thy-1 to the lipid raft reduces Src activity and promotes contraction. On the other
side, signaling induced by Thy-1–integrin/syndecan-4 interaction promotes adhesion and migration through canonical integrin outside-in signaling. The interaction also
leads to elevated cellular Ca2+, opening of Connexin-43/Pannexin-1 hemichannels and activation of the P2X7R, resulting in astrocyte cell adhesion and migration.
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to stronger cell adhesion (Dubash, Menold et al., 2009).
Moreover, syndecan-4, the latest identified member of the
membrane proteoglycans is also involved in cell adhesion and
migration (Akiyama, Yamada et al., 1989; Baciu and Goetinck
1995; Dovas, Yoneda et al., 2006). Importantly, syndecan-4
also acts as a receptor for Thy-1, and it is required in Thy-1-
induced astrocyte adhesion and migration (Avalos, Valdivia
et al., 2009; Kong, Munoz et al., 2013).

Pathways that are triggered in astrocytes by Thy-1-
engagement of syndecan-4 have not been studied in detail;
however, recent data indicates that upon Thy-1 binding,
syndecan-4 regulates FA turnover in astrocytes and mouse
embryonic fibroblasts by forming a complex with the PDZ-
domain scaffold protein and regulator of cell polarity, PAR3
(Valdivia, Cardenas et al., 2020). This complex formation leads
to dephosphorylation of FAK and activation of the Rac1GEF
Tiam1 (Valdivia, Cardenas et al., 2020). Moreover, the
cytoplasmatic domain of syndecan-4 has three tyrosine
residues; one of them, Y180, is a phosphorylation site for
the tyrosine kinase Src (Morgan, Hamidi et al., 2013). The
mutation of Y180 for a lysine (Y180L) slows down FA
dynamics, which in turn, reduces fibroblast migration by
increasing cell adhesion (Morgan, Hamidi et al., 2013). This
supports a role for syndecan-4 phosphorylation as a switch
controller of FA assembly/disassembly dynamics and cell
migration. Additionally, rapid FA turnover and migration
induced by pY180-syndecan-4 is likely to occur due to the
effect of syndecan-4 on integrin recycling (Brooks, Williamson
et al., 2012; Morgan, Hamidi et al., 2013). Thus, the possibility
that phosphorylation/dephosphorylation events of syndecan-4
could first promote adhesion and then lead to the attenuation
of Thy-1–αvβ3 integrin-induced downstream pathways to
decrease adhesion and increase cell migration is intriguing.
On the other hand, evidence supports an additional role for
syndecan-4 on PKCα activation in Thy-1-induced astrocyte
adhesion, upstream of RhoA GTPase activation (Avalos,
Valdivia et al., 2009). In addition, syndecan-4 mutated on
Y188 (Y188L) disrupts this syndecan-4-mediated PKCα
activation, and this residue is additionally involved in
syndecan-4-mediated Rac1 activity (Bass, Morgan et al.,
2007), as well as in integrin endocytosis (Bass, Morgan
et al., 2007; Bass, Williamson et al., 2011). Therefore, Y188
also constitutes an important target to study integrin and
syndecan-4 signaling pathway, particularly because of the
involvement of PKCα and RhoA activation in astrocyte
adhesion induced by Thy-1 (Figure 1).

The switch between astrocyte adhesion-migration appears
to be controlled by differential activation of GTPases from the
Rho family (Danen, van Rheenen et al., 2005). In addition,
Thy-1–αvβ3 integrin engagement increases intracellular
concentration of Ca2+, an event that occurs upstream of
RhoA activation (Alvarez, Lagos-Cabre et al., 2016).
Additional support for the involvement of the latter is that
enhanced intracellular Ca2+ is blocked by IP3R-inhibitors,
such as 2-APB and Xestospongin (Alvarez, Lagos-Cabre et al.,
2016). This increase in Ca2+ is involved in hemichannel
activation, which leads to ATP release, opening of P2X7R

and a second and sustained increase in intracellular Ca2+

concentration, since inhibition of hemichannels (Connexins
and Pannexins) abolishes these signaling events and astrocyte
migration (Henriquez, Herrera-Molina et al., 2011; Alvarez,
Lagos-Cabre et al., 2016, Figure 1). How does this IP3R-
dependent Ca2+ increase activate hemichannels to induce
ATP release? The answer to this question is currently
under investigation.

2.3 The Thy-1, Syndecan-4 and Integrin
Triplex in Signaling and Mechanosensing
The cellular responses mediated by Thy-1–integrin interaction
are affected by mechanical forces. The interaction of Thy-
1–integrin in the melanoma/EC model increases EC
contraction, facilitating the extravasation of the melanoma
cells through the endothelium (Schubert, Gutknecht et al.,
2013). The mechanical tension generated by EC contraction
could certainly affect melanoma cell adhesion, motility, and
invasion (Bras, Radmacher et al., 2020); however, the effect of
the mechanical forces exerted on the Thy-1–integrin interaction
has not yet been studied on melanoma cells.

A similar molecular interaction between astrocytes and neurons
triggers axonal contraction. Because these contractile forces are
exerted on the Thy-1-ligated integrin of astrocytes (axonal
pulling), astrocyte contraction is also detected, measured as FA
and stress fiber (SF) formation, as well as by myosin light chain
(MLC) phosphorylation (Perez, Rashid et al., 2021). FA and SF
formation is enhanced because integrin levels are elevated when the
cells are stimulated with Thy-1 plus mechanical stress (Perez, Rashid
et al., 2021). Cell contraction induced as a consequence of the
formation of these structures is thus exerted onto the substrate,
where these cells attach, i.e., the ECM. Therefore, axonal pulling
promotes astrocyte contraction and the force generated is exerted on
the matrix, where the cells adhere.

An additional component participates in regulating
mechanosensing of the integrin in the Thy-1–integrin interaction.
Syndecan-4 forms a trimolecular complex; the rigidity of the bonds in
this complex changes in response to mechanical stress. At a single
molecule level, the complex has a dynamic catch behavior when force
is applied, and the molecular bonds change from a non-stiff to a stiff
behavior required for cell adhesion. α5β1 integrin in A375 human
melanoma cells and syndecan-4 form a trimolecular complex with
Thy-1 associated surfaces (Beads) (Fiore, Ju et al., 2014). The bond
behavior of the α5β1 integrin, syndecan-4 and Thy-1 complex in
response to force does not change when signaling molecules such as
dynamin or Src are inhibited, indicating that syndecan-4 signaling
leading to integrin recycling is not involved in the bond behavior
described. In this case, the mechanical forces that affect the extension
of syndecan-4 glycosaminoglycan (GAG) chains change the
conformation of the integrin, thereby leading to its activation
(Fiore, Ju et al., 2014).

On the other hand, αvβ3 integrin and syndecan-4 in
reactive astrocytes form a trimolecular complex with Thy-1-
associated neurons. At a single molecule level, the complex
displays a slip bond behavior when force is applied, and the
molecular bonds are kept in a non-stiff phenotype required for
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cell contraction. This trimolecular interaction is mediated on
the one hand, by the RLD motif of Thy-1 and the integrin, and
on the other hand, by the heparin-binding domain of Thy-1
and syndecan-4. The interaction between syndecan-4 and
Thy-1 is of lower affinity than that of α5β1 and αvβ3
integrins and Thy-1 (Burgos-Bravo, Martinez-Meza et al.,
2020). Syndecan-4 promotes the functional effect of Thy-
1–integrin on neurons, which is inhibited by Heparinase III
or Heparin treatment, but this heparan sulfate blocking does
not completely inhibit the effect. An additional role for the
protein core is proposed by Leyton and co-workers (Burgos-
Bravo, Martinez-Meza et al., 2020). However, could the
integrin type, the cellular context, or the approaches used
make the difference between these two experimental
models? These are questions that still remain unanswered.

The cell machinery (Figure 1) involved in the biological
effect of engaging Thy-1 in neurons through the binding of
αvβ3 integrin includes the association of Thy-1 to a signal
transducer molecule of the Transmembrane Associated
Protein family, Csk binding protein (Cbp), the recruitment
of the non-receptor tyrosine kinase Csk, the inactivation of Src,
and the activation of the GTPase RhoA (Herrera-Molina,
Frischknecht et al., 2012; Maldonado, Calderon et al., 2017).
RhoA is a small G protein that regulates the actin cytoskeleton
and cell contraction by targeting the effector protein ROCK,

which elevates MLC phosphorylation and activation (Burridge
and Wennerberg 2004). In the case of neurons, this signaling
pathway includes MLC and cofilin phosphorylation, and leads
to axonal retraction (Maldonado, Calderon et al., 2017).
Syndecan-4 acts in conjunction with αvβ3 integrin to
trigger Thy-1-induced neurite contraction (Burgos-Bravo,
Martinez-Meza et al., 2020); however, its contribution to
the signaling described above in neurite retraction, is yet to
be investigated.

3 THY-1 MEDIATES INTEGRIN
CIS-REGULATION ON THE PLASMA
MEMBRANE

3.1 Direct cis-Coupling of Thy-1 and Integrin
αvβ3 Regulates Integrin Activity
The capability of Thy-1 to directly bind integrin in cis has long
been explored (Barker et al., 2004b; Barker and Hagood 2009) but
was only recently identified mechanistically (Fiore, Strane et al.,
2015, Figure 2). Although Thy-1 showed a tendency to bind both
αvβ3 and α5β1 integrins in their inactive conformation, its cis-
interaction with αvβ3 has a profound impact on integrin
downstream signaling, cell morphogenesis and pathogenesis
(Fiore, Strane et al., 2015; Fiore, Wong et al., 2018). Like the
aforementioned trans-interaction observed in vitro and in vivo
(Leyton, Schneider et al., 2001; Herrera-Molina, Frischknecht
et al., 2012; Lagos-Cabre, Alvarez et al., 2017; Burgos-Bravo,
Figueroa et al., 2018), the direct cis coupling of integrin is
dependent on the Thy-1 RLD motif. While the crystal
structure of Thy-1 is not available yet, a predicted structure
suggests that the RLD motif is located close to the protein’s
N-terminal glycosylation site, facing outward from the anti-
parallel structure of β-sheets that form an immunoglobulin
(Ig)-like V type domain (Herrera-Molina, Valdivia et al., 2013)
(UniProtKB—P04216). This effectively places the RLD motif no
more than a few nanometers above the plasma membrane and
thus, a cis-interaction with integrin can potentially further
stabilize the heterodimeric protein in its bent, inactive
conformation.

The Thy-1–αvβ3 integrin interaction physically couples the
integrin to lipid raft microdomains containing critical
signaling molecules to ensure proper mechanosensing. Fiore
and others identified two proteins with critical regulatory roles
in integrin signaling recruited to Integrin-Associated
Complexes (IACs) through the Thy-1–integrin cis-
interaction: Fyn, a member of the Src family kinases (SFK)
and Cbp. Fyn has been identified as a critical player in sensing
environmental rigidity and its activation is essential for
translating extracellular mechanosignals into intracellular
responses (Kostic and Sheetz 2006). This kinase is also
responsible for integrin-mediated morphogenesis by
activating downstream Rho GTPases (Liang, Draghi et al.,
2004; Reddy, Smith et al., 2008). Cbp keeps SFK activity in
check by recruiting Csk –the negative regulator of SFK– into
IACs. Loss of Cbp has been shown to cause defective integrin
mechanotransduction, resulting in impaired cell morphology

FIGURE 2 | Thy-1 modulates cell mechanosensing through direct cis-
interaction. Direct cis-coupling between Thy-1 and αv integrins (especially
αvβ3) further stabilizes the integrin in bent-inactive conformation and
simultaneously promotes recruitment of Cbp and Fyn to the cytoplasmic
tail of the integrin. This leads to: 1) balanced signal transduction between α5β1
and αv integrins through competitive-cooperative binding to fibronectin, and
2) regulated activity of SFK due to Csk recruitment by Cbp to focal adhesions
and Fyn-depended RhoA activation, which promotes cell spreading and
contraction in the presence of mechanical stimuli (e.g., stiff matrices). In
addition, Thy-1 can inhibit TGF-βRI and likely reduce αv integrin-dependent
TGF-β activation (through αvβ5, αvβ6, and αvβ8), resulting in suppression of
TGF-β signaling.
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(spreading) and migration (Shima, Nada et al., 2003).
Interestingly, in nascent FAs, Fyn interacts with FAK and
phosphorylates Cbp, resulting in subsequent recruitment/
activation of Csk (Yasuda, Nagafuku et al., 2002;
Maksumova, Le et al., 2005; Baillat, Siret et al., 2008),
which in turn, negatively regulates local SFK activity and
enables appropriate mechanotransduction.

Further downstream, Thy-1 has been shown to regulate cell
spreading and SF assembly by promoting RhoA activity–likely
due to downregulated c-Src-dependent p190 RhoGAP activity
in the presence of Thy-1 (Barker et al., 2004a). Fyn has also
been shown to directly phosphorylate and activate RhoGEF in
response to integrin mediated force transduction, resulting in a
more direct activation of RhoA (Guilluy, Swaminathan et al.,
2011). Importantly, the activity of Rho GTPase is required for
ECM stiffness-induced nucleus translocation of YAP/TAZ,
which drives mechano-activation of fibroblasts and fibrosis
(Dupont, Morsut et al., 2011; Liu, Lagares et al., 2015). Taken
together, the direct and indirect regulatory role of Fyn on
RhoA activity makes it a core modulator of force-induced
cellular response.

3.2 Thy-1–Integrin cis Interaction Regulates
Integrin Clustering
Thy-1 coupling with integrin can also suppress ligand binding-
independent self-clustering of integrin and thus, reduce baseline
integrin avidity, seen as reduced adhesion strength when cells are
only allowed transient contact with the ECM (Fiore, Strane et al.,
2015). Existing evidence has already shown that a tiny fraction of
surface integrins can spontaneously switch into extended-active
conformation without being activated –a thermodynamic nature
of integrin (Li, Su et al., 2017). It is also known that integrin
activation can be achieved simply through intramolecular
interactions at the transmembrane domain between different
integrin molecules (Ye, Kim et al., 2014). Therefore, the
presence of Thy-1 can constraint self-clustering of integrin,
indicating a higher-level regulatory role of Thy-1, other than
suppressing activity at the single molecular level.

3.3 Thy-1 and Indirect Integrin Regulation
in cis
In addition to direct cis-interacting with integrin and regulating
recruitment of IAC components, Thy-1 can also indirectly
regulate mechanotransduction through the TGF-β pathway.
TGF-β-SMAD2/3/4 is well established as the main signaling
route to induce mechano-related phenotypes and promote
proliferation, contraction and ECM deposition (Vallee and
Lecarpentier 2019). The role of TGF-β signaling in cancer and
fibrosis has been well described (Budi, Schaub et al., 2021; Chung,
Chan et al., 2021). As reported, Thy-1 null C57BL/6 mice were
more prone to develop severe lung fibrosis after bleomycin
treatment (Hagood, Prabhakaran et al., 2005), which could be
a result of disrupted inhibitory coupling between Thy-1 and TGF-
βRI (Koyama, Wang et al., 2017). Thy-1−/− fibroblasts were more
responsive to cytokines and growth factors like TGF-β, whereas

Thy-1+/+ cells were resistant to similar treatments. The difference
did not appear to be due to downstream signal transduction of
TGF-β, but instead, to higher latent TGF-β activation in Thy-1−/−

cells (Zhou, Hagood et al., 2004). Likewise, induction of MMP9
by TGF-β has been observed in Thy-1−/− fibroblasts, but not in
Thy-1+/+ fibroblasts, implying that Thy-1 as an important
suppressor in MMP9-induced latent TGF-β activation
(Ramirez, Hagood et al., 2011). The interaction between Thy-1
and αvβ5 integrin has been proposed as a mechanism to constrain
latent TGF-β activation by the integrin (Zhou, Hagood et al.,
2010). The study, however, did not reveal if the inhibition was
caused by cis- or trans-interaction between the two molecules. As
Thy-1 can cis interact with β1 integrin, it is conceivable that Thy-
1 is also capable of cis-interacting with other RGD integrins,
including β5 and β6, and therefore, can maintain TGF-β
activating αvβ5 and αvβ6 integrins in a low affinity
conformation, reducing the activation of endogenous TGF-β
(Figure 2). Indeed, in aging mice, TGF-β can effectively
suppress Thy-1 expression at the transcriptional level by
epigenetically inducing methylation of the Thy-1 promoter
(Neveu, Mills et al., 2015), making the animals prone to
fibrotic diseases.

Trans interaction between Thy-1 and syndecan-4 has been
discussed; however, existing evidence also indicate a possible
role of Thy-1 in integrin cis-regulation through syndecan-4
clustering. As an important co-receptor of fibroblast growth
factor (FGF), syndecan-4 clustering and mobilization into
lipid rafts can be induced by FGF treatment (Tkachenko and
Simons 2002)—a phenomenon that could be similarly
induced by the heparin-binding domain on Thy-1 through
its interaction with the heparan sulfate chain on syndecan-4
(Elfenbein and Simons 2013). Noteworthy, syndecan-4 itself
can sense environmental forces and mediate downstream
signaling (Chronopoulos, Thorpe et al., 2020). Antonios
used electromagnetic tweezers to apply repetitive, short
(1 s) 1 nN tension pulses on syndecan-4, resulting in
RhoA-dependent adaptive cell stiffening, whereas longer
exposure (5 min) to a one-time small scale ~200 pN force
was sufficient to induce PI3K-mediated recruitment of Talin/
Kindlin to FAs, with increased local β1 integrin activation
and YAP nuclear translocation Chronopoulos, Thorpe et al.
(2020). The evidence strongly suggests a cis correlation
between syndecan-4 and β1 integrin during
mechanotransduction. By coupling syndecan-4 to integrin,
Thy-1 could indirectly contribute to integrin signaling when
facing extracellular mechanical cues.

Another possible way for Thy-1 to regulate integrin activity
could be by regulating the surface availability of the adhesion
receptor. Reggie-1/Flotillin-2 has been shown to regulate integrin
dynamics and FA turnover –loss of Reggie-1 promotes FA
formation, FAK/Rac1 activity and integrin recycling
(Hulsbusch, Solis et al., 2015). Interestingly, Reggie 1/2
colocalizes with Thy-1 and Fyn kinase on the plasma
membrane, essentially marking that local lipid raft
microdomain for internalization and therefore, reducing
surface presence of proteins associated with Thy-1/Fyn (i.e.,
integrins) (Lang, Lommel et al., 1998; Stuermer, Lang et al., 2001).
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3.4 Thy-1 Fine Tunes Integrin Signaling
Balance
Integrins are engaged by the ECM both cooperatively and
competitively. This is particularly true for RGD integrins when
they interact with the same RGD-motif on fibronectin. It is well
established that during cell adhesion to fibronectin, a cooperative
and synergistic crosstalk between α5β1 and αv integrins
(especially αvβ3) is needed for mechanosensing, downstream
signaling and cell spreading (Schiller, Hermann et al., 2013;
Bharadwaj, Strohmeyer et al., 2017). α5β1 and αvβ3 clearly
play different roles in mechanotransduction: αvβ3 is more of a
“sensor” and could potentially reduce cellular contractility,
making cells more pliable and invasive; whereas α5β1
functions as a force generator, responsible for adhesion
strengthening and generation of contractility (Roca-Cusachs,
Gauthier et al., 2009; Lin, Cohen et al., 2013; Milloud,
Destaing et al., 2017; Strohmeyer, Bharadwaj et al., 2017).

In this context, it is critically important for cells to maintain
a proper signaling balance between different integrins. As a cis-
suppressor of αvβ3, Thy-1 could thus bear an essential role in
maintaining this much needed signaling balance. In vitro
studies (Fiore, Strane et al., 2015) have clearly demonstrated
that Thy-1 can keep αvβ3 in bent-inactive conformation,
reducing the reservoir of free integrins that can
automatically switch into extended conformation under the
thermodynamic equilibrium. Unsurprisingly, Thy-1
knockdown can significantly elevate αvβ3 signaling versus
α5β1 signaling, and potentially drive fibroblasts into a
myofibroblastic phenotype without environmental mechano
stimulators (Fiore, Wong et al., 2018).

3.5 Other Potential Integrin cis-regulators
With Functions Comparable to Thy-1
In addition to Thy-1, emerging evidence suggest other
proteins can regulate integrin in cis as well. Semaphorin 7a
(SEMA7a) is another GPI-AP capable of binding integrin in
trans and deeply involved in TGF-β signaling and fibroblast
differentiation (Kang, Lee et al., 2007; Suzuki, Okuno et al.,
2007; Scott, McClelland et al., 2008; Esnault, Torr et al.,
2017). SEMA7a could be another GPI-anchored membrane
protein capable of interacting with integrin in cis, due to its
function similarity to Thy-1.

While this review article focuses on Thy-1, a GPI-anchored
protein in integrin cis-regulation, it is noteworthy that
transmembrane proteins have also shown to regulate
integrin activity in cis as well. One example is cell
membrane metalloprotease ADAM17. The direct cis-
interaction between ADAM17 and integrin α5β1 can keep
both proteins in inactive form (Bax, Messent et al., 2004;
Gooz, Dang et al., 2012; Grotzinger, Lorenzen et al., 2017) and
this mutual inhibitory interaction can be enhanced by
tetraspanin CD9 (Machado-Pineda, Cardenes et al., 2018),
effectively adding another layer of regulation. Other examples
include CD154 (also known as CD40L) and FcγRIIA, with
their cis integrin binding promoting cell survival (CD154 and

α5β1) (Bachsais, Salti et al., 2020) or inhibiting neutrophil
recruitment (FcγRIIA and αMβ2) (Saggu, Okubo et al., 2018),
respectively. It is plausible that in addition to well established
inside-out and outside-in integrin regulations, a direct cis-
interaction dependent mechanism also exists on the plasma
membrane to regulate initial integrin-ECM binding.
Comprehensive studies are needed to further reveal the
extend and molecular details of such a mechanism.

4 THY-1–INTEGRIN INTERACTION IN
PATHOPHYSIOLOGY

4.1 Thy-1 and Fibrosis
Fibrosis, defined as the excess accumulation of scar tissue
composed of stiff, fibrillar ECM, leads to tissue and organ
dysfunction. Fibrosis can lead to disfigurement (such as when
it occurs in skin or joints), organ failure or death, and is often
thought to be irreversible. Fibrosis can be driven by injury,
inflammation, genetic variants, or aberrant mechanical stress
on tissues, leading to aberrant and/or persistent activation of
wound healing signaling paradigms. A myriad of cellular
phenotypic alterations can initiate, accompany or amplify
fibrosis, but the final common pathway always involves
activated fibroblasts, which elaborate and/or remodel the
fibrotic ECM. This is usually associated with phenotypic
alteration of fibroblasts to a contractile myofibroblastic
phenotype characterized by metabolic alterations, expression
of contractile molecular machinery, excessive ECM production
and resistance to apoptosis. Altered outside-in and inside-out
integrin signaling is a key driver of fibroblast phenotype
transitions; thus, molecules such as Thy-1, which modify
integrin signaling in cis and in trans may offer opportunities
for therapeutic interventions to slow, halt or even reverse fibrosis.

4.1.1 Lung
Progressive pulmonary fibrosis (PF) has a high burden of
morbidity and mortality. Idiopathic pulmonary fibrosis (IPF),
the most prevalent form, has no cure and inevitably results in
death or lung transplantation. FDA-approved antifibrotic drugs
are expensive, fraught with uncomfortable side effects, and only
slow disease progression, with minimal effects on mortality
(Moua and Ryu 2019). A critical barrier in the field is a lack
of understanding of the regulatory paradigms controlling the
emergence, function, and resolution of fibroblast phenotypes
in PF.

Differentiation and activation of myofibroblasts and lipid-
containing lipofibroblasts is critical for the development of
pulmonary alveoli (where oxygen enters the bloodstream) and
for wound repair and fibrosis (Kis, Liu et al., 2011; Li, Li et al.,
2015; Branchfield, Li et al., 2016; El Agha, Moiseenko et al., 2017).
Cell surface Thy-1 expression is important in both processes.
Thy-1 null mice have abnormal alveolar development (Nicola,
Hagood et al., 2009) and more severe lung fibrosis (Hagood,
Prabhakaran et al., 2005), which fails to resolve (Liu, Wong et al.,
2017). In human IPF, Thy-1, which is normally expressed by
most human lung fibroblasts, is absent in fibroblastic foci (FF)
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(Hagood, Prabhakaran et al., 2005), which are abnormal
collections of myofibroblasts driving fibrosis progression. Thy-
1 is silenced within FF by epigenetic mechanisms, such as DNA
methylation (Sanders, Pardo et al., 2008). Epigenetic silencing of
Thy-1 leading to pathogenic alteration in fibroblasts, is driven by
aging and TGF-β (Neveu, Mills et al., 2015), TLR4 (Xing, Nie
et al., 2015), IL-17 (Neveu, Staitieh et al., 2019) and hypoxia
(Robinson, Neary et al., 2012). A recent study described a
regulatory axis of Thy-1 expression involving the transcription
factor YY1 and miR-214 in the context of lung fibrosis (Chen,
Yang et al., 2020).

From a functional perspective, Thy-1 has been shown to
regulate many core functions and phenotypic features of
fibroblasts relevant to fibrogenesis, including proliferation,
cytokine and growth factor expression and responsiveness,
adhesion, migration, myofibroblast/lipofibroblast
differentiation, and cell survival. Thy-1 expression is lost in
the transition from fibroblasts to myofibroblasts (Hagood, Guo
et al., 1999; Hagood, Mangalwadi et al., 2002; Barker et al., 2004a;
Zhou, Hagood et al., 2004; Hagood, Prabhakaran et al., 2005;
Rege, Pallero et al., 2006; Sanders, Kumbla et al., 2007; Varisco
et al., 2012; Liu, Wong et al., 2017). The expression of Thy-1
supports a lipofibroblast phenotype, which is important in
normal lung alveolar development (McQualter, Brouard et al.,
2009; Varisco et al., 2012; McQualter, McCarty et al., 2013) and
its absence supports a contractile myofibroblast phenotype,
which activates latent TGF-β1 and resists apoptosis (Zhou,
Hagood et al., 2004; Sanders, Kumbla et al., 2007; Liu, Wong
et al., 2017). Prenatal tobacco smoke exposure promotes Thy-1
DNA methylation/silencing in embryos, predisposing mice to
lung fibrosis in adulthood (Cole, Brown et al., 2017).

Integrin αv signaling is a key regulator of fibrosis in
multiple organs (Henderson, Arnold et al., 2013; Sun,
Chang et al., 2016). IPF fibroblasts lacking Thy-1
expression, demonstrate persistent activation of
mechanosensitive integrin signaling, regardless of whether
they are in a mechanically soft environment (like normal lung
alveoli) or a mechanically stiff environment (like established
fibrotic tissue). Conversely Thy-1 expression inhibits
activation of SFK, RhoA, and downstream myofibroblast
differentiation pathways in soft environments (Fiore,
Strane et al., 2015), including FF, which have mechanical
properties similar to normal alveolar regions (Fiore, Wong
et al., 2018). Thus, integrin activation in the Thy-1-negative
myofibroblasts that populate FF likely initiate a cycle of
matrix remodeling that leads to progression and
persistence of fibrosis (Fiore, Wong et al., 2018). A single
lung injury, such as that induced experimentally by
administration of intratracheal bleomycin in mice, leads to
transient, reversible loss of cell surface Thy-1 and fibrosis that
spontaneously resolves. Repetitive injury, however, leads to
silencing of Thy-1 at the mRNA level and persistent
activation of αv integrin, resulting in progressive, non-
resolving fibrosis (Tan, Jiang et al., 2019).

Evidence suggests that Thy-1 modulation of profibrotic
signaling can be harnessed for therapeutic benefit. In a human
cytomegalovirus-induced model of acute interstitial pneumonia

(AIP), characterized by a rapid-onset form of fibrosis associated
with acute lung injury, lentiviral transfection of Thy-1 partially
attenuated fibrosis, by blocking WNT activation (Chen, Tang
et al., 2019). Exogenous soluble Thy-1-Fc fusion protein (sThy-1)
blocked TGF-β1 activation and reversed the myofibroblast
phenotype in vitro (Zhou, Hagood et al., 2004). Recent studies
in two distinct models of PF, induced either by bleomycin injury
or by transgenic expression of active TGF-β1, demonstrated that
intravenous administration of sThy-1, but not the non-integrin-
binding RLE form [sThy-1 (RLE)], is able to reverse established
fibrosis in vivo (Tan, Jiang et al., 2019). Extracellular vesicle-based
therapeutics are widely studied in models of fibrosis in multiple
organs and tissues, and in a variety of clinical trials. The ability of
mesenchymal stem cell (MSC)-derived extracellular vesicles to
reverse myofibroblast differentiation in lung fibroblasts is
attributable to Thy-1 modulation of integrin activation
(Shentu, Huang et al., 2017). Fibrosis-suppressive functions of
Thy-1 have been demonstrated in other organs as well.

4.1.2 Liver
Fibrosis of the liver, also known as cirrhosis, causes one
million deaths worldwide (Asrani, Devarbhavi et al., 2019),
and liver is the second most common solid organ transplant,
usually because of cirrhosis. In a mouse model of liver fibrosis
induced by bile duct ligation, absence of Thy-1 increases
fibrosis severity (Nishio, Koyama et al., 2021). In liver portal
fibroblasts, Thy-1 forms an inhibitory complex with TGF-
βR1 that is disrupted by mesothelin (Msln), in a mechanism
also involving Muc16 (Koyama, Wang et al., 2017).

4.1.3 Kidney
Chronic kidney disease involving fibrotic remodeling is
widespread and requires management with chronic dialysis or
transplantation. A widely used model of kidney inflammation
leading to fibrosis is injection of antibodies to Thy-1 in mice,
leading to mesangial cell injury (Becker and Hewitson 2013). In a
unilateral ureteral obstruction model of kidney injury, Thy-1-null
mice exhibit increased fibrosis severity, via similar mechanisms to
the bile duct ligation model in liver (Nishio, Koyama et al., 2021).

4.1.4 Heart
Congestive heart failure, which usually involves myocardial
fibrosis, is a major cause of mortality worldwide. In a
myocardial infarction model of cardiac fibrosis,
transplantation of Thy-1+/+ cardiac fibroblasts accelerated
resolution of fibrosis and improved repair (Chang, Li et al.,
2018). On the contrary, absence of Thy-1 increases severity of
cardiac fibrosis in a transverse aortic constriction model (Li,
Song et al., 2020).

4.1.5 Joints
The importance of Thy-1 in fibroblast phenotype has recently
been confirmed in arthritis (Croft, Campos et al., 2019), in
which Thy-1+/+ fibroblasts regulate inflammation, whereas
Thy-1−/− fibroblasts mediate bone and cartilage remodeling.
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4.1.6 Summary
In multiple tissues and organs, in a wide variety of models of
fibrosis and in several chronic human diseases, Thy-1
modulates development and progression of fibrosis. Its
absence, usually due to epigenetic silencing associated with
aging and/or inflammation, worsens fibrosis.
Mechanistically, the fibrosis-suppressive functions of Thy-1
involve modulation of integrin activation and signaling,
although notably, Thy-1 can also affect TGF-β and WNT
signaling.

4.2 Thy-1 and Other Normal Cell
Differentiation and Determination
4.2.1 Thy-1 and Stem Cell Differentiation and Function
Thy-1 has long been known as a marker of hematopoietic
(Boswell, Wade et al., 1984) and MSCs (Ghilzon, McCulloch
et al., 1999). It is unclear, however, the degree to which Thy-1,
either via integrin modulation or other molecular interactions,
mediates or modulates stem cell pluripotency or multipotency.
Interestingly, in reprogramming fibroblasts to create induced
pluripotent stem cells (iPSCs), Thy-1 is one of the first somatic
markers to be repressed at the initiation of reprogramming (Li,
Dang et al., 2014). Reprogrammed cells that either retain or
regain Thy-1 expression lack true pluripotency and retain/
regain a mesenchymal phenotype, in part through miRNA
regulation of Wisp1 and genes regulating cell-ECM
interactions and growth factor signaling.

Differential expression of Thy-1 in subsets of adipose-tissue
derived MSCs (or stromal cells) affects their proliferation and
metabolism, in part through activation of AKT (Pan, Zhou et al.,
2019). Thy-1 promotes osteogenic (vs. adipogenic) differentiation
ofMSCs (recently reviewed in Saalbach and Anderegg 2019). This
pro-osteogenic role of Thy-1 is dependent on β3, but not β1
integrin, and interestingly can be mediated by Thy-1 in both cis
and trans, and was associated with stimulation of the canonical
Wnt signaling pathway (Picke, Campbell et al., 2018). The same
study demonstrated higher body fat mass and lower bone density
in Thy-1−/−mice. A different study which used shRNAs to silence
Thy-1 expression in MSCs showed increased adipogenic and
osteogenic differentiation, indicating that Thy-1 functions as a
differentiation obstacle (Moraes, Sibov et al., 2016). Thy-1
expression is itself decreased during adipogenesis via
epigenetic silencing (Flores, Woeller et al., 2019). Thy-1
inhibits adipogenesis in preadipocytes via inhibition of Fyn

and PPARγ (Woeller, O’Loughlin et al., 2015). PPARγ activity
can also suppress Thy-1 expression via microRNA (miR) 103
(Woeller, Flores et al., 2017). Conversely, in lung fibroblasts, Thy-
1 promotes PPARγ signaling and lipid accumulation (Varisco
et al., 2012). Others have also shown that Thy-1 expression
supports lipofobroblast differentiation of lung fibroblasts
(McQualter, McCarty et al., 2013). This is also true of Sca1+/+

mesenchymal progenitors in the transition from saccular to
alveolar stages of lung development; Thy-1high cells
preferentially generate Oil Red O-positive lipofibroblasts,
whereas their Thy-1−/low counterparts generate an
interconnected network of non-lipofibroblastic cells
(McQualter, Brouard et al., 2009). Thus, the effects of Thy-1
on regulating lipid metabolism signaling and stemness/
pluripotency are very complex and likely depend on the
cellular context.

An increasingly appreciated function of MSCs is their
paracrine effects mediated through extracellular vesicles,
which can be harnessed for cell-based therapy. Human MSC-
derived extracellular vesicles have emerged as a new therapeutic
strategy for many diseases (van der Pol, Boing et al., 2012; Fais,
O’Driscoll et al., 2016). Extracellular vesicles are comprised of
mRNAs, non-coding RNAs, proteins and membrane lipids
derived from donor cells. Extracellular vesicles can modulate
cell proliferation, tissue repair, and regeneration (Biancone,
Bruno et al., 2012; Lamichhane, Raiker et al., 2015). Several
routes of extracellular vesicle uptake have been shown in
different cell types (Mulcahy, Pink et al., 2014) and this
uptake is repressed by endocytosis pathways (Svensson,
Christianson et al., 2013; Tian, Li et al., 2014). Thy-1 has
been shown to mediate uptake of viral particles by
glioblastoma cells and fibroblasts (Li, Fischer et al., 2016).
Interaction of Thy-1 with β integrins mediates MSC-derived
extracellular vesicle uptake by lung fibroblasts, which blocks
myofibroblastic differentiation; MSC-derived extracellular
vesicles are enriched for miRs that target profibrotic genes
upregulated in IPF fibroblasts (Shentu, Huang et al., 2017).
Blocking the RGD-binding β integrin “partners” of αv (β1, 3 and
5), as well as silencing them in recipient cells, blocks the uptake
of MSC-derived extracellular vesicles by myofibroblasts.

4.2.2 Thy-1 and Immunity
Thy-1 was originally described as a lymphocyte marker (Reif and
Allen 1964b). Despite extensive studies over decades on the role
of Thy-1 in augmenting T cell signaling, its exact role in

TABLE 1 | The interaction of Thy-1 with integrins in trans- or in cis-results in diverged impacts on downstream integrin signaling.

Interaction type Trans Cis

FAK Activating Increasing sensitivity
c-Src Inhibiting Inhibiting
Fyn Unidentified Recruiting
RhoA Activating Increasing sensitivity
Rac-1 Inhibiting Unidentified
MMP9 Inducing production Reducing production by inhibiting TGF-β
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immunity has remained somewhat enigmatic (Haeryfar and
Hoskin 2004; Furlong, Power Coombs et al., 2017). Most of
the Thy-1-associated signaling in immune cells requires
crosslinking of Thy-1 or engagement of other receptors, such
as the T-cell receptor (TCR), but does not involve integrin
interactions. A number of Thy-1+/+ mesenchymal or stromal
cells modulate T cell function, but it is still unclear whether Thy-1
plays a direct role in such interactions (Kitayama, Emoto et al.,
2014; Pfisterer, Lipnik et al., 2015).

4.2.3 Thy-1 and Vascular Biology
Thy-1 is expressed on activated ECs and interacts with leukocyte
integrins in trans to regulate inflammatory cell vascular adhesion
and transmigration (Wetzel, Chavakis et al., 2004). The
recruitment and extravasation of multiple different types of
leukocytes, including neutrophils, monocytes and eosinophils,
into inflamed sites, such as lung and peritoneum, is impaired in
Thy-1-null mice, and is not rescued by transplantation of wild
type bone marrow, indicating that endothelial Thy-1 expression
is required for optimal leukocyte recruitment (Schubert, Polte
et al., 2011). Likewise, endothelial Thy-1 expression is required
for melanoma cell metastasis (Schubert, Gutknecht et al., 2013).
Thy-1 is expressed on lymphatic vessels in the lung (Kretschmer,

Dethlefsen et al., 2013), but the functional significance of this
expression is unknown.

4.3 Thy-1 and Cancer
Thy-1 has complex and multiple roles in different types of
cancer, as detailed in excellent reviews (Kumar, Bhanja et al.,
2016; Sauzay, Voutetakis et al., 2019). Briefly, Thy-1 functions
as a tumor suppressor in multiple malignancies, including
nasopharyngeal and ovarian cancer (Lung, Bangarusamy et al.,
2005). This function appears dependent on the interaction
with β3 integrin (Chen, Hsu et al., 2016). Loss of
heterozygosity (LOH) at 11q23.3-q24.3, where THY1 is
mapped in humans, is associated with poor prognosis for
ovarian cancer (Cao, Abeysinghe et al., 2001). As reported,
forced Thy-1 expression suppresses tumorigenicity in the
ovarian cancer cell line SKOV-3 (Cao, Abeysinghe et al.,
2001; Abeysinghe, Cao et al., 2003). In neuroblastoma, Thy-
1 expression correlates inversely with prognosis (Fiegel, Kaifi
et al., 2008). On the other hand, Thy-1 functions as a cancer
stem cell marker in several types of malignancy (Shaikh, Kala
et al., 2016). In liver cancer, for example, Thy-1 promotes
tumor progression in part via β3 integrin interaction (Chen,
Chang et al., 2015).

FIGURE 3 | Thy-1 and integrin in pathophysiology. Through binding and regulating integrins, Thy-1 plays an intricate role in differentiation and tumorigenesis. The
presence of Thy-1 promotes differentiation of naïve fibroblasts into lipofibroblasts, but suppresses myofibroblast activation. Similarly, Thy-1 drives MSC differentiation
into osteoblasts, while inhibiting differentiation into adipocytes. The Thy-1–integrin interaction also promotes T cell activation and leukocyte adhesion. In cancer, Thy-1
displays somewhat contradictory roles –often regarded as an oncogene, but also promoting metastasis through its trans interaction with integrins.
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5 DISCUSSION AND FUTURE
PERSPECTIVE

Many members of IgSF are identified as cell adhesion molecules
(CAMs) and many of them have shown important role in cancer
metastasis and neuron development (Crossin and Krushel 2000;
Wai Wong et al., 2012). Among them, Thy-1 with its unique role
in integrin-mediated multiple cell-matrix and cell-cell
interactions truly stands out. Upon ligand binding, these
receptors trigger a myriad of divergent intracellular signaling
events in cis and in trans that control the actin cytoskeleton and
affect cellular processes, such as adhesion, migration, and ECM
remodeling (Table 1).

Integrins bind to Thy-1, thus enlarging Thy-1 clusters. As a GPI-
anchored protein, Thy-1 spontaneously forms small nanoclusters in
the plasma membrane, and its ligand binding reportedly induces
protein aggregation. Such reduction ofmobility and clustering of Thy-
1 could be facilitated by interaction between Thy-1 molecules, Thy-
1–integrin binding, the association between Thy-1 and Cbp in lipid
rafts, and the interaction of the Thy-1 membrane complex with the
cortical cytoskeleton. By means of this protein aggregation process,
Thy-1 also promotes integrin clustering in their inactive/active form,
thus regulating integrin function.

Although lacking a cytoplasmic tail, Thy-1mediates a large variety
of integrin-related signaling pathways in a context-dependent
manner. When binding with integrin in trans, Thy-1 functions as
a generic ligand for the molecule, promoting cell-cell association and
integrin outside-in signaling. On the mechanical side, the trio of Thy-
1, integrin and syndecan-4 works synergistically and generates rapid
binding strengthening with catch bond characteristics. However,
binding with integrin in cis plays vastly distinctive roles from the
trans-interaction, albeit with the same partner. Instead of mediating
integrin outside-in signaling, the cis-interaction between Thy-1 and
integrins further stabilizes the adhesion receptor in the inactive, bent
conformation, thus suppressing auto-activation of integrins, which is a
nature of its thermodynamic sway between different conformational
states. In addition to direct inhibition of integrin activity, Thy-1 also
brings together lipid raft-tethered signaling proteins, especially Fyn
and Cbp, to the proximity of integrins. This pre-assembled protein
complex is critical for integrin-mediatedmechanotransduction—Fyn
enables fast cellular mechanical responses and RhoA-dependent force
generation, whereas Cbp recruits the SFK inhibitor Csk to the site and
ensures that the signaling is tightly regulated. Through suppressing
TGF-β-activating integrins (αvβ5 and αvβ6) and TGF-βR1, Thy-1
indirectly downregulates TGF-β signaling, which could have an even
more significant biological impact on its integrin regulatory role.

Apart from RGD integrins (αv and α5β1 integrins), other
integrins, namely αMβ2 and αXβ2, that likely cannot directly
bind the Thy-1 RLD motif, have also shown interactivity with
Thy-1. This is particularly interesting, since it suggests that
Thy-1 could be a pan-integrin regulator with additional
unidentified biological impacts. This implication is actually
well aligned with the perplexing pathophysiological role of
Thy-1 in vivo (Figure 3). While it universally acts as a
suppressor in fibrotic diseases across various organs, Thy-1
bears a much more complicated role in cancer biology —it is
considered as a tumor suppressor in some cases, but also

correlates with poor prognosis and increased metastasis in
some other types of cancer.

For an extensive period following its initial discovery, Thy-
1 had been widely described as a surface marker for cell
differentiation and tissue development, particularly in
T cells. However, increasing evidence has collectively
demonstrated that Thy-1, through its capability of
interacting with integrins in trans and in cis, plays a much
broader biological role. To make the underlying mechanistic
network even more intricate, as a lipid raft GPI-anchored
protein, Thy-1 can dynamically bring together multiple
membrane proteins to regulate/mediate downstream
spatial-temporal signaling and hence, guide cellular
responses in an ever-changing microenvironment. In order
to fully unveil the true nature of Thy-1 (and to a broader
extent, lipid raft-anchored integrin regulators), a
combination of next generation sequencing techniques
(high-throughput RNA sequencing, single cell RNA
sequencing and ATAcSeq, etc.) with proteomics studies
and advanced microscopy is needed. Only then will we be
able to have a more comprehensive glimpse of how integrins,
together with other transmembrane proteins, actively sense
and transmit signaling across the plasma membrane,
decoding relevant environmental cues into distinctive
intracellular signaling events —with Thy-1 occupying a
critical place in the process.
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GLOSSARY

Thy-1 Thymus cell antigen one

CD90 Cluster of differentiation 90

BRCP Breast cancer resistance protein

EC Endothelial cells

ECM Extracellular matrix

ECM1 Extracellular matrix protein1

HDMEC Human dermal microvascular endothelial cells

GAG Glycosaminoglycan

GPI glycosylphosphatidylinositol

FA Focal adhesion

FAK Focal adhesion kinase

FGF Fibroblast growth factor

TGF-β Transforming growth factor β

PLC Phospholipase C

DC Dendritic cells

MMPs Matrix metalloproteinases

TNF Tumor necrosis factor

TCR T-cell antigen receptor

LAP Latency-associated peptide

CAFs Cancer-associated fibroblasts

CAMs Cell adhesion molecules

MLC Myosin light chain

Cbp Csk binding protein

IACs Integrin-Associated Complexes

IgSF Immunoglobin superfamily

SFK Src family kinases

SEMA7a Semaphorin 7a

PF Pulmonary fibrosis

IPF Idiopathic pulmonary fibrosis

FF Fibroblastic foci

MSC Mesenchymal stem cell

Msln Mesothelin

YAP Yes-associated protein
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Integrins Cooperate With the EGFR/
Ras Pathway to Preserve Epithelia
Survival and Architecture in
Development and Oncogenesis
Andrea Valencia-Expósito1†, M. Jesús Gómez-Lamarca1,2†, Thomas J. Widmann3 and
María D. Martín-Bermudo1*

1Centro Andaluz de Biología del Desarrollo CSIC-Universidad Pablo de Olavide, Sevilla, Spain, 2Departamento de Biología
Celular, Universidad de Sevilla, Sevilla, Spain, 3GENYO, Granada, Spain

Adhesion to the extracellular matrix (ECM) is required for normal epithelial cell survival.
Disruption of this interaction leads to a specific type of apoptosis known as anoikis. Yet,
there are physiological and pathological situations in which cells not connected to the ECM
are protected from anoikis, such as during cell migration or metastasis. Themain receptors
transmitting signals from the ECM are members of the integrin family. However, although
integrin-mediated cell-ECM anchorage has been long recognized as crucial for epithelial
cell survival, the in vivo significance of this interaction remains to be weighed. In this work,
we have used the Drosophila wing imaginal disc epithelium to analyze the importance of
integrins as survival factors during epithelia morphogenesis. We show that reducing
integrin expression in the wing disc induces caspase-dependent cell death and basal
extrusion of the dead cells. In this case, anoikis is mediated by the activation of the JNK
pathway, which in turn triggers expression of the proapoptotic protein Hid. In addition, our
results strongly suggest that, during wing disc morphogenesis, the EGFR pathway
protects cells undergoing cell shape changes upon ECM detachment from anoikis.
Furthermore, we show that oncogenic activation of the EGFR/Ras pathway in integrin
mutant cells rescues them from apoptosis while promoting their extrusion from the
epithelium. Altogether, our results support the idea that integrins promote cell survival
during normal tissue morphogenesis and prevent the extrusion of transformed cells.

Keywords: integrins, survival, JNK, EGFR, oncogenesis

INTRODUCTION

To survive or die is a cellular decision controlled by environmental cues and physical stimuli. This life and
death decision is deeply influenced by the extracellular matrix (ECM) (Meredith et al., 1993). When cells
lose their normal interactions with the ECM, the cell cycle is arrested and a specific form of apoptosis,
known as anoikis, is initiated (Frisch and Ruoslahti, 1997). During development, aberrant anoikis alters
tissue architecture and function, compromising embryonic viability (Mole et al., 2021). Conversely,
programmed anoikis contributes to physiological developmental processes and tissue renewal (Gilmore,
2005; Chiarugi and Giannoni, 2008). Anoikis is also an important surveillance mechanism, ensuring that
any cell that loses its appropriate position within a tissue is targeted for death. For this reason, impaired
anoikis contributes to the malignancy of many cancer cells, allowing them to survive without ECM
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anchorage and facilitating their dispersion [reviewed in (Zhong and
Rescorla, 2012)]. Unraveling the mechanisms regulating anoikis is
therefore crucial to understand both normal morphogenesis and
cancer progression.

Although the concept of anchorage-dependent cell survival has
been recognized formany years, it was in the early 1990’s when it was
demonstrated that cells deprived of ECM attachment undergo
anoikis (Meredith et al., 1993; Frisch and Francis, 1994). Anoikis
can be considered a multistep process [reviewed in (Zhong and
Rescorla, 2012)]. First of all, loss of anchorage results in inactivation of
focal complex signalling molecules, including FAK and Src
(Giancotti, 2000; Parsons, 2003). As a consequence, several pro-
survival pathways such as PI3K/Akt and Raf/MEK/ERK are
disrupted [reviewed in (Vachon, 2011)]. The second step in
anoikis is the simultaneous disassembly of focal adhesions and the
destabilization of the cytoskeleton, which leads to the release of pro-
apoptotic Bcl-2 proteins (Martin and Vuori, 2004). The final step is
the activation of apoptotic kinases, including JNK, which results in an
increase in the expression and phosphorylation of the pro-apoptotic
BH3-only proteins BIM an BMF (Girnius and Davis, 2017).
However, the role of JNK in anoikis remains controversial, as,
depending on the cell type, kinase isoform and stimulus, it can
perform pro- or anti-apoptotic functions (Liu and Lin, 2005).
Analysing JNK function in different cellular contexts shall help
resolving its debated role in anoikis.

The major transmitters of survival signals from the ECM are
members of the integrin family (Frisch and Ruoslahti, 1997;Meredith
et al., 1993; Vachon, 2011). Integrins are a widely expressed family of
heterodimeric transmembrane glycoproteins, composed of an a and a
β subunit, that link the ECM to the actin cytoskeleton (Hynes, 1992).
The vertebrate integrin family is comprised of 18 a and 8 β
transmembrane subunits enabling about 24 different
heterodimeric receptors for a diverse array of ECM proteins.
However, only some integrins are capable of regulating cell
viability and these include the β1 integrin subfamily (Stupack and
Cheresh, 2002). The regulation of cell survival mediated by integrins
implicates an increasing complexity of players depending on the
tissue, cell type, specie and the cell differentiation state, emphasizing
the need to study anoikis in a given tissue within its physiological
context [reviewed in (Ignotz and Massague, 1987; Frisch and
Screaton, 2001; Vachon, 2011)]. Nonetheless, the early embryonic
lethality observed in some vertebrate models lacking β1 integrins has
long precluded a direct evidence for a role of β1 integrins as survival
factors in vivo (Stephens et al., 1995). The use of cell lineage-specific
gene deletion approaches and transplantation experiments to
circumvent early embryonic lethality has revealed that the role of
integrin function in cell survival in vivo ismultifaceted and sometimes
contradictory. Thus, while depletion of β1 integrins from either the
developing mouse lens, the epidermis or the endothelia results in
apoptosis (DiPersio et al., 2000; Simirskii et al., 2007; Carlson et al.,
2008), conditional deletion in the intestinal epithelium causes anoikis
resistance, increased cell proliferation and defective differentiation
(Jones et al., 2006). Furthermore, in some situations, cells are
protected from anoikis, such as during cell migration or
metastasis. In these cases, cells escape death using a variety of
strategies, including hyperactivation of receptor tyrosine kinases
(Guadamillas et al., 2011; Paoli et al., 2013).

Since the main components of the cell death machinery are
evolutionary conserved, Drosophila, due to its unique genetic and
cell biological advantages, has become an ideal model system to study
apoptosis in the context of a developing organism. As in mammals,
the caspase family of cysteine proteases is essential for the regulation
of apoptosis also in Drosophila. These proteins are constitutively
expressed as procaspases that have low but significant protease
activity. To prevent unwanted consequences of basal procaspase
activity, living cells express high levels of the Inhibitor of
Apoptosis (IAP) proteins, Diap1 and Diap2, which act as E3-
ubiquitin ligases and target activator and effector caspases for
proteasome degradation [reviewed in (Hay, 2000)]. Upon an
apoptotic stimulus, Diap1 antagonists, including hid, reaper (rpr),
grim, sickle (skl), jafrac2, and dOmi/HtrA2 are transcriptionally
activated and physically interact with Diap1 [reviewed in (Xu
et al., 2009)]. This leads to the blockage of its caspase inhibitory
function and the degradation of Diap1 by auto-inhibitory
ubiquitinization. As a consequence, the caspase cascade is
activated and the apoptosome is formed. First of all, initiator pro-
caspases, including DRONC, the casp9 ortholog, DREDD and DCP-
2, are activated by auto-cleavage. Then, initiator caspases catalyse the
activation of the effector pro-caspases drICE and DCP-1, and this in
turn cleave their substrates, including cytoskeleton proteins andDNA
metabolic proteins (Cooper et al., 2009). However, despite the
conservation of the cell death response between flies and
vertebrates, little is known about the process of anoikis inDrosophila.

Using the primordium of theDrosophilawing, the wing imaginal
disc, as model system, we have studied the implication of integrins in
the regulation of epithelial cell survival in the context of a developing
tissue. The formation of the wing starts during early embryonic
development when about 30 cells are allocated to form the wing
imaginal disc primordium. During larval life, disc cells divide and
form an epithelial sac comprised of a folded columnar epithelium on
one side and a squamous epithelium on the other (Garcia-Bellido
and Merrian, 1971). The mature disc will give rise to the adult wing
and notum. At the onset of metamorphosis, local cell shape changes
promote the folding of the single-layered columnar epithelium into a
bi-layered sheet in which epithelial cells face each other along their
basal sides (Fristrom et al., 1993). Integrins perform two distinct
functions in the wing disc, to hold the two layers together and to
regulate the cell shape changes underlying folding (Brabant et al.,
1996; Dominguez-Gimenez et al., 2007). However, despite the
known role of integrins as survival factors in both benign and
malignant epithelia [reviewed in (Gilcrease, 2007)], integrins have
not yet been implicated in cell survival in wing disc epithelial cells.

Here, we show that low integrin levels induces caspase-dependent
wing disc cell death. This anoikis process is mediated by the
activation of the JNK pathway, which in turn induces expression
of the proapoptotic gene hid. We also find that integrins cooperate
with the EGFR pathway tomaintain wing disc epithelial cell survival.
Finally, our results demonstrate that an oncogenic version of Ras,
RasV12, blocks anoikis in the wing disc and that elimination of
integrins from transformed RasV12 cells stimulates their basal
extrusion from the wing disc epithelium. Our results unravel new
roles for integrins in epithelial cells in vivo, promoting cell survival
during tissue morphogenesis and preventing the extrusion of
transformed cells.
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MATERIALS AND METHODS

Fly Strains
The following stocks were used: UAS-RasV12 (Lee et al., 1996); nub-
Gal4 (Calleja et al., 1996); hid 5′F-GFP (Tanaka-Matakatsu et al.,
2009); UAS-DERDN, UAS-Diap1, UAS-puc, ap-Gal4, puc-LacZ, rpr-
LacZ, and brk-LacZ (Bloomington Drosophila Stock Center);
mysRNAi, UAS-diβ (Martin-Bermudo and Brown, 1999) and
hidRNAi (Vienna Drosophila RNA-i Center). To generate mutant
clones in the wing disc we used the FRT/FLP technique (Chou and
Perrimon, 1992).Mutant clones weremarked by the absence of GFP.
The following mutant alleles and chromosomes were used: mys11

[also known as mysXG43 (Bunch et al., 1992)] and e22c-Gal4 UAS-
flipase (Duffy et al., 1998). The e22c-Gal4 driver is expressed in some
posterior wing disc cells and was therefore used in combination with
UAS- flp to generate large mys clones. Flies were raised at 25°C.

Immunohistochemistry and Imaging
Wing imaginal discs were stained using standard procedures and
mounted in Vectashield (Vector Laboratories, Burlingame, CA,
United States). The following primary antibodies were used: goat
anti-GFPFICT (Abcam, 1:500), rabbit anti-caspase Dcp1 (Cell
Signaling; 1:100), rabbit anti-pJNK (Promega, 1:200), mouse anti-
βGal (Promega, 1:1000), mouse anti-βPS (Developmental Studies
Hybridoma Bank, DSHB, University of Iowa, United States, 1:50)
and mouse anti-myc (Promega, 1:100). The secondary antibodies
used were Alexa fluor 488, (Molecular ProbesTM) and Cy3 and Cy5
(Jackson ImmunoReseach Laboratories, Inc.) at 1: 200. DNA was
labelled using Hoechst (Molecular Probes, 1:1000). Confocal images
were obtained using a Leica SP5-MP-AOBS, equipped with a Plan-
Apochromat 40X oil objective (NA 1.4).

Quantification of Fluorescence Intensity
To quantify fluorescent intensity of the differentmarkers, fluorescent
signaling was measured from maximum projections of
30 Z-confocal sections taken with 1 μm of interval per wing disc
and genotype. Quantifications were made in the wing pouch region,
which was manually selected using the FIJI-Image J line selection
tool. Microscope settings were maintained between imaging sessions
in each experiment. The background value taken from cell-free
region was subtracted from all data series. Measurements of whole
fluorescence intensity were done dividing the mean of all included
pixels intensity by the outlined cell area, using the FIJI-Image J
measure tool. Student’s t tests were used for statistical comparisons
of fluorescence intensity values.

RESULTS

Integrins are Required for the Survival of
Wing Disc Epithelial Cells
Todeepen our understanding of the role of integrins as survival factors
during epitheliamorphogenesis, we testedwhether removing integrins
in Drosophila wing disc epithelial cells affected their survival. The
Drosophila genome contains two integrin β subunits, βPS and βν
[reviewed in (Brown, 1993; Yee and Hynes, 1993). βPS, encoded by
the gene myospheroid (mys), is the only β chain present in the wing

imaginal disc (Brabant et al., 1996); Supplementary Figure S1]. First,
we generated mosaic wing disc epithelia containing clones of cells
homozygous for the null allelemysXG43 (from now onmys cells, white
arrow in Figures 1A–B”). To detect apoptosis, we used an antibody to
cleaved effector caspase Dcp-1 (Yu et al., 2002). In control wing
imaginal discs, Dcp-1 activity is very low, being detected only
occasionally in a few cells scattered throughout the disc
(Figure 1A, n = 20, where n represents the number of wing discs
analyzed). In contrast, all wing discs containing mys clones showed
apoptotic cells within the clone area (Figure 1B, n = 18). Second, we
reduced integrin levels in larger areas of the disc using the nubbin
(nub) Gal4 line to express a mys RNAi (nub>mys RNAi) in the wing
pouch (inset in Figure 1C) region in the center of the disc that gives
rise to the adult wing, indicated with a dotted white circle in all figures
(Brand and Perrimon, 1993; Calleja et al., 1996). Immunostaining of
control (n = 30) and experimental nub>mysRNAi wing imaginal discs
(n = 36) with antibodies against the βPS protein and cleaved Dcp-1
showed that the expression of the mys specific RNAi in the wing
pouch caused a strong reduction in βPS protein levels (Figures 1C,C’)
and a robust increase in apoptosis (Figures 1C,C’’,E). Thus, integrin
expression in wing disc epithelial cells prevent them from undergoing
cell death. It is known that embryonic epithelial cells undergoing
apoptosis are removed from the epithelium by extrusion rather than
phagocytosis (Rosenblatt et al., 2001). Similarly, integrin-defective cells
were extruded (Figures 1C–C’’) and accumulated between the basal
surface of the disc epithelium and the ECM, as seen with an antibody
against the ECM component Perlecan (Supplementary Figure S2).

Integrins can mediate both signaling and adhesion [reviewed
in (Adams and Watt, 1993)]. To address which integrin function
is required to facilitate cell survival in the wing imaginal disc, we
used a chimeric integrin (diβ) that lacks integrin-adhesive
function but maintains its ability to signal (Martin-Bermudo
and Brown, 1999; Dominguez-Gimenez et al., 2007). We had
previously shown that expression of diβ in the wing disc inhibited
the basal localization of endogenous integrin [(Supplementary
Figures S3B,B’; (Dominguez-Gimenez et al., 2007)]. Here, we
found that it caused an increase in apoptosis (Supplementary
Figures S3B,B”), strongly suggesting that integrin signaling is not
sufficient to prevent cell death in detached wing disc cells.

Altogether, these results propose that integrin-mediated
adhesion to the ECM promotes cell survival in the wing disc
epithelium by regulating caspase activity. To further support this
hypothesis, we tested whether overexpression of one of the
Drosophila IAP (inhibitor of apoptosis) proteins, Diap1,
suppressed the cell death caused by expression of mys RNAi
and found that it did (Figures 1D-D’’,E, n = 35).

Integrins DownRegulate Caspase Activity
by Inhibiting Hid Expression
Previous experiments have shown that overexpression of hid or
rpr induces downregulation of Diap1 levels and apoptosis in
Drosophila wing imaginal discs (Milan et al., 1997; Bergantinos
et al., 2010; Yoo et al., 2002). As Diap1 overexpression rescues cell
death due to integrin downregulation, integrins could promote
cell survival through the regulation of hid and/or rpr expression.
To test this, we analysed hid and rpr expression in control and
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nub>mysRNAi wing discs, using the hid 5′F-GFP [from now on
hidGFP, (Tanaka-Matakatsu et al., 2009)] and rprLacZ
(Nordstrom et al., 1996) transcriptional reporters. hidGFP
levels in control discs (hidGFP; nubGal4) are hardly detectable,
consistent with a low occurrence of cell death in this tissue
(Tanaka-Matakatsu et al., 2009); Figures 2A-A’’’,E]. This
expression was dramatically upregulated in nub > mysRNAi

discs (n = 25, Figures 2B-B’’’). In contrast, the normal
expression pattern of rprLacZ, confined to a small region of
the notum and two stripes in the D-V and A-P boundaries
[(Nordstrom et al., 1996), Supplementary Figures S4A,A’],

was not altered in nub > mysRNAi discs (n = 28,
Supplementary Figures S4B,B’). These results suggest that
integrins block hid, but not rpr expression in normal wing
disc epithelial cells to promote cell survival. Furthermore,
consistent with the idea that Drosophila hid acts upstream of
Diap1 (Wang et al., 1999; Goyal et al., 2000), we found that
expression of Diap1 was not able to rescue the increase in hidGFP
levels observed in mysRNAi cells (n = 24, Figures 2C–C’’’).

To further confirm hid involvement in integrin loss of function-
dependent cell death, we tested whether reducing hid levels could
rescue apoptosis in nub >mysRNAi discs. We found that expression

FIGURE 1 | Integrins promote cell survival in the wing imaginal disc. (A–D99) Maximal projection of confocal views of wing imaginal discs from third-instar larvae
stained with anti-βPS [green in (A–D), white in (A9–D9)], anti-Dcp1 [red in (A–D), white in (A99–D99)] and the nuclear marker Hoechst [DNA, blue in (A–D)]. (A) Control
nubGal4wing disc. (B)Wing disc carryingmysmutant clones (white arrow), marked by the absence of βPS (green). (C)Wing disc expressing GFP or amys RNAi under
the control of nubGal4, nub > GFP (inset) and nub > mysRNAi, respectively. (yz) Confocal yz section along the white dotted line shown in (C). (D) Wing disc co-
expressing amys RNAi and Diap-1 under the control of nubGal4, nub >mysRNAi; Diap1. (E)Quantification of Dcp1 levels in wing discs of the designated genotypes. The
dotted white circles indicate the wing pouch area in all figures. The statistical significance of differences was assessed with a t-test, ***, ** and * p values < 0.001, <0.01,
and <0.05, respectively. Scale bar in all panels, 30 μm.
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of an RNAi against hid (hidGFP; nub > mysRNAi; hidRNAi) resulted
in a significant reduction of mys RNAi-induced apoptosis (n = 20,
Figures 2A-A’’’, B-B’’’, D-D’’’, E). These findings demonstrate
that integrins promote cell survival in wing imaginal discs through
the negative regulation of hid expression.

Altering the levels of Decapentaplegic (Dpp), a Drosophila
transforming growth factor β homologue), in wing discs results in
upregulation of brinker (brk), a transcriptional repressor that prevents
apoptosis (Adachi-Yamada et al., 1999;Moreno et al., 2002).However,

reducing integrin function does not seem to affect Dpp signalling, as
the expression pattern of the brk reporter brkLacZ was not altered in
nub > mysRNAi wing discs (n = 26, Supplementary Figure S5B).

Downregulation of Integrin Expression in
Wing Discs Induces JNK Activation
As mentioned in the introduction, the role of JNK in anoikis is
controversial, as, depending on the cell type and cellular context, it

FIGURE 2 | Integrins stimulate cell survival through inhibition of hid expression. (A–D-) Maximal projection of confocal views of third-instar wing imaginal discs
stained with anti-βPS [blue in (A–D), white in (A9–D9)], anti-Dcp1 [red in (A–D), white in (A99–D99)] and anti-GFP [green in (A–D), white in (A-–D-)]. (A–A-) Control
nubGal4 wing disc carrying a reporter of hid expression, hidGFP, hidGFP; nubGal4. (B–B-) hidGFP wing disc expressing a mys RNAi under the control of nubGal4,
hidGFP;nub >mysRNAi. (C–D-) hidGFPwing disc co-expressing amysRNAi under the control of nubGal4with either Diap1, hidGFP; nub >mysRNAi;Diap1 (C–C-),
or a hid RNAi, hidGFP;nub >mysRNAi; hidRNAi (D–D-). (E)Quantification of Dcp1 levels in wing discs of the indicated genotypes. The statistical significance of differences
was assessed with a t-test, ***, ** and * p values < 0.001, <0.01, and <0.05, respectively. NS, non-statistically significant. Scale bar in all panels, 30 μm.
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can be either essential (Frisch et al., 1996) or dispensable (Khwaja
and Downward, 1997). In Drosophila wing discs, JNK activation
triggers apoptosis in response to several stimuli, including distortion
of positional information (Adachi-Yamada et al., 1999), TNF
signalling (Igaki et al., 2002; Moreno et al., 2002) or irradiation
(Luo et al., 2007). To study the role of the JNK pathway in apoptosis
induced by integrin loss of function, we analyzed JNK activation
using an antibody against phosphorylated JNK (pJNK, Figure 3).
Compared to controls (n = 16, Figures 3A,A’,D), pJNK levels were
upregulated in nub > mysRNAi discs (n = 18, Figures 3B,B’,D),
suggesting that integrins control JNK activity in the wing disc. This
was further confirmed using a reporter that monitors the
transcription of a target of the JNK pathway, the JNK inhibitor
puckered (pucLacZ) (Adachi-Yamada et al., 1999). We found that
while in wild type wing discs, pucLacZ expression was restricted to a
small proximal region (Adachi-Yamada et al., 1999),

Supplementary Figures S6A,A’), in nub > mysRNAi wing discs,
pucLacZ levels were strongly upregulated in the pouch (n =
28,Supplementary Figures S6B,B’).

In some contexts, JNK signalling can be activated as a
consequence of apoptosis (Kuranaga et al., 2002). To test whether
activation of JNK lies upstream or downstream of loss of integrin
function, JNK activation was assessed in nub >mysRNAi;Diap1wing
discs (Figure 3). We found that pJNK (n = 20, Figures 3C,D) and
pucLacZ (n = 25, Supplementary Figures S6C,C’) levels were still
upregulated despite rescue of apoptosis (Figure 1D), suggesting that
JNK activation is upstream of cell death due to integrin loss of
function in wing disc cells. Stress induced cell death in the wing disc
activates JNK upstream of caspase activator proteins, which, in turn,
reinforce JNK activation in a positive feedback loop to amplify the
apoptotic response (Shlevkov and Morata, 2012). Here, we found
that, in fact, the increase in JNK activity of nub > mysRNAi; Diap1

FIGURE 3 | Elimination of integrins activates the JNK pathway. (A–C9)Maximal projection of confocal views of wing imaginal discs from third-instar larvae stained
with anti-pJNK [green in (A–C), white in (A9–C9)] and the nuclear marker Hoechst [DNA, blue in (A–C)]. (A,A9) Control nubGal4wing disc. (B,B9)Wing disc expressing a
mys RNAi under the control of nubGal4, nub > mysRNAi. (C,C9) Wing disc co-expressing RNAi against mys and Diap1 under the control of nubGal4, nub > mysRNAi;
Diap1. (D) Quantification of pJNK levels in wing discs of the indicated genotypes. The statistical significance of differences was assessed with a t-test, *** and ** p
values < 0.001 and <0.01, respectively. Scale bar in all panels, 30 μm.
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discs was lower than the one observed in nub > mysRNAi discs
(Figures 3B–D). This result suggests that the feedback loop between
JNK activity and apoptosis observed in stress-induced apoptosis may
also operate in integrin loss of function-dependent apoptosis.

JNK Mediates Apoptosis due to Loss of
Integrin Function in Wing Disc Cells
To test whether the JNK pathway mediates cell death due to
integrin loss of function in wing imaginal discs, we analyzed if
overexpression of the JNK inhibitor puc suppressed the cell death
caused by mys RNAi (nub > mysRNAi;puc) and found that it did
(Figures 4A–D, n = 24).

The relationship between JNK signalling, pro-apoptotic
proteins and caspase activation is context-dependent. Thus, the
JNK pathway can act upstream or downstream of pro-apoptotic
genes such as rpr or hid. For instance, experiments inDrosophila S2

cells suggested that Rpr could stimulate JNK activation through
DIAP1 degradation (Kuranaga et al., 2002). In contrast, JNK
signalling promotes hid expression (and apoptosis) in eye discs,
and it is required for rpr-reporter induction in response to
radiation in wing discs (Kuranaga et al., 2002; Moreno et al.,
2002). In our system, inhibition of JNK signalling via puc
overexpression was able to suppress hid upregulation in nub >
mysRNAi wing discs to a large extent (n = 17, Figures 4C-C’’’,E).
Altogether, these results allow us to conclude that reduction of
integrin function in wing discs leads to apoptosis by stimulating hid
transcription through JNK activation.

Integrins Cooperate With the EGFR
Pathway to Promote Cell Survival
The EGFR activates a network of signaling pathways promoting
survival in many different cellular contexts [reviewed in (Henson

FIGURE 4 | Integrins promote cell survival by inhibiting the JNK pathway. (A–C-)Maximal projection of confocal views of third-instar wing imaginal discs carrying
the reporter hidGFP, stained with anti-βPS [blue in (A–C), white in (A9–C9)], anti-Dcp1 [red in (A–C), white in (A99–C99)] and anti-GFP [green in (A–C), white in (A-–C-)].
(A–A-)Control hidGFP; nubGal4wing disc. (B–B-) hidGFPwing disc expressing amysRNAi under the control of nubGal4, hidGFP; nub >mysRNAi. (C–C-) hidGFPwing
disc co-expressing amys RNAi and the negative regulator of the JNK pathway puc, under the control of nubGal4 hidGFP; nub >mysRNAi; puc. (D,E)Quantification
of Dcp1 (D) and hidGFP (E) levels in wing discs of the indicated genotypes. The statistical significance of differences was assessed with a t-test, *** and * p values <
0.001, <0.01, and <0.05, respectively. NS, non-statistically significant. Scale bar in all panels, 30 μm.
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and Gibson, 2006)]. In addition, experiments mainly from cell
culture have revealed synergistic cooperation between growth
factors and integrins in cell survival (Reginato et al., 2003; Miranti

and Brugge, 2002). For instance, EGFR promotes survival
through regulation of the Ras/MAPK pathway and consequent
inhibition of the proapoptotic gene hid in the eye disc (Bergmann
et al., 1998; Kurada and White, 1998; Yu et al., 2002). Moreover,
wing disc mutant clones for EGFR or for some of their
dowmstream effectors, such as Ras, are smaller than their twin
spot, suggesting a role for the EGFR pathway in cell survival
(Diaz-Benjumea and Garcia-Bellido, 1990; Diaz-Benjumea and
Hafen, 1994; Zecca and Struhl, 2002). To directly address a role
for EGFR in cell survival in the wing disc, we expressed an EGFR
dominant negative construct (UAS-DERDN) under the control of
the nub-Gal4 line and found it led to increase cell death in the
pouch region (nub > DERDN, n = 21, Figures 5A, A’, C, C’, E).
However, in contrast to what happens in nub > mysRNAi wing
discs (Figures 5B, B’, E), where cell death was found distributed
all over the pouch, expression of DERDN restricted apoptosis to
regions of high EGFR activity (Gabay et al., 1997), such as the
wing margin and the presumptive vein territories (yellow arrow
and asterisks in Figures 5A, A’, C, C, respectively). In addition,
and contrary to what happens in the eye, EGFR did not seem to
exert its pro-survival function through regulation of hid or rpr
transcription, as hidGFP or rpr-lacZ expression were not altered in
nub > DERDN wing discs (Figures 5A, A’, C, C”; Supplementary
Figure S7). We thus conclude that the EGFR pathway has a limited
role in the control of cell survival in the wing disc that is
independent of the transcriptional regulation of the pro-
apoptotic genes hid and rpr. Finally, we examined a possible
cooperation between integrins and the EGFR pathway to
mediate cell survival. We found that the simultaneous co-
expression of mysRNAi and DERDN in wing discs (nub >
mysRNAi; DERDN) enhanced the cell death phenotype caused by
the expression of any of them on their own (Figures 5B–E),
strongly suggesting that integrins and the EGFR pathway act in
paralell to promote cell survival in wing imaginal discs.

Oncogenic Ras Suppresses Anoikis in Wing
Discs
Suppression of anoikis after detachment of cancer cells from the
ECM is a key step in tumor metastasis [reviewed in (Simpson
et al., 2008)]. In fact, the ability of oncogenic Ras to suppress
anoikis has long been considered critical to Ras transformation.
However, recent evidence suggests that Ras and other oncogenes
can induce both pro- and anti-apoptotic signals depending on the
cell type and context [reviewed in (Cox and Der, 2003)]. In
Drosophila, Ras overactivation renders cells refractory to stress-
and irradiation-induced apoptosis (Bergmann et al., 1998;
Kurada and White, 1998; Pinal et al., 2018). To test whether
oncogenic Ras could protect cells from anoikis in the wing
imaginal disc, we overexpressed an activated form of DRas,
RasV12 (Karim and Rubin, 1998) and found it substantially
suppressed the cell death phenotype caused by integrin
depletion (nub > mysRNAi, rasV12; Figures 6A-A’’, 6B–B’’,
C–C’’, D, n = 18). These results demonstrate that oncogenic
Ras is able to suppress anoikis in wing imaginal discs. In epithelial
cell lines, oncogenic Ras confers resistance to anoikis partly by
downregulating the expression of proapoptotic Bcl-2 members

FIGURE 5 | Integrins and EGFR cooperate to promote cell survival.
(A–D”)Maximal projection of confocal views of wing imaginal discs from third-
instar larvae carrying the reporter hidGFP, stained with anti-Dcp1 [red in
(A–D), white in (A9–D9)], anti-GFP [green in (A–D), white in (A’’–D’’)] and
the nuclear marker Hoechst [DNA, blue in (A–D)]. (A–D’’) Control hidGFP;
nubGal4 wing disc. (B–B’’) hidGFP wing disc expressing a mys RNAi under
the control of nubGal4, hidGFP;nub > mysRNAi. (C–C’’) hidGFP wing disc
expressing a dominant negative form of the EGFR, DERDN, under the control
of nubGal4, hidGFP; nub > DERDN. (C–D’’) hidGFPwing disc co-expressing a
mys RNAi and DERDN under the control of nubGal4 hidGFP; nub > mysRNAi;
DERDN. (E) Quantification of Dcp1 levels in wing discs of the indicated
genotypes. The statistical significance of differences was assessed with a
t-test, *** and ** p values < 0.001 and <0.01, respectively. NS, non-statistically
significant. Scale bar in all panels, 30 μm.
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(Rak et al., 1995) and by preventing downregulation of
antiapoptotic proteins (Rosen et al., 2000). In Drosophila, it
appears that the Ras pathway regulates Hid activity at the level
of both, protein phosphorylation and gene expression, in hid-
induced apoptosis (Bergmann et al., 1998; Kurada and White,
1998). However, we found that, in the Drosophila wing disc
epithelium, the ability of oncogenic Ras to confer resistance to
anoikis does not involve transcriptional regulation of hid, as
hidGFP levels were not altered in nub > mysRNAi; RasV12 (n =
21, Figures 6A’’’, C’’’) discs compared to nub > mysRNAi (n = 20,
Figure 6B’’’).

Ectopic expression of RasV12 in the dorsal compartment of
wing imaginal discs, by means of the apterousGal4 (ap) Gal4 line,
causes tissue overgrowth and cell shape changes, which results in
the formation of ectopic folds [ap > RasV12, n = 20, Figures

7A,A’,C,C’, (Prober and Edgar, 2000; Soler Beatty et al., 2021).
Reducing integrin function also alters cell shape causing a mild
folding phenotype (Dominguez-Gimenez et al., 2007), Figures
7B, B’ E, E’]. Here, we found that co-expression of mysRNAi and
RasV12 enhanced the cell shape and folding phenotype caused by
the sole expression of any of them (ap > mysRNAi; RasV12, n = 20,
Figures 7D,D’).

In this work, we show that reducing integrin expression
ensued basal extrusion of the dead cells (Figures 1C–C’’,
Figures 7F,G). However, even though oncogenic K-Ras
MCDK cells survive and extrude basally, a mechanism
proposed to initiate invasion into surrounding tissues (Slattum
et al., 2014), we found that expression of RasV12 on its own in
wing disc cells (ap > RasV12) did not result in cell extrusion
(Figure 7H). In striking contrast, the expression of RasV12 in

FIGURE 6 | Ectopic activation of the Ras pathway rescues anoikis. (A–C’’’) Maximal projection of confocal views of third-instar wing imaginal discs carrying the
reporter hidGFP, stained with anti-βPS [blue in (A–C), white in (A9–C9)], anti-Dcp1 [red in (A–C), white in (A’’–C’’)] and anti-GFP [green in (A–C), white in (A-–C-)].
(A–A-)Control hidGFP;nubGal4wing disc. (B–B-) hidGFPwing disc expressing amysRNAi under the control of nubGal4, hidGFP; nub >mysRNAi. (C–C-) hidGFPwing
disc co-expressing a mys RNAi and an activated form of Ras, RasV12, under the control of nubGal4 hidGFP; nub > mysRNAi; RasV12. (D) Quantification of Dcp1
levels in wing discs of the indicated genotypes. The statistical significance of differences was assessed with a t-test, *** and * p values < 0.001 and <0.05, respectively.
Scale bar in all panels, 30 μm.
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integrin mutant cells not only allowed their survival (Figure 6)
but also induced their basal extrusion beneath the surface of the
wing disc epithelia (ap > mysRNAi; RasV12, n = 20, Figure 7I).

Furthermore, because depletion of both integrins and hid (ap >
mysRNAi; hidRNAi) did not result in cell extrusion (Figure 7J), the
basal extrusion ofmys; RasV12 wing disc cells was not due only to

FIGURE 7 | Integrin knockdown stimulates basal extrusion of RasV12 tumor cells. (A–J)Wing imaginal discs from third-instar larvae expressing the indicated UAS
transgenes under the control of ap-Gal4 (inset in A), stained with anti-βPS [green in (A–E) and (F–J)], the nuclear marker Hoechst [DNA, blue in (A–E,F–J)] and
Rhodamine Phalloidin to detect F-actin [red in (A–E) and (F–J) and white in (A9–E9)]. (A–E9)Maximal projection of confocal views of wing imaginal discs. (A,A9) Control
apGal4 wing disc. (B,B9) Wing disc expressing a mys RNAi under the control of apGal4, ap > mysRNAi. (C,C9) Wing disc expressing RasV12 under the control of
apGal4, ap > RasV12. (D,D9)Wing disc co-expressingmys RNAi and RasV12 under the control of apGal4, ap >mysRNAi; RasV12. (E–E9)Wing disc co-expressing RNAis
against mys and hid under the control of apGal4, ap > mysRNAi; hidRNAi. (F–J) Confocal yz sections along the white straight line shown in inset in F of wing discs of the
indicated genotypes. White dotted lines in all panels separate dorsal (d) from ventral (v) compartments. White arrows in G and I point to dead (G) and alive (I) cells
extruded from the wing disc epithelium. Scale bar 30 μm (A–E9) and 10 μm (F–J).
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the ability of RasV12 to rescue apoptosis. From the above results
we conclude that integrins prevent extrusion of transformed
RasV12 cells.

DISCUSSION

Epithelial cells monitor their environment looking for signals
necessary for survival. Among those, attachment to the ECM is
critical, as the dominant response of epithelial cells to
anchorage loss is anoikis. However, at certain stages of
development and during tissue repair epithelial cells survive
in an unanchored state. Likewise, cellular transformation is
accompanied by an inappropriate anoikis resistance,
suggesting that anoikis can be modulated. Molecular
mechanisms regulating anoikis have been described in
several epithelial cell types reviewed in (Zhan et al., 2004).
The relevance of these mechanisms in epithelial cells in a
physiological setting is unclear, as most of these studies use
immortalized or cancer cell lines. Here, we show that integrins
act as survival factors during the development of the epithelial
wing disc and that the EGFR/Ras pathway protects epithelial
cells from anoikis both in developmental and tumorigenic
contexts.

Studies using standard 2D cultures and 3D matrices have
revealed a central role for cell-ECM interactions -mostly
mediated by integrins- in survival (Stupack and Cheresh,
2002). However, there is still little evidence up to date for a
role for integrins as survival factors during tissue morphogenesis.
The use of conditional knockouts in mice has revealed that the
function of β1 integrins in developmental cell survival is complex
and cell type- and differentiation state- specific. Thus, while β1
integrins are required for the survival of cranial cells of the hyoid
arch region (Goh et al., 1997), granular cells of the kidney
(Mohamed et al., 2020), lens cells (Simirskii et al., 2007),

endodermal cells (Carlson et al., 2008) or the epiblast (Mole
et al., 2021), it is dispensable for the survival of intestinal epithelial
cells (Jones et al., 2006; Benoit et al., 2010). These differences in
the contribution of murine β1 integrins to cell survival could
depend on the repertoire of integrins expressed in each cell type
and on a possible redundancy among them. Hence, the use of
simpler model organisms with a markedly smaller number of
integrins in their genome should help determine the real role of
integrins in cell survival during development. However, there is
no clear evidence to date of a function for integrins in cell survival
in worms or flies. Our work demonstrates for the first time that
integrins are required for epithelial cell survival in wing imaginal
discs. We also show that integrins prevent anoikis by blocking the
expression of IAP protein antagonists such as Hid. This is in
contrast to vertebrate integrins, which seem to control anoikis
mainly by controlling the expression and/or activation of anti-
and pro-apoptotic Bcl-2 family proteins, known regulators of
mitochondrial outer membrane potential and permeability
(Stupack and Cheresh, 2002; Scorrano and Korsmeyer, 2003).
In fact, mitochondria play crucial roles in the modulation of the
anoikis response in mammals [reviewed in (Zhan et al., 2004)].
Drosophila contains two Bcl-2 related proteins, Debcl and Buffy,
and one homolog of the mammalian mitochondrial serin
protease HtrA2/Omi, which act as pro- or anti-apoptotic
factors in developmental programmed cell death and γ
irradiation-induced apoptosis (Brachmann et al., 2000; Colussi
et al., 2000; Igaki et al., 2000; Quinn et al., 2003). These studies
suggest that the mitochondrial regulation of cell death machinery
could be conserved in Drosophila (Challa et al., 2007; Igaki et al.,
2007). Future experiments are required to test whether
mitochondria play any role in the regulation of anoikis in
Drosophila, as it is the case in mammals.

Integrins are non-kinase receptors. Consequently, they require
kinases to enact signaling pathways blocking apoptosis. The JNK
pathway is among the earliest pathways activated upon

FIGURE 8 | Model showing how integrins and the EGFR pathway act together to promote cell survival in wing imaginal disc cells. On the left, schematic
representation of a wing disc with the wing pouch colored in green and the wing margin in orange. On the right, proposed molecular mechanism by which integrins
regulate cell survival. (Left rectangle) In pouch wing imaginal disc cells, integrin-mediated adhesion to the ECM regulates cell survival by repressing the expression of the
pro-apoptotic gene hid via inhibition of JNK activity. (Middle rectangle) In the absence of integrins JNK activity levels increase leading to high levels of Hid
expression, caspase activation and apoptosis. (Right rectangle) The EGFR (green) pathway prevents the death of wing margin and vein cells when they detach from the
ECM during wing morphogenesis.
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detachment from the ECM in several systems [reviewed in (Liu
and Lin, 2005)]. Yet, the role of JNK in anoikis is controversial, as
it can be essential (Frisch et al., 1996) but also dispensable
(Khwaja and Downward, 1997). In Drosophila, JNK signalling
correlates with amnioserosa cell death during embryonic dorsal
closure (Reed et al., 2004). As the amnioserosa undergoes
premature disintegration in a proportion of integrin mutant
embryos, it has been hypothesized that integrins block JNK-
dependent anoikis in amnioserosa cells. However, a definitive
proof of integrin depletion-dependent anoikis is still lacking. Our
results show that JNK signaling is activated and required for
anoikis in wing disc epithelial cells. In mammary epithelial cells,
JNK stimulate anoikis by regulating the expression or activity of
the mitochondrial regulator proteins Bcl-2 (Lei and Davis, 2003;
Hubner et al., 2008; Girnius and Davis, 2017). In contrast, here,
we find that JNK induces anoikis by promoting the expression of
Hid in the Drosophila wing imaginal disc. The pro-apoptotic role
of JNK by modulating the expression of antagonists of IAP
proteins is not exclusive to anoikis, as it also occurs in
response to radiation in wing discs (Pinal et al., 2018) and to
loss of apical determinants in the embryonic epidermis (Kolahgar
et al., 2011). A role for the Drosophila JNK pathway on inducing
any type of cell death through mitochondrial regulation awaits
further investigations.

Extracellular growth factors are required for the survival of
most animal cells. Growth factors regulate cell survival by
stimulating the antiapoptotic activity of the EGFR/Ras
pathway. In the Drosophila embryo, induction of Ras leads
to downregulation of hid mRNA levels (Kurada and White,
1998). In the eye disc, ectopic expression of either an inhibitor
of the EGFR or a dominant negative form of the receptor
results in apoptosis (Freeman, 1996; Sawamoto et al., 1998).
Here, we show that the activity of the EGFR is required in the
wing disc epithelium for the survival of cells exhibiting high
activity of the pathway, such as the wing margin and future
vein cells. During morphogenesis, epithelial cells need to
detach from the ECM to allow changes in cell and tissue
shape. In this context, epithelial cells are required to survive
in an unanchored state. This is the case of the wing margin
cells, which, at the onset of pupariation, detach from the
basement membrane and shorten to drive bending of the
wing pouch and formation of the two bi-layer adult wing
(Fristrom and Fristrom, 1993). Similarly, vein formation
also involves changes in cell shape and adhesion to the
underlying basement membrane (De Celis, 2003). We
propose that the EGFR pathway protects vein and wing
margin cells from anoikis during wing morphogenesis
(Figure 8).

Oncogenic Ras has been shown to suppress caspases
function in several systems (Cox and Der, 2003). In the
Drosophila eye disc, oncogenic Ras blocks hid-induced
apoptosis by inhibiting Hid phosphorylation (Bergmann
et al., 1998). Here, we show that oncogenic Ras rescues loss
of integrin-dependent cell death in the wing disc without
decreasing hid transcription levels. These results suggest that
the mechanisms by which oncogenic Ras confers resistance to
cell death in Drosophila might be cell and stimuli specific. One

prominent feature of malignant cells is the presence of altered cell
shape and cytoskeleton, which contributes to increase resistance to
apoptosis and neoplastic growth (Martin and Leder, 2001). Our
results show that, besides blocking cell death, expression of RasV12

enhances the cell shape phenotype due to integrin donwregulation.
In the future, it will be interesting to analyse the contribution of
aberrant cell shape to anoikis resistance in transformed epithelial
wing disc cells.

Finally, cancer cells can spread by extrusion-initiated
programs that couple anoikis resistance with cell extrusion.
Furthermore, basolateral extrusion is generally thought to
promote spread and invasion of tumor cells and, eventually,
formation of metastatic lesions (Jiang et al., 2015). However,
the mechanisms controlling basal extrusion of tumor cells are still
unclear. Here, we show that elimination of integrin function
results on basal extrusion of RasV12 cells. We can now use the
advantages of the Drosophila model system to increase our
understanding of the mechanisms by which downregulation of
integrin function induces basal extrusion of cancer cells.

In summary, our results reveal that integrins act as survival
factors in the wing disc epithelium. We also demonstrate that
integrins cooperate with the EGFR pathway to prevent anoikis
during wing disc morphogenesis (Figure 8). Finally, we show that
oncogenic activation of the Ras pathway results in anoikis
resistance and basal cell extrusion. The identification of the
molecular and cellular mechanisms by which integrins act as
survival factors will help us to understand not only
morphogenesis but also cancer progression.
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Loss of α6β4 Integrin-Mediated
Hemidesmosomes Promotes Prostate
Epithelial Cell Migration by Stimulating
Focal Adhesion Dynamics
Anette Schmidt1, Mika Kaakinen2, Tomasz Wenta1,3*† and Aki Manninen1*†

1Disease Networks Research Unit, Faculty of Biochemistry and Molecular Medicine, Biocenter Oulu, University of Oulu, Oulu,
Finland, 2Oulu Center for Cell-Matrix Research, Faculty of Biochemistry and Molecular Medicine, Biocenter Oulu, University of
Oulu, Oulu, Finland, 3Department of General and Medical Biochemistry, Faculty of Biology, University of Gdansk, Gdansk, Poland

Epithelial cell adhesion is mediated by actin cytoskeleton-linked focal adhesions (FAs) and
intermediate filament-associated hemidesmosomes (HDs). HDs are formed by α6β4-
integrins and mediate stable anchoring to the extracellular matrix (ECM) while FAs
containing β1-integrins regulate cell migration. Loss of HDs has been reported in
various cancers such as prostate cancer where it correlates with increased invasive
migration. Here we have studied cell migration properties and FA dynamics in genetically
engineered prostate epithelial cell lines with intact or disrupted HDs. Disruption of HDs by
depleting α6- or β4-integrin expression promoted collective cell migration and modulated
migratory activity. Dynamic analysis of fluorescent protein-tagged FA marker proteins
revealed faster FA assembly and disassembly kinetics in HD-depleted cells. FRAP analysis
showed that loss of HDs correlated with faster diffusion rates of focal adhesion kinase
(FAK) and vinculin in and out of FAs. These data suggest that loss of α6β4-mediated HDs
promote cell migration and FA assembly dynamics by influencing the molecular diffusion
rates of FAK.

Keywords: α6β4-integrins, hemidesmosome, focal adhesion regulation, prostate cancer, CRISPR/Cas9 knock-in

INTRODUCTION

Epithelial cells form two distinct types of integrin-mediated extracellular matrix (ECM) adhesions,
focal adhesions (FAs) and hemidesmosomes (HDs). FAs are linked to the actin cytoskeleton whereas
HDs are connected to the intermediate filament network (Tsuruta et al., 2011). At least two distinct
types of HDs have been found. The stratified epithelium contains highly organized type I HDs
composed of α6β4-integrins, plectin, tetraspanin CD151, bullous pemphigoid antigen 1 (BPAG1)
and type XVII collagen (Walko et al., 2015). Simple epithelia, for example in the intestine and
prostate, form less well-defined type II HDs that reportedly lack BPAG1 and type XVII collagen.
Current evidence suggests that FA dynamics regulate mechanotransduction and cell locomotion (De
Pascalis and Etienne-Manneville, 2017) while HDs function as stable anchoring adhesions and a
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prerequisite for apicobasal polarization (Walko et al., 2015; te
Molder et al., 2021). The assembly of FAs and HDs is tightly
coordinated in normal epithelial cells such that they form
adjacent, yet non-overlapping, adhesion complexes (Myllymäki
et al., 2019). While it is evident that dynamic signaling crosstalk
coordinates HDs and FAs assembly the molecular mechanisms of
this crosstalk are just beginning to be unraveled (Zuidema et al.,
2020).

Disassembly of type I HDs in keratinocytes has been shown to
promote cell migration by modulating FA dynamics (Ozawa
et al., 2010). Whether type II HDs similarly inhibit FA
dynamics remains incompletely understood. FAs and HDs co-
exist in most normal epithelial cell types but α6β4-integrin-
mediated HDs are frequently disassembled or lost in prostate
cancer cells during disease progression (Allen et al., 1998; Davis
et al., 2001). This is accompanied by disrupted epithelial polarity
and it correlates with increased invasive capacity of prostate
cancer cells (Wenta et al., 2021). Whether the loss of HDs is
directly linked to increased invasiveness of prostate cancer cells
remains unclear but HDs have been shown to affect FAs assembly
(Wang et al., 2020) and a recently published preprint reported
increased migratory capacity of α6- or β4-integrin-depleted
prostate cancer cells (Wenta et al., 2021). Here we studied the
effects of HDs disruption on cell migration and FAs formation
and turnover in prostate epithelial cells. We found that disruption

of HDs by depleting the expression of α6- or β4-integrins led to
increased cell migration in the scratch wound assay. HD-depleted
cells had more numerous FAs and analysis of fluorescent protein-
tagged FA marker proteins revealed increased FA dynamics. HD-
deficient cells efficiently formed numerous FAs that had a shorter
lifetime. Loss of HDs was accompanied by faster diffusion rates of
FAK, a critical FA-signaling protein, within FAs. Molecular
dynamics of vinculin were also stimulated suggesting impaired
FA maturation. Interestingly, the observed effects were
particularly evident in β4-depleted cells suggesting a selective
advantage for invasive prostate cancer cells to lose β4-subunit
expression as is observed in most aggressive prostate cancer cells.

MATERIALS AND METHODS

Cell Culture
RWPE1 (CRL-11609) and PC3 (CRL-1435) cell lines were
purchased from ATCC. RWPE1 cells were cultured in
Keratinocyte SFM medium (#17005042; Gibco, Thermo
Fischer Scientific) supplemented with bovine pituitary extract
(#13028-014) and human recombinant EGF (#PHG0311), and
standard antibiotics: penicillin (100 units/ml) and streptomycin
(100 μg/ml), according to the manufacturer’s protocol. PC3 cells
were maintained in Ham’s F12K medium (#21127030; Gibco,
Thermo Fischer Scientific) containing 10% fetal bovine serum
(Gibco, Thermo Fischer Scientific) and standard antibiotics. The
cells were maintained at 37°C in a humidified incubator with 5%
CO2. All cell lines were routinely tested formycoplasma sp. during
the experiments.

Plasmid Construction
The generation of α6- (gRNA: TTTTC TTTGGACTCAGGGAA
AGG targeting exon 6 of ITGA6) and β4-integrin (gRNA:
CAACT CCATG TCCGA TGATC targeting exon 5 of ITGB4)
-depleted RWPE1 and PC3 cells is described in (Wenta et al.,
2021). For knock-ins, the HDR-based CRISPR-Cas9 approach
was adopted (Nguyen et al., 2020). The schematic illustration of
the protocol is presented in Figure 4A. Genomic DNA from
RWPE1 was extracted using QuickExtract DNA Extraction
Solution (Lucigen QE09050) and used as a template for PCR
reaction to amplify the left and right homology arm flanking the
start codon of VCL sequence. To generate mScarlet-donor
plasmid (pUC19-derived) containing the left homology arm of
VCL fused with mScarlet and right homology arm of VCL
sequences the In-Fusion HD Cloning Kit (Takara Bio, 638910)
was applied. The gRNA sequence for mScarlet-VCL knock-in
(CGTAT GAAAC ACTGG CATCG) was incorporated into
plentiCRISPRv2_neo vector as described above. The details of
the plasmids used for vinculin, FAK and ILK overexpression in
RWPE1 and PC3 are shown in Supplementary Table S1 and
Hara et al., 2008; Pietilä et al., 2012; Zhang et al., 2002. All the
plasmids were verified by sequencing.

Viral Transduction
Lentiviral particles were produced as described in Wenta et al.
(2021). In short, 5 μg of specific plentiCRISPRv2-gRNA,

FIGURE 1 | Loss of HDs modulates migratory properties of the cells.
Single-cell tracking of sparsely seeded cells was applied to analyze the cell
velocity (A), directionality (B) and migration distance (C). The graphs show the
mean ± SD representing data combined from two independent
experiments with at least 35 single cells analyzed in each. Statistical
significance was determined using Kruskal-Wallis test followed by Dunn’s
multiple comparisons test (GraphPad Prism 8 software) and p-values are
indicated by asterisks; 0.05 (*), 0.01 (**), or 0.001 (***).
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3.75 μg psPax2 and 1.25 μg of pVSV-G plasmids were co-
transfected into human embryonic kidney 293T cells
(ATCC, LGC Standards GmbH, Wesel, Germany; CRL-
11268) using Lipofectamine 2000 (Invitrogen, Thermo
Fisher Scientific). Virus-containing supernatant was filtered
using a 0.45 µM spin filter (Sartorius Minisart®).
Hexadimethrine bromide (Sigma Alrich; H9268) was added
to virus suspension to a final concentration of 4 µg/ml. Target
cells grown were washed twice with PBS followed by the
addition of 1 ml of virus suspension per 3.5 cm Ø tissue
culture dish. After 2 h of incubation (5% CO2; 37°C), 0.5 ml
of fresh culture medium was added and incubation was
continued for 48 h followed by the addition of 1 μg/ml
(PC3) or 0.5 μg/ml (RWPE1) of puromycin for at least
7 days to eliminate non-transduced cells. Depletion of target
gene expression was confirmed by western blotting.

Knock-In Cell Line Generation
1·106 cells were electroporated with 4 µg mScarlet donor
plasmid DNA using Amaxa Nucleofector™ 2b Device
(Lonza) and immediately seeded in 5 ml of the complete
medium on one well of a 6-well plate and incubated at
37°C, 5% CO2 for 6 h. Dead and non-adherent cells were
discarded by washing twice with 1 ml of complete medium
and attached cells were transduced using VCL-targeting gRNA
expressing lentiviral vectors, as described above. The next day,

supernatant was removed, and cells were gently washed with
fresh complete medium. Antibiotic selection with G418
(Thermo Fisher Scientific) was started 48 h post-
transduction and continued for at least 7 days. Finally,
mScarlet-positive cells were sorted using FACS. At least
300 mScarlet-positive cells were collected for the generation
of each variant. The mScarlet-VCL recombination was
confirmed by western blotting, fluorescence microscopy and
sequencing.

Western Blotting
Nearly confluent cells were washed with PBS (Gibco) and
scraped into RIPA buffer: 10 mM Tris-HCl pH 8.0, 150 mM
NaCl, 0.5% SDS, 1% IGEPAL, 1% sodium deoxycholate
containing 2 mM PMSF (phenylmethylsulfonyl fluoride),
10 μg/ml aprotinin, and 10 μg/ml leupeptin. Protein
concentration was estimated using BCA Protein Assay Kit
(Pierce) and 30 µg of protein lysate was resolved in SDS-
PAGE and transferred onto a Protran pure 0.2micron
nitrocellulose (Perkin Elmer). Non-specific binding was
blocked by incubating membranes for 1 h in 5% skimmed
milk followed by probing with specific primary antibodies
(Supplementary Table S2) overnight at 4°C. Secondary
antibodies conjugated with HRP and Lumi-Light Western
Blotting Substrate (Roche) were used to visualize specific
protein bands that were detected using Fujifilm LAS-3000

FIGURE 2 | Disruption of HDs by depleting α6- or β4-integrin induces FAs formation. RWPE1, RWPE1 α6-KO, RWPE1 β4-KO, PC3, PC3 α6-KO and PC3 β4-KO
cells were stained for FA markers: paxillin (A), FAK (B), ILK (C) or vinculin (D) and imaged using TIRF microscopy. The size of individual FAs and the total area covered by
the indicated markers per cell were determined using Fiji/ImageJ software. A minimum of 150 RWPE1 or 70 PC3 cells were analyzed for each variant. Statistical
significance was assessed with Kruskal-Wallis test followed by Dunn’s multiple comparisons test comparing separately RWPE1 to its HD-depleted derivatives and
PC3 to PC3 α6-KOs and PC3 β4-KOs using GraphPad Prism 8 software. p-values lower than 0.05 (*), 0.01 (**), or 0.001 (***) were considered statistically significant.
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FIGURE 3 | Establishment and characterization of RWPE1 and PC3 cells overexpressing fluorescence protein-tagged FA marker proteins. FACS-sorted
populations of (A) RWPE1 and (B) PC3 cells stably transfected with mScarlet-vinculin (vcl), GFP-vcl, GFP-ILK or GFP-FAK constructs were imaged using TIRF
microscopy. The expression levels of the indicated ectopically expressed fusion proteins in (C) RWPE1 and (D) PC3 cells were compared to endogenous expression
levels by western blotting using antibodies recognizing the target protein. Fusion proteins were specifically detected using antibodies for GFP and mScarlet. The
asterisks (*) denote the bands of proteolytically cleaved FA proteins. The symbol (#) indicates an increased FAK level in the cells expressing exogenous vinculin. (E)
Parental RWPE1 and (F) PC3 cells and their respective derivatives overexpressing GFP-FAK, GFP-ILK, GFP-vinculin or mScarlet-vinculin were subjected to XTT-assay

(Continued )
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bioimaging and scientific research imaging equipment (Fuji
Photo Film Co., Ltd.).

Proliferation Assay
4·103 of the indicated RWPE1 or 2·103 PC3 cell variants were
seeded onto the 96-wells plate in a complete culture medium. Cell
proliferation was assessed using an XTT-based Cell Proliferation
Kit II (Roche 11465015001). The data were collected at the
indicated time points by measuring the absorbance at 450/
750 nm according to the manufacturer’s instructions. All data
were obtained in triplicate from two independent experiments.

Scratch Wound Assay
8·104 RWPE1 or 5·104 PC3 cells were seeded onto wells of
Incucyte ImageLock 96-well Plate (Essen BioScience Inc.
#4379) and cultured for 24–48 h to reach full confluency. A
wound was made using the Woundmaker 96 tool (Essen
Bioscience Inc.) and the migration of the cells into the
scratched wound area was analyzed using IncuCyte S3 Live-
Cell Analysis System (Essen Bioscience Inc.).

Cell Tracking
2.5·105 RWPE1 or 1.5·105 PC3 cells were seeded onto 6-well
plates coated with 4.1 µg/cm2

fibronectin (Advanced Biomatrix)
and allowed to settle for 15 h. For time-lapse imaging, cell culture
plate was placed into temperature-controlled Okolab stage-top
incubator (37oC; 5%CO2). Imaging was done with Olympus IX81
inverted microscope with CPlanFLN PhC 10x/0.30 objective by
using the phase-contrast technique. Images were captured every
2 min for 3 h with Olympus XM10 CCD camera and Olympus
CellSens software. Cell centroids were tracked in consecutive
image frames by using the manual tracking plugin of Fiji
processing package of Image J2 software (Schindelin et al.,
2012). Cell mobility and migration characteristics were
analyzed with IBIDI Chemotaxis and Migration Tool plugin
(Zengel et al., 2011).

Immunofluorescence Microscopy
For immunofluorescence cells on 35 mm glass-bottom μ-Dish
(IBIDI) were washed twice with PBS and fixed with 4% PFA
(paraformaldehyde) in PBS for 15 min. PFA was quenched with
100 mM glycine in PBS for 20 min followed by cell
permeabilization using 0.1% Triton X100 in PBS for 15 min.
Unspecific binding was blocked with 1 h incubation in 0.2%
gelatin and 0.5% BSA in PBS. Samples were incubated
overnight at 4°C with primary antibodies diluted in blocking
buffer (Supplementary Table S2). Samples were washed four
times before incubation with secondary antibodies conjugated
with a fluorophore for 1 h at room temperature. Samples were
washed and analyzed using Zeiss LSM 780 confocal microscope
or Zeiss Cell Observer.Z1 microscope equipped with a total

internal reflection fluorescence (TIRF) module. ZEN Blue
software was applied to data analysis.

Focal Adhesions Marker Analysis
The total area and the average size of FA foci were measured using
Fiji ImageJ software. The same settings were applied for the
analysis of all the images with a given FA-marker. Data are
present as a mean ± SD of at least 30 pictures taken from random
places on the IBIDI plates.

Focal Adhesions Dynamic Analysis
2.5·105 RWPE1 or 1.5·105 PC3 cells were seeded on 35 mm glass-
bottom μ-Dish (IBIDI) coated with 4.1 µg/cm2

fibronectin
(Advanced Biomatrix) and analyzed after 24 h using Zeiss Cell
Observer.Z1 Spinning Disc confocal microscope, ×63x oil. FAs
were monitored for 3 h using the TimeLapse function with 1 min
intervals. The lifetime of FAs was measured by following
assembly and disassembly of single FA foci in Fiji ImageJ
software (Schindelin et al., 2012). At least six random cells
from every variant with ten FA foci in each were analyzed.
One-way ANOVA (GraphPad Prism 8) was used to determine
statistical significance. Color-coded timelapse images were
generated using the Temporal-Color Code Fiji-plugin
developed by Kota Miura for background-corrected time series
covering a 30-min time span.

Fluorescence Recovery After
Photobleaching
2.5·105 RWPE1 or 1.5·105 PC3 cells with GFP/mScarlet-tagged
constructs were seeded onto 35 mm glass-bottom μ-Dish (IBIDI)
to reach 30% confluence and imaged after 24 h. FRAP experiment
was performed using Zeiss LSM780 AxioObserver equipped with
incubation chamber (37°C, 5% CO2), ×63x/1.40 oil DIC M27,
488-nm laser or 561-nm laser, with ZEN black software.
Fluorescence was measured at low laser power 1–2% in 1s
intervals. Imaging was taken at zoom factor 3 (512 × 512)
with 20 prebleach scans followed by bleaching size 0.5 ×
0.5 µM square ROI areas with 100% of laser power for 2-3
fluorescence tagged FA foci at the same time. The recovery of
fluorescence was monitored for 4–5 min (250-330 postbleach
scans) until the fluorescence recovery reached a plateau. The
data were collected from at least 50 individual FAs from at least 10
cells. Additional unbleached ROIs were measured with ZEN
Black to subtract background intensities and to correct
fluorescence loss caused by photobleaching. Background
subtraction and normalization of the intensities to the average
of prebleach were calculated as in (Long et al., 2021). Mobile
fractions were calculated according to Mf = (F∞—F0)/(Fpre—F0),
where Fpre is the average intensity before bleaching, F0 is the first
postbleach intensity in a bleached area, F∞ is the postbleach

FIGURE 3 | to measure cell proliferation. The data shows mean ± SD from at least two independent analyses performed in triplicates. The migratory properties of
indicated variants of (G) RWPE1 and (H) PC3 cells were determined using the scratch wound assay module of IncucyteS3. The graphs show the mean ± SD. The
analyses show a representative experiment out of three independent repeats with at least four replicates per variant. Statistical significance was determined using Two-
way ANOVA followed by Dunnett’s multiple comparisons test (GraphPad Prism 8 software) and p-values are indicated by asterisks; 0.05 (*), 0.01 (**), or 0.001 (***).
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FIGURE 4 | Generation and characterization of the RWPE1 and PC3 mScarlet-vinculin knock-in cell lines. (A) Schematic of the strategy of the in-frame mScarlet
knock-in into VCL gene locus. 1—A gRNA construct targeting a sequence nearby the ATG start codon of VCL was designed and cloned into plentiCRISPRv2 vector.
2—Target cells were transfected with a donor vector containing mScarlet flanked by left (LHA) and right (RHA) homology arms followed by transduction with Cas9/
gRNA-expressing lentiviral vector. 3—Targeted double-stranded DNA breaks at the VCL start site are repaired by homologous recombination with the donor
construct resulting in endogenous in-frame fusion of mScarlet in front of the VCL gene (4). FACS-sorted populations of (B) RWPE1 and (C) PC3 mScarlet knock-in
variants were imaged using TIRF microscopy. The expression levels of endogenous fusion proteins were determined by western blots in parental and HD-depleted

(Continued )
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intensity at a plateau. Curve fitting of the bleached size 0.5 ×
0.5 µm square ROI areas mobile fractions and determination of
half-life times (t1/2) were performed in GraphPad Prism 8
software using linear regression/one phase association algorithm.

Statistical Analysis
Data are expressed as means ± SD of at least three independent
experiments. For data following a normal distribution, One-way
ANOVA followed by Sidak’s multiple comparisons test or Two-
way ANOVA followed by Dunnett’s multiple comparisons test
were applied. In other cases, comparative data were analyzed with
Kruskal-Wallis test followed by Dunn’s multiple comparisons test
as indicated using GraphPad Prism 8 software. The normal
distribution was analyzed using Shapiro-Wilk or
D’Agostino&Pearson tests (GraphPad Prism 8 software). The
results were considered statistically significant when the p-value
was less than 0.05 (p), 0.01 (pp) or 0.001 (ppp).

RESULTS

Disruption of Hemidesmosomes in Prostate
Epithelial Cells Promotes Their Migratory
Activity
α6β4-integrin is a key component of HDs. We have recently
established and characterized HD-defective benign (RWPE1)
and malignant (PC3) prostate epithelial cells by depleting the
expression of either α6- or β4-integrin subunit in these cell lines
(Wenta et al., 2021). RWPE1 cell line derives from human
papilloma virus 18-immortalized histologically normal prostate
tissue (Bello et al., 1997) and PC3 cell line originates from bone
metastasis of a grade IV prostatic adenocarcinoma (Kaighn et al.,
1979). Both RWPE1 and PC3 cells express α6β4-integrins and
form HD-like adhesions containing plectin and CD151 (Wenta
et al., 2021). However, the pattern of HD-like adhesions was
different, in benign RWPE1 cells α6β4-integrins covered nearly
the entire basal surface, whereas in malignant PC3 cells, these
adhesions were more restricted towards cell periphery (Wenta
et al., 2021). Interestingly, it was observed that loss of α6- or β4-
integrin expression in the respective cell lines enhanced their
tumorigenic potential and cell migration capacity measured
using scratch wound assay. To study the link between HDs and
cell migration in more detail we first confirmed the depletion of
respective integrin subunit expression in the cell lines to be
analyzed (Supplementary Figure S1A). Second, we rechecked
their cell migration capacity using the in vitro scratch wound
assay. As reported earlier (Wenta et al., 2021), wounds in

RWPE1 α6-KO and especially RWPE1 β4-KO monolayers
recovered faster when compared with parental RWPE1 cells
(Supplementary Figure S1B). The wound closure rates of
PC3 α6-KO and PC3 β4-KO monolayers were also significantly
faster than for parental PC3 monolayers (Supplementary Figure
S1C) confirming the previous observation that loss of HDs
promotes cell migration (Wenta et al., 2021).

In epithelial cell cultures, the scratch wound assay measures
mostly collective cell migration that is directed by cell-cell
interactions but, at longer time frames, this assay is also
influenced by cell proliferation. To focus on specific migration
features such as velocity and directional persistence, HD-depleted
cells were analyzed using single-cell tracking of sparsely seeded
cells (Supplementary Videos S1–S6). In agreement with scratch
wound assay results, the velocity of migrating RWPE1 β4-KO
cells was markedly higher than RWPE1 or RWPE1 α6-KO cells
(Figure 1A). The directionality of RWPE1 β4-KO cells was,
however, impaired (Figure 1B). Whereas RWPE1 cells
displayed robust front-rear polarity that was frequently
maintained for several minutes and accompanied by persistent
migration directed by the leading edge of the cell, RWPE1 β4-KO
cells displayed frequent changes in the direction of migration
(Figure 1B). Surprisingly, neither the velocity nor the
directionality of RWPE1 α6-KO cells was significantly
different from those of RWPE1 cells (Figures 1A,B).

As expected, the parental malignant PC3 cells displayed lower
directionality than benign RWPE1 cells (Figure 1B). PC3 cells were
also more actively migrating as evidenced by the longer accumulated
distance traveled (Figure 1C). However, HD-depleted PC3 cells did
not show significant differences in velocity compared with PC3 cells
(Figure 1A). Curiously, the average migration velocity of PC3 α6-
KO and PC3 β4-KO cells tended to be lower than in parental PC3
cells although the difference was not statistically significant
(Figure 1A). For PC3 α6-KO cells, a non-significant tendency for
increased directionality was observed but all three PC3 variants
displayed similar Euclidean distances traveled (Figures 1B,C).
Taken together, we found that loss of HDs modulates cell
migration properties, but the overall effect on migration depends
on the assay used and can be different depending on whether α6- or
β4-integrin is depleted.

Loss of Hemidesmosomes Stimulates Focal
Adhesions Formation in Prostate Epithelial
Cells
Careful observation of the timelapse videos hinted that HD-
depleted RWPE1 and PC3 cells might have increased
lamellipodial activity even when no overall effect on cell

FIGURE 4 | variants of (D) RWPE1 and (E) PC3 cells. Fusion proteins were detected using mCherry antibodies. (F) Parental RWPE1 and (G) PC3 cells and their
respective derivatives with endogenously tagged mScarlet-vinculin were subjected to XTT-assay to measure cell proliferation. The data shows mean ± SD from at least
two independent analyses performed in triplicates. The migratory properties of indicated variants of (H) RWPE1-mScarlet-vinculin-KI and (I) PC3-mScarlet-vinculin-KI
cells were determined using the scratch wound assay module of IncucyteS3. The graphs show the mean ± SD. The analyses show a representative experiment out of
three independent repeats with at least five replicates per variant. Two-way ANOVA followed by Dunnett’s multiple comparisons test was applied for statistical analysis.
(J) The size of individual FAs and the total area per cell covered by endogenous mScarlet-vinculin in the indicated cell lines were determined using Fiji/ImageJ software. A
minimum of 150 RWPE1 or 70 PC3 cells were analyzed for each sample. Statistical significance was determined using Kruskal-Wallis test followed by Dunn’s multiple
comparisons test (GraphPad Prism 8 software) and p-values are indicated by asterisks; 0.05 (*), 0.01 (**), or 0.001 (***).
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migration velocity or directionality was seen (Supplementary
Videos S1–S6). Cell migration is guided by temporally and
spatially regulated cycles of FA formation, maturation, and
disassembly (Khan and Goult, 2019; Shellard and Mayor,
2020). To assess the potential effects of HD-loss on FAs in
prostate epithelial cells, we first analyzed the size and
abundance of selected key FA proteins by immunofluorescence
in the different cell variants (Figure 2; Supplementary Figure
S2). Paxillin is a multidomain scaffolding protein that binds
directly to the cytoplasmic tail of β1-integrins thereby
contributing to integrin activation and FA formation (López-
Colomé et al., 2017). The average size of paxillin foci was
increased only in the β4-KO variants of both the RWPE1 and
PC3 cells, but not in α6-depleted variants (Figure 2A). However,
the number of paxillin foci was significantly increased also in the
PC3 α6-KO cells. No significant differences in paxillin foci size or
abundance were observed in RWPE1 α6-KO (Figure 2A). Focal
adhesion kinase (FAK) is a tyrosine kinase that regulates integrin-
mediated signaling and interacts with multiple integrin effectors,
including paxillin (Murphy et al., 2020). In agreement with
paxillin data, loss of HDs led to an increase in the number of
FAK foci per cell, especially in PC3 α6-KO and PC3 β4-KO cells
(Figure 2B). In contrast, the average size of FAK-foci was bigger
only in PC3 α6-KO and PC3 β4-KO (not significant) cells
whereas in HD-depleted RWPE1 cells FAK foci were
significantly smaller than in control cells (Figure 2B).
Integrin-linked kinase (ILK) is a pseudokinase adaptor protein
that conveys growth-promoting signals from FAs (Tsirtsaki and
Gkretsi, 2020). Except for RWPE1 α6-KO cells containing small
ILK-foci, loss of HDs did not affect the size of ILK-positive foci
(Figure 2C). Curiously, malignant PC3 cells contained
significantly more ILK-positive foci when compared with
benign RWPE1 cells. However, in both cell types, β4-KO
caused a significant increase in ILK-positive foci whereas α6-
KO led only to amodest increase (Figure 2C). Vinculin reinforces
the linkage of FAs to actin cytoskeleton upon increased forces
onto adhesions and vinculin recruitment is thus a key marker of
force-induced FA maturation (Bays and DeMali, 2017). The size
of vinculin foci was unchanged in all the cell types (Figure 2D). In
HD-depleted RWPE1 variants the number of vinculin foci also
remained unchanged (Figure 2D). In HD-depleted PC3 cells,
however, a robust increase in the number of vinculin foci was
observed (Figure 2D). In conclusion, we observed clear increase
in the number of FAs in HD-depleted RWPE1 and PC3 cells.
Although the changes seen in FA numbers and size were similar
in α6- and β4-KOs, the effects were more robust in β4-integrin-
depleted cells. The size of FA foci, particularly for the markers of
mature adhesion was not changed. Overall, the effects of α6- or
β4-KOs were more prominent in malignant PC3 cells that also
had higher FA number when compared with benign RWPE1.

Establishment and Characterization of Cell
Models to Study Focal Adhesions Dynamics
in Prostate Epithelial Cells
To get a more detailed insight into the dynamics of FA formation
and maturation we established and characterized a panel of cell

FIGURE 5 | HDs depletion induces FA dynamics. Control and HD-
deficient (α6- or β4-integrin-depleted) RWPE1 and PC3 cells overexpressing
fluorescence FA proteins were seeded onto fibronectin-coated glass-bottom
culture dishes and imaged at 1 min intervals using TIRF microscopy. The
lifetime of individual (A) GFP-FAK, (B) GFP-ILK and (C) GFP-vinculin positive
FAs was determined from recorded time-lapse series. (D) Lifetimes of foci
formed by endogenously expressed mScarlet-vinculin were determined in
RWPE1, RWPE1 α6-KO, RWPE1 β4-KO, PC3, PC3 α6-KO and PC3 β4-KO
cells lines as described above. A minimum of 60 FAs were analyzed for each
variant in A-D. Statistical significance was assessed with Kruskal-Wallis test
followed by Dunn’s multiple comparisons test using GraphPad Prism 8
software [0.05 (*), 0.01 (**), or 0.001 (***)]. (E) A representative color-code
timelapse of endogenously expressed mScarlet-vinculin foci in the indicated
cell lines.
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populations stably expressing fluorescent protein-tagged
exogenous FA proteins: GFP-FAK, GFP-ILK, mScarlet-vinculin
and GFP-vinculin from ectopic promoters. All the markers
displayed typical FA distribution (Figures 3A,B). Western blot
analysis was done to monitor the relative expression levels of the
fusion proteins compared with the respective endogenous
proteins (Figures 3C,D). Most of the ectopically expressed
constructs were overexpressed to a variable degree and we also
observed additional proteolytically processed forms of vinculin-
and FAK-fusions (Figures 3C,D, indicated by *). Of note, GFP-
vinculin overexpression consistently led to overexpression of
FAK in both RWPE1 and PC3 cells (Figures 3C,D indicated
by #). To assess the effect of FA-marker overexpression per se on
epithelial cell proliferation and migration, an XTT (Figures 3E,F)
and scratch wound (Figures 3G,H) assays were performed,
respectively. We found that vinculin overexpression had a

significant stimulatory effect on both proliferation and
migration of RWPE1 and PC3 cells (Figures 3E–H).
Overexpression of FAK and ILK promoted wound closure of
RWPE1 and PC3 monolayers and stimulated the proliferation of
PC3 cells. Substituting the GFP-tag in GFP-vinculin with
monomeric red fluorescent protein mScarlet (Bindels et al.,
2017) did not significantly affect the effects of vinculin
overexpression on wound closure (Figures 3G,H;
Supplementary Figure S3) although the expression levels of
mScarlet-vinculin were lower than that of GFP-vinculin
(Figures 3C,D). mScarlet-vinculin cells displayed a smaller
effect on proliferation (Figures 3E,F) and showed no effect on
FAK expression levels (Figures 3C,D).

These findings reveal a potential caveat in overexpression
models where the high levels of overexpressed proteins might
affect the process that is being studied. This seemed to be the case

FIGURE 6 | Loss of HDs affects the diffusion coefficients of FA components. Representative pictures of bleached regions of endogenous mScarlet-vinculin foci (A)
and plots of relative fluorescence recovery ratio of that protein in the function of time in PC3 cell variants (B) the analysis of half-life recovery times and ratio of mobile
fractions of bleached endogenousmScarlet-vinculin foci [(C) and (D), respectively], exogenousmScarlet-vinculin [(E) and (F), respectively] and exogenousGFP-FAK [(G)
and (H), respectively] in RWPE1 and PC3 cells. The data are represented as a mean ± SD from at least 50 individual FAs from at least 10 random cells. Statistical
significance was analyzed by Kruskal-Wallis test followed by Dunn’s multiple comparisons test using GraphPad Prism 8 software [0.05 (*), 0.01 (**), or 0.001 (***)].
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for vinculin. To address this issue, we made use of CRISPR-Cas9-
mediated homology-directed repair approach to “knock-in”
mScarlet into VCL gene in the genome of the different
RWPE1 and PC3 cell variants. The resulting mScarlet-vinculin
fusion protein is expressed under the control of an endogenous
promoter. A schematic of the knock-in approach is presented in
Figure 4A. All the cell variants were analyzed by TIRF
microscopy (Figures 4B,C), western blotting (Figures 4D,E)
and sequencing to confirm the correct incorporation of
mScarlet coding sequence into the VCL gene. Western blot
analysis revealed mostly mono-allelic incorporation of
mScarlet. The expression levels were correlated with the
endogenous levels from the WT-allele, but we still noted some
proteolytic processing of the fusion protein (Figures 4D,E
indicated by *). Importantly, cell proliferation and migration
analysis of control and HD-depleted mScarlet-vinculin cells
showed that endogenously tagged vinculin had minimal effects
on the properties of parental cells (Figures 4F–I). Furthermore,
analysis of the number and size of mScarlet-vinculin foci
recapitulated the results obtained for endogenous vinculin foci
stained by immunofluorescence (Figures 4J, 2D). The subtle
differences in foci numbers and size could be due to mScarlet
knock-in affecting only one of the two alleles and the observed
processing of the fusion protein (Figures 4D,E).

Loss of Hemidesmosomes Stimulates Focal
Adhesions Dynamics in Prostate Epithelial
Cells
Next, we utilized the characterized cell models to study FA
formation and disassembly in live cells. Control and HD-
deficient (α6- or β4-integrin-depleted) RWPE1 and PC3 cells
stably expressing GFP-FAK, ILK-GFP and mScarlet-vinculin
from ectopic promoters were seeded onto fibronectin-coated
coverslips and allowed to settle for 12 h before they were
imaged at one-minute intervals using TIRF microscopy. The
lifetime of individual foci was tracked and determined from
the assemble time-lapse movies. Depletion of α6- or β4-
integrins led to small but significant decreases in the lifetime
of GFP-FAK (Figure 5A) in PC3 cells. Similar effect was observed
in the lifetime of ILK-GFP (Figure 5B) and mScarlet-vinculin
(Figure 5C) in both RWPE1 (apart from overexpressed mScarlet-
vinculin) and PC3 cells indicating faster FA turnover upon HD
disruption. Since overexpression of all the constructs, particularly
vinculin, was found to influence wound closure kinetics, we
validated this observation by using endogenously tagged
vinculin cell lines that did not show altered cell migration
(Figures 4H,I). mScarlet-vinculin knock-in was established in
RWPE1, RWPE1 α6-KO, RWPE1 β4-KO, PC3, PC3 α6-KO and
PC3 β4-KO cells. The different mScarlet-vinculin knock-in cell
variants were seeded and analyzed as described above. In line with
the data from vinculin overexpressing cells, knock-in mScarlet-
vinculin showed shorter FA lifetimes (Figure 5D). The effect was
bigger than in the overexpression model, although the difference
was again statistically significant only in PC3 cells (Figures
5C,D). However, β4-integrin depletion robustly induced
vinculin turnover and dynamics in both PC3 and RWPE1 cells

(Figure 5D). Faster dynamics of FAs in HD-depleted cells were
visualized by generating color-coded timelapse overlays
(Figure 5E). Taken together, our data show that HDs
depletion affects the FA turnover dynamics by inducing the
assembly of FAs that, however, have shorter lifetimes when
compared with FAs in a cell with intact HDs.

To analyze FA dynamics in more detail we used confocal
microscopy to perform fluorescence recovery after
photobleaching (FRAP) experiments to study intracellular
dynamics of FAK and vinculin. FAK is an important signaling
protein that has been shown to rapidly diffuse in and out of FAs
whereas vinculin is a structural mechanoresponsive FA-protein
whose diffusion rates are slower and further stabilized upon
increased actin-crosslinking as FAs mature (Stutchbury et al.,
2017). We first analyzed molecular dynamics of endogenously
tagged vinculin in tumorigenic PC3 cells which upon HD
disruption displayed significantly shortened FA lifetimes.
mScarlet-Vinculin recovery rates after photobleaching were
significantly faster in both PC3 α6-KO and PC3 β4-KO cells
when compared with PC3 controls indicating faster diffusion
(Figures 6A–D). No significant changes were observed in the
ratio of mobile fractions of mScarlet-vinculin in the different PC3
cell variants (Figure 6D). Similar analysis of mScarlet-vinculin in
benign RWPE1 cells revealed significantly faster diffusion
kinetics only in RWPE1 β4-KO cells again suggesting that loss
of β4-integrin leads to more robust phenotypes (Figure 6C). To
compare the molecular dynamics of overexpressed protein with
the endogenously expressed version we next performed FRAP
analysis in wild-type and α6-integrin depleted PC3 and RWPE1
cells overexpressing mScarlet-vinculin. In agreement with the
vinculin KI-data, overexpressed vinculin showed faster diffusion
rates in α6-depleted PC3 cells whereas the effect was not
statistically significant in RWPE1 variants (Figure 6E). No
effects were seen in the mobile fraction of mScarlet-vinculin in
any of the cell lines (Figure 6F). Finally, we looked at the
molecular dynamics of overexpressed FAK in these cells and
found that, as reported earlier, FAK was much more mobile and
had faster recovery rates than vinculin (Figures 6G,H).
Nevertheless, FAK diffusion was still significantly faster in
PC3 α6-KO and β4-KO cells when compared with parental
PC3 cells (Figure 6G). No significant effect has been seen in
the mobile fraction of FAK in PC3 α6-KO but reduction of the
ratio of mobile fraction was found in PC3 β4-KO (Figure 6H). In
RWPE1 cells we did not observe statistically significant changes
in GFP-FAK dynamics (Figures 6G,H). It is possible that
activation of FA dynamics upon loss of HDs is more
prominent in tumorigenic PC3 cells than in RWPE1 due to
the absence of PTEN which was reported to synergistically
promote FA-mediated signaling in HD-depleted prostate
cancer cells (Wenta et al., 2021).

DISCUSSION

HDs and FAs co-exist in epithelial cells to mediate cell-ECM
adhesion and HDs are thought to mediate stable cell anchorage to
the basement membrane while FAs have been reported to be
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dynamic adhesions that regulate cell migration. In agreement
with the role of HDs in mediating robust adhesion and the
integrity of epithelium, ITGB4- and ITGA6-knock-out mice
die soon after birth due to extensive detachment of squamous
epithelia from the basement membranes (Dowling et al., 1996;
Georges-Labouesse et al., 1996; Neut et al., 1996). However, it is
clear that both HDs and FAs are dynamic structures (Elaimy
et al., 2019; Pora et al., 2019). Proteomics analysis of HDs and FAs
have revealed that while they are distinct structures, they share a
few scaffold complexes potentially linking the two adhesions
(Horton et al., 2015; Myllymäki et al., 2019; te Molder et al.,
2020). Indeed, the composition of FA and HD dynamics appear
to be co-regulated in migrating epithelial cells involving a yet
incompletely defined signaling crosstalk (Hopkinson et al., 2014;
van Bodegraven and Etienne-Manneville, 2020; Moch and Leube,
2021; te Molder et al., 2021). While the role of FA dynamics in cell
migration has been extensively studied the role of HDs is still less
well understood (van Bodegraven and Etienne-Manneville,
2020).

Recently, in a study addressing the role of HDs in prostate
cancer we made an observation that α6- or β4-integrin
depleted prostate epithelial cells had faster wound closure
kinetics (Wenta et al., 2021). Here, by using both different
ectopically overexpressed FA-markers and endogenously
tagged vinculin, we report that disruption HDs promotes
cell migration by influencing FA dynamics. These findings
are in line with the reported role of type I HDs in
keratinocytes (Ozawa et al., 2010). All the α6- and β4-
integrin-depleted normal and tumorigenic cells displayed
faster wound closure kinetics. Interestingly, although
depletion of either α6- or β4-integrin expression leads to
disassembly of HDs in prostate epithelial cells, we observed
also important differences between α6- and β4-KO
phenotypes. In most of the analyses, cells lacking β4-
integrin had stronger phenotypes compared with α6-KOs.
Moreover, when single-cell migration was studied, only
RWPE1 β4-KO cells displayed significantly faster migration
velocity although both RWPE1 β4- and α6-KOs showed a
tendency for defective establishment of front-rear polarity.
Curiously, keratin-5 filament organization is lost in
RWPE1 β4-KO cells while in RWPE1 α6-KO cells it is
partially retained despite significantly reduced β4-integrin
expression at the basal surface in these cells
(Supplementary Figure S2 and unpublished observation).
In contrast, significant α6-integrin staining remained at the
basal surface of β4-KO cells in which α6-integrin accumulates
in the proximity of FAs, especially in the malignant PC3
background (Supplementary Figure S2). Interestingly, in
malignant PC3 cells β4-integrin is still expressed
(Supplementary Figure S1A), although it is removed from
the basal surface and the remaining staining appears to be
mostly intracellular (Supplementary Figure S2). This could
contribute to the observed improved directionality and
decreased velocity of PC3 α6-KO when compared with
parental PC3 controls (Figures 1A,B). It remains to be
determined if this pool of β4-integrin contributes to
migration or tumorigenesis but it is noteworthy, that the

cytoplasmic tail of β4-integrin has been shown to interact
with plectin in the absence of α6β4-integrin heterodimer
formation (Nievers et al., 1998).

In addition to inducing FAs formation, disruption of HDs also
facilitated FAs turnover rates. Such phenotype could have
different effects on cell migration depending on assay
conditions. The scratch wound assay measures mostly
collective cell migration in epithelial cultures although
malignant cancer cells can also migrate individually into
wounds. In any case, cell-cell contacts can have a major
influence on cell migration as was frequently observed for cells
encountering each other in sparse cultures used for single-cell
tracking experiments (Supplementary Videos S1–S6). Cells at
the wound edge have only limited directional freedom to migrate
into the wound whereas in single-cell tracking setup cells can
freely migrate to all directions. It is thus possible that in the
scratch wound assay, limited directional freedom combined with
enhanced FA dynamics and lamellipodial activity could promote
wound closure whereas in single-cell tracking non-polarized
lamellipodial activity would not facilitate migration due to the
formation of lamellipodia to opposite directions. Further studies
are needed to address these possibilities.

It has been reported that, under some circumstances, α6β4-
integrins may regulate cell migration by interacting with the actin
cytoskeleton (Rabinovitz and Mercurio, 1997). However, this
function is not thoroughly understood and might also be
indirect depending on the ability of α6β4-integrins to activate
various growth factor signaling pathways possibly regulating FA-
associated integrins (Shaw, 2001; Lipscomb et al., 2003). Our data
support the idea that at least in subconfluent cells, α6-integrin is
targeted to actin cytoskeleton in the absence of β4-integrin, likely
forming α6β1-heterodimers (Colburn and Jones, 2017). A study
in kidney epithelial cells also showed that α6-integrin reaches the
cell surface in the absence of either β4- or β1-integrin but not
when both of them are deleted. A recent study also demonstrated
that loss of an intact α6β4-integrin/plectin linkage led to
increased FA formation, cell spreading and traction-force
generation (Wang et al., 2020). Interestingly, HD-assembly
was shown to regulate FA-targeting of αVβ5-integrins
revealing another possible mechanism of how HDs regulate
FA-dynamics. It is worth to note that α6β4-integrin has been
implicated in the regulation of the expression levels of FA-
associated integrins (Kligys et al., 2012).

Prostate cancer progression is accompanied by loss of HDs
organization and particularly the loss of β4-integrin expression
(Knox et al., 1994; Allen et al., 1998; Davis et al., 2001). However,
the effect of HD depletion might be context-dependent as β4-
integrin has also been reported to induce expansion of prostate
tumor progenitors (Yoshioka et al., 2013). HD organization could
also be disrupted without loss of β4-integrin for example via
alternative splicing or posttranslational modifications of α6β4-
integrins (Demetriou et al., 2004; Pawar et al., 2007; Wang
et al., 2019). Interestingly, loss of β4-integrin has been shown to
lead to aberrant prostate glandular morphogenesis resembling
invasive collective migration and increased FAK
phosphorylation in prostate epithelial cells (Wang et al., 2017;
Wenta et al., 2021). Here we found that FAK molecular dynamics
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were upregulated especially in β4-deficient cells leading to
stimulated cell migration. How β4-integrin at HDs might
inhibit FAK in FAs, is an interesting topic for future studies. In
conclusion, we show that disruption of HDs and especially loss of
β4-integrins, stimulates FA dynamics thereby facilitating the
migration of prostate epithelial cells.
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Ligand-bound integrin
αvβ6 internalisation and
trafficking
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The integrin αvβ6 is expressed at low levels in most normal healthy tissue but is

very often upregulated in a disease context including cancer and fibrosis.

Integrins use endocytosis and trafficking as a means of regulating their

surface expression and thus their functions, however little is known of how

this process is regulated in the context of αvβ6. As αvβ6 is a major target for the

development of therapeutics in cancer and fibrosis, understanding these

dynamics is critical in the development of αvβ6-targeted therapies.

Following development of a flow cytometry-based assay to measure ligand

(A20FMDV2 or LAP)-bound αvβ6 endocytosis, an siRNA screen was performed

to identify which genes were responsible for internalising αvβ6. These data

identified 15 genes (DNM2, CBLB, DNM3, CBL, EEA1, CLTC, ARFGAP3, CAV1,

CYTH2, CAV3, CAV2, IQSEC1, AP2M1, TSG101) which significantly decreased

endocytosis, predominantly within dynamin-dependent pathways. Inhibition of

these dynamin-dependent pathways significantly reduced αvβ6-dependent
migration (αvβ6-specific migration was 547 ± 128 under control conditions,

reduced to 225 ± 73 with clathrin inhibition, and 280 ± 51 with caveolin

inhibition). Colocalization studies of αvβ6 with endosome markers revealed

that up to 6 h post-internalisation of ligand, αvβ6 remains in Rab11-positive

endosomes in a perinuclear location, with no evidence of αvβ6 degradation up

to 48 h post exposure to A20FMDV2. Additionally, 60% of ligand-bound

αvβ6 was recycled back to the surface by 6 h. With studies ongoing using

conjugated A20FMDV2 to therapeutically target αvβ6 in cancer and fibrosis,

these data have important implications. Binding of A20FMDV2 seemingly

removes much of the αvβ6 from the cell membrane, and upon its recycling,

a large fraction appears to still be in the ligand-bound state. While these results

are observed with A20FMDV2, these data will be of value in the design of αvβ6-
specific therapeutics and potentially the types of therapeutic load.
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Introduction

Integrins are a family of heterodimeric cell surface proteins

which, by definition, integrate the outside and the inside of the

cell (Hynes, 2002). They consist of one α and one β subunit, and
together form 24 unique α/β integrin combinations in the human

body (Barczyk et al., 2010). αvβ6 is an integrin expressed

exclusively on epithelial cells, and is mostly absent in healthy,

adult tissues (Breuss et al., 1995). In cancer and fibrosis,

αvβ6 expression often increases, and its expression is

associated with disease progression and poorer prognosis

(Hynes, 2002; Saini et al., 2015; Niu and Li, 2017).

αvβ6 is upregulated on an estimated one third of all solid

cancers (Saha, 2011) and thus is a promising differentially

expressed cell-surface molecule for detection and treatment of

such cancers (Saha et al., 2010). The expression of αvβ6 is

generally associated with poorer prognosis through a multi-

faceted pro-tumorigenic response, including through its

activation of TGF-β1 (Goodwin and Jenkins, 2009). While

αvβ6 has been subject to intensive research towards

development of αvβ6-targeting therapies, much of its basic

biology remains not fully understood, including its

internalisation and trafficking dynamics.

Furthermore, understanding the dynamics of

αvβ6 endocytosis is important to those who are developing

small molecule inhibitors of integrin αvβ6, such as those

mimicking the high affinity (1.7 nM KD; Saha et al., 2010)

αvβ6 specific 20-mer sequence

NAVPNLRGDLQVLAQKVART (DiCara et al., 2007)

(referred to as A20FMDV2) (Meecham and Marshall, 2021).

As therapeutics are heading towards the clinic for the treatment

and imaging of fibrosis and cancer (Hausner et al., 2007; Hausner

et al., 2009; Slack et al., 2016; Meecham and Marshall, 2021), it

will be essential to understand what happens to the αvβ6 after the
inhibitor binds.

Integrins have relatively long half-lives [12–24 h (Lobert

et al., 2010; Dozynkiewicz et al., 2012; Huet-Calderwood et al.,

2017)], and with minimal known post-translational regulation

(Meecham and Marshall, 2019), other mechanisms regulate their

function and expression. Cells utilise endocytosis, trafficking, and

recycling pathways to control the availability of integrin

populations at the cell surface (Bridgewater et al., 2012; De

Franceschi et al., 2015; Moreno-Layseca et al., 2019) and in

part, therefore, their function. These processes are particularly

important to integrins as the spatiotemporal regulation is key to

their function; for example, integrins forming focal adhesions at

the leading edge of migrating cells (Ramsay et al., 2007).

Additionally, endocytosis and recycling are used to regulate

the amount of active vs. inactive integrin at the cell surface

(Arjonen et al., 2012). Although the importance of integrin

trafficking is becoming increasingly recognised it remains

poorly characterised (De Franceschi et al., 2015; Moreno-

Layseca et al., 2019). Disruption of αvβ6 endocytosis has been

shown to significantly impact the efficiency of αvβ6-mediated

migration and invasion in vitro (Ramsay et al., 2007). Ramsay

et al. (2007) showed that migration of cells towards αvβ6 specific
ligands (LAP) was reduced when endocytosis was inhibited. This

is promising evidence for those who postulate that inhibiting

αvβ6 endocytosis could serve as a novel therapeutic mechanism

in diseases where αvβ6 plays a central role.

Clathrin mediated endocytosis (CME) is the best

characterised route of endocytosis (Kaksonen and Roux, 2018)

and has been implicated in the endocytosis of both active (Ezratty

et al., 2009), and inactive (Teckchandani et al., 2009) integrins.

When a cell-surface expressed integrin is destined for clathrin

mediated endocytosis, small invaginations of the cell membrane

form, which are reinforced by clathrin (Kanaseki and Kadota,

1969), a scaffold protein that polymerises with the vesicle

membrane. This process is initiated by a number of regulatory

proteins such as AP2, which will bind directly to integrin tails and

recruit clathrin to the site of the forming vesicle (Kaksonen and

Roux, 2018).

Integrins are also endocytosed in a clathrin-independent

manner, via clathrin-independent carriers. The most well-

known is dynamin-dependent caveolar endocytosis (Oh et al.,

1998). Caveolae are lipid rafts formed from caveolin proteins,

moulded from cholesterol rich parts of the cell membrane.

Caveolin proteins are anchored to the cytoskeleton (Stahlhut

and van Deurs, 2000) and internalisation of caveolae is initiated

by disruption of actin fibres (Pelkmans et al., 2002). A role for

caveolar endocytosis has been demonstrated in multiple

integrins, including β1 integrins, αLβ2, and αvβ3 (Wickström

et al., 2002; Upla et al., 2004; Fabbri et al., 2005; Shi and Sottile,

2008; Bass et al., 2011).

Previous work has established that αvβ6 endocytosis is

mediated by both clathrin-dependent and clathrin-

independent endocytosis (Berryman et al., 2005; Ramsay et al.,

2007; John et al., 2020). Additionally, it is known that clathrin-

mediated αvβ6 endocytosis is at least partially initiated by HAX-1

(Ramsay et al., 2007), however the full molecular regulation of

αvβ6 endocytosis is not understood.

Following endocytosis, integrins enter an early endosome,

and are either degraded (Rainero and Norman, 2013) or recycled

back to the membrane. Integrins have a long half-life (Lobert

et al., 2010; Dozynkiewicz et al., 2012; Huet-Calderwood et al.,

2017), and the majority of integrin molecules are recycled back to

the plasma membrane (Bretscher, 1989; 1992). Comparable to

endocytosis, this process is controlled by a network of

intracellular proteins able to recognise integrin cytoplasmic

tails and determine the fate of the integrin, regulating integrin

dependent cell functions (Pellinen et al., 2006; White et al., 2007;

Caswell et al., 2009).

Recycling routes used by integrins are not unique to this

family of heterodimers and have been relatively well

characterised in the context of other receptors such as the

Transferrin receptor (TnfR) (Goldenring, 2015; Cullen and
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Steinberg, 2018). The two primary routes are Rab4-dependent

short loop recycling and Rab11-dependent long loop recycling

(Roberts et al., 2001; Jones et al., 2006). Short loop recycling

occurs in a Rab4-dependent manner and is named due its ability

to recycle back to the membrane without passing though the

perinuclear recycling compartment (PNRC). Long loop recycling

refers to the recycling which occurs via the PNRC. This is also

partly regulated by Rab21, which binds to the α subunit

cytoplasmic tail, and directs early endosomes to the PNRC

(Pellinen et al., 2006). Integrin recycling has been implicated

in the regulation of cell migration, cytokinesis and ECM

remodelling (Caswell et al., 2009). In αvβ6 expressing

tumours, αvβ6 is expressed at the leading invading edge of the

tumour (Bates, 2005), which is thought to be achieved by

recycling αvβ6 from the retracting edge of cells to the leading

edge of the cell, promoting migration and invasion into healthy

tissues (Frittoli et al., 2014).

Rab5 positive early endosomes mature in to Rab7 positive

late endosomes (unless directed into recycling endosomes). One

function of late endosomes is to degrade the associated cargo

(Cullen and Steinberg, 2018), achieved by interaction with

lysosomes, either by fusion or “kiss and run” events (Luzio

et al., 2022). Towards this, during the endosome maturation

process, the pH of the endosomes becomesmore acidic (Mellman

et al., 1986). This is a fundamental process in order for the

proteases and lipases to optimally function in the endosome and

has been used experimentally to track the location of integrins on

their pathway to degradation (Barriere and Lukacs, 2008). The

fate of αvβ6 post endocytosis remains unknown, however recent

work has suggested that ligand-bound αvβ6 in cells of the normal

lung cell line NHBE, is degraded; thus following exposure of

NHBE cells to saturating concentrations of A20FMDV2 or

Latency Associated Peptide (LAP), αvβ6 expression

significantly decreased and did not return to pre-exposure

surface-levels for up to 50 h post-washout of the peptides

(Slack et al., 2016).

The aim of the work described here is to establish the basic

internalisation and trafficking dynamics of αvβ6 following ligand
engagement, to identify the genes responsible for regulating

αvβ6 endocytosis, and determine the role of endocytosis in

αvβ6-specific functions, and post-endocytosis events including

recycling, degradation, and signalling.

Materials and methods

Cell lines

A375 and A375β6 cell lines were previously developed in-

house (DiCara et al., 2007). C76, C139 and C102 are circulating

tumour cell (CTC)-derived PDAC cell cultures also developed in

house, and characterised by Raj et al., 2021 (Raj et al., 2021). All

cell lines were grown as adherent monolayers under standard cell

culture conditions (5% (volume/volume) of carbon dioxide

(CO2)/air at 37°C) in either Dulbecco’s minimum essential

medium (DMEM) (D6429, Gibco) (A375, A375β6,
MDAMB468, MCF10A, MCF10ACA1α and BT20) or Roswell

Park Memorial Institue-1640 medium (RPMI) (R8758, Gibco)

(CTC cells, H358, H441 and H322M) supplemented with 10%

Foetal Bovine Serum (10500-064, Gibco). NHBE cells were

cultured using Bronchial Epithelial Cell Growth Medium

(BEBM) supplemented with BEGM BulletKit Growth Factors

(CC-4175, Lonza) and HPDE with Keratinocyte serum free

media supplemented with Keratinocyte SFM kit (17005042,

ThermoFisher). Integrin αvβ6 expression levels in these cell

lines can be found in Supplementary Table 1.

Fluorochrome-labelled peptides

A series of fluorochrome-labelled variants of

A20FMDV2 were synthesised by Peptide Protein Research

Ltd. (Cambridge, United Kingdom). The original

A20FMDV2 peptide was generated with a Lys (biotinylated)

substituted for Ala in position 2 (NK(biotinyl)

VPNLRGDLQVLAQKVART) and extended on its N-terminus

by a GSGSGSGSGS [(GS)5] linker and a terminal cysteine. The

fluorochromes Cy3 or Cy5 were conjugated directly to the

N-terminus to create Cy3-bioA20FMDV2 and Cy5-

bioA20FMDV2, respectively.

A separate scrambled peptide (NK(biotinyl)

LRDQTGLKNPVQLARAV) was also extended by a (GS)5
spacer and labelled on the N-terminus with Cy3 to create

Cy3-bioA20ran. In order to monitor the degree of

internalisation from the surface, a variant that had a TCEP

cleavable di-sulphide bond between the linker and the Cy3/

Cy5 (Cy3/5-SS-(GS)5-NK(bio)VPNLRGDLQVLAQKVART)

was synthesised and called Cy3/5-SS-bioA20FMDV2. All

peptides were >95% pure by HPLC (data not shown).

Additionally, A20FMDV2-pHrodo was generated by

conjugating via di-sulphide bond a pH-sensitive pHrodo green

maleimide dye (P35370, ThermoFisher) to an

A20FMDV2 peptide featuring a terminal cysteine (NK(Bio)

VPNLRGDLQVLAQKVARTC).

Flow cytometry

Briefly, cell monolayers were dissociated using Trypsin-

EDTA (L11-004, Gibco), and diluted in DMEM to 2 × 105

cells for each condition. Cells were incubated with 100 nM of

peptide on ice for 60 min. The αvβ6 blocking antibody 264RAD
was used at 10 μg/ml. For unconjugated peptides and antibodies,

appropriate secondary AlexaFluor antibodies were used.

10,000 events were acquired using BD LSRFortessa flow

cytometer equipped with 488 nm blue, 640 nm red, 405 nm
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violet and 561 nm yellow-green lasers (BD Biosciences©, Becton,

Dickinson & Co.).

Fluorescence microscopy

3 × 104 cells were prepared on 13 mm diameter glass

coverslips, and subsequently fixed in 4% paraformaldehyde

(P6148, Sigma Aldrich ®Co. LLC). To look also at intracellular

expression of proteins, cells were permeabilised with 0.1%

TritonX-100 in PBS (AAA16046AE, Alfa Aesar©

ThermoFisher) prior to antibody or peptide staining. For cell

surface staining only, this step was performed following primary

and secondary antibody staining.

Primary antibodies [62OW (anti human β6 subunit-

developed in house) 10 μg/ml, EEA1 (sc-137130, SantaCruz)

1:100, LAMP1 (ab62562, Abcam) 1:2,000], were prepared in

DMEM 0.1/0.1 buffer [0.1% (w/v) bovine serum albumin (BSA)

(A7906, Sigma Aldrich)/0.1% (w/v) sodium azide (NaN3)

(S8032, Sigma Aldrich)], and incubated for 1 hour at RT.

Following three washes with DMEM 0.1/0.1, appropriate

secondary antibody was added and incubated for 30 min at

room temperature (RT) in the dark. Peptides were used at

500 nM. Cells were counterstained with DAPI (62248,

ThermoFisher) (1:5,000) and Phalloidin-Rhodamine (R415,

ThermoFisher) (1:1,000) for 10 min at RT. Subsequently,

coverslips were mounted using Mowiol (81381, Sigma) and

left to dry overnight. Image acquisition was performed using

Zeiss LSM710 or LSM880 confocal microscopes (Barts Cancer

Institute Microscopy Core Facility, QMUL, London) using Zeiss

Zen imaging software (Carl Zeiss®, AG). Samples were imaged

using a 63x Apochromat/1.4 NA Oil immersion objective. Image

processing was performed using ImageJ (ImageJ64 v1.46r,

National Institutes of Health).

Internalisation assays

Flow cytometry
Cells were prepared as described above for flow

cytometry. Following staining with peptide, cells were

placed at 37°C for the indicated time to allow for

internalisation. To remove the fluorescent cyanine dyes

from surface bound A20FMDV2, cells were treated with

100 mM TCEP (tris(2-carboxyethyl)phosphine) (T2256,

ThermoFisher), to reduce the disulphide bond between the

N-terminus of the peptide and the attached cyanine dye

(Figure 1). Internalisation at each time point was

calculated as the number of fluorescent cells following

reduction with TCEP. For recycling experiments, TCEP

treated cells were returned to 37°C for various periods of

time (up to 6 h) and then re-exposed to TCEP to remove any

surface re-exposed αvβ6 still bound to fluorochrome. To

calculate the amount of surface re-expression of ligand-

bound αvβ6, the difference in the cellular fluorescence

before and after this second TCEP treatment was calculated.

Image stream
1 million cells in 60 µl of DMEM were prepared as described

above for flow cytometry. 10,000 events were acquired on the

Amnis® ImageStream®X Mk II Imaging Flow Cytometer

(Luminex). Acquisition was performed following gating of

cells based on size and those in focus. Analysis was performed

using the IDEAS® software (Amnis). A mask was created using

the “Erode” function and used to determine the boundary

between the inside and outside of the cell, visualising cells

using brightfield imaging. Internalisation was quantified as the

FIGURE 1
Schematic of Flow Cytometry Internalisation Assay using
TCEP Reduction Cells labelled with a fluorescently tagged peptide
were incubated at 37°C in appropriate cell culture medium + FBS
for the indicated time allowing for internalisation. Following
endocytosis and washing, 100 mM of TCEP was added to each
sample to cleave the fluorochrome selectively from the surface
bound pool of peptide.
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ratio of fluorescence inside of the mask area against total cell

fluorescence.

Fluorescence microscopy
Cells were prepared on coverslips as described. Following

staining with the indicated peptide, the 24-well plate containing

coverslips was returned to 37°C for the indicated time in

appropriate growth media to allow for internalisation. Cells

were placed immediately on ice and fixed for 10 min in

paraformaldehyde (P6148, Sigma Aldrich Co. LLC) following

incubation. Counterstaining was performed as described above.

Western blotting

Lysates were prepared using RIPA buffer (50 mM TrisHCl

pH 8, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Nonidet-P40)

containing protease and phosphatase inhibitors (1:100)

(Calbiochem; 539131 and 524625, respectively) and quantified

using commercially available colorimetric assay (Bio-Rad Protein

Assay Kit; 5000112). Equal protein amounts were loaded in to

wells of mini-SDS-PAGE gels and run at 80 V for 30 min,

followed by 90 min at 120 V. Resolved proteins were

transferred onto a nitrocellulose membrane (Amersham

Hybond TM ECLTM RPN303D, GE Healthcare©) by wet

transfer using BioRad Mini-PROTEAN® Trans-Blot® Module

(1658029, Bio-Rad Laboratories Inc.) for 1 h at 120 V. The

blots were probed overnight with primary antibody in

blocking buffer at 4°C. αvβ6 was detected using goat

polyclonal antibody C19 (sc-6632, SantaCruz, 0.2 μg/ml).

Migration assay

Cell migration assays were performed using polycarbonate

cell culture inserts (8 µm-pore size, 24 well Thinsert, 662638,

Greiner). Inserts were coated on their underside with either LAP

(0.5 μg/ml, L3408, Sigma Aldrich), or Fibronectin (10 μg/ml,

F2006, Sigma Aldrich) in 50 µl PBS. After 1 h at RT, the

solution was removed, the Transwell washed with PBS, and

returned to a 24 well plate. 1 × 105 cells were added to the

top of the Transwell and incubated for 16 h at 37°C. Transwells

were washed twice in PBS and fixed in 4% formaldehyde.

Following a further wash in PBS, the Transwells were placed

in Crystal Violet dissolved in 70% methanol. Transwells were

washed three times in PBS and allowed to dry overnight. The

following day, the upper side of the membrane of the Transwells

was washed using a damp cotton bud to remove any cells

adhered. Cells adhered to the bottom of the transwell were

visualised and quantified using light microscopy.

siRNA transfections

Cells prepared to 30%–40% confluency were transfected with

Dharmacon siRNA smartpools. Brieflly, 50 mM of siRNA

smartpool was added dropwise to cells combined with

Interferrin (Polyplus Transfections) as per the manufacturer’s

instructions. At 72 h post transfections, cells were harvested for

downstream experiments.

Statistical analysis

Quantitative data are presented as mean ± standard

deviation, unless otherwise stated. Appropriate statistical tests

(dependent on normality of distribution, variance, data type and

the number of conditions) were performed in Prism v8

(Graphpad Software), and significance was defined as p <
0.05, p < 0.01 and p < 0.001.

Results

Establishing the rate of αvβ6 endocytosis

A fluorescently conjugated biotinylated

A20FMDV2 peptide was generated featuring a glycine-

serine (GSGSGSGSGS) linker and disulphide bond between

the fluorochrome and the A20FMDV2 αvβ6-specific sequence
(Figure 2A) (Cy5-SS-(GS)5-bioA20FMDV2). The peptide

retained specificity for αvβ6 (Figure 2B) even with the

addition of these features and peptide-binding was

inhibited using the αvβ6 blocking antibody 264RAD

(Figure 2A). Using Cy5-SS-(GS)5-bioA20FMDV2, ligand-

bound αvβ6 endocytosis was measured using flow

cytometry (Figure 2C) in a range of cell lines. Surface

bound peptide was removed selectively using the reducing

agent TCEP, with the remaining fluorescence representing

internalised A20FMDV2. No significant difference in peptide

internalisation was observed when the cells were in

suspension compared to adhered (Supplementary Figure 1).

Breast, pancreas, and lung cancer cell lines demonstrated

significant internalisation of A20FMDV2 over the course of

60 min, with 50% of the peptide internalised after 30 min in

all 12 cell lines. No differences in the rate of internalisation were

observed between tissue types, or in normal vs. cancer cells.

Internalisation of Cy5-(GS)5-bioA20FMDV2 was also confirmed

using an ImageStream flow cytometer (Figure 2D) and

immunofluorescence microscopy (Figure 2E). Quantification

of images obtained from the image stream revealed that 94.6%

of the peptide was inside the cell after 50 min.
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Determining the molecular regulation of
αvβ6 endocytosis

Small molecule inhibitors Chlorpromazine (Wang et al.,

1993) and Filipin (Schnitzer et al., 1994) were used to

specifically inhibit clathrin and caveolin internalisation

pathways, respectively, in the pancreatic cancer cell line

C76 (Figure 3A). Cells treated with Chlorpromazine

internalised significantly less αvβ6-bound Cy5-SS-(GS)5-

bioA20FMDV2 after 20 min compared to the control

(39 ± 2.5% vs. 65 ± 9.5%, p < 0.05). A significant

reduction in internalisation was also observed in caveolin

inhibited cells, with a 41% reduction in the number of cells

with internalised αVβ6-A20FMDV2 (from 61 ± 0.8% to

19.7 ± 3.9%, p < 0.05).

To investigate this further, a panel of siRNA pools targeting

135 genes known to be involved in endocytosis were selected for

transfection into C76 cells in order to characterise ligand-bound

αvβ6 endocytosis. These included genes involved in clathrin and

caveolin mediated endocytosis, and additionally genes involved

in dynamin-independent pathways (Figure 3B).

The percentage of internalised A20FMDV2 in each

knockdown condition was quantified and normalised to that

of the non-targeting control transfected cells (mean

internalisation 23.6 ± 5.4% after 20 min). These mean values

(n = 4) can be found in Figure 3B, sorted by the knockdown

which had the biggest reduction in internalisation, DNM2

(4.19 ± 1.25%), equivalent to an 80% reduction in endocytosis

compared to the non-targeting control. The biggest increase in

endocytosis was induced by the RUFY1 knockdown (41.5 ±

10.7%), which is equivalent to a 60% increase in the rate of

endocytosis. A paired t-test revealed that 16/135 of the genes

knocked-down resulted in a significant change in the amount of

endocytosis. Fifteen of these significantly decreased the rate of

endocytosis (p < 0.05) (Figure 3C), while one gene increased the

rate of endocytosis.

FIGURE 2
αvβ6 bound A20FMDV2 is internalised into cells over 60 min. (A, Top)Design of the Cy3/5-SS-(GS)5-bioA20FMDV2 featuring a disulphide bond
between the fluorochrome and GS linker, to allow for cleavage of the fluorochrome only. (Bottom) Pre-treating A375PB6 cells with αvβ6 specific
antibody 53A2 significantly reduced binding of Cy3-SS-(GS)5-bioA20FMDV2 (74.1 ± 26.4% to 0.44 ± 0.17%, p < 0.05), confirming it retained
specificity. Data represents live single cells, mean ± SD, n= 3, paired (B)A375P and A375PB6 cell lineswere exposed to 100 nMof Cy3-SS-(GS)5-
bioA20FMDV2 peptide for 1 hour, and binding quantified by flow cytometry, using Cy3-bioA20ran to determine the non-specific binding and gate
the positive fraction. (C) Internalisation of Cy5-SS-(GS)5-bioA20FMDV2 was determined in a range of cell types of breast, pancreas and lung origin.
Each panel consisted of both normal and cancer cell lines. No Significant differences were observed in the rate of internalisation between cell types.
In each cell line, at least 50% of peptide was internalised in 30 min. (D) A20FMDV2 internalisation quantification using ImageStream flow cytometer.
(Left) representative images of cells at each time point revealing that Cy5-(GS)5-bioA20FMDV2 is internalised from the cell membrane from 10 min of
incubation at 37°C. (Right) Quantification of the relative internalisation shows that the proportion of Cy5-(GS)5-bioA20FMDV2 inside the cells at each
time point is 0 min = 11.5%; 10 min = 27.8%; 20 min = 74.1%; 30 min = 76.7%; 40 min = 84.4%; 50 min = 94.6%. Data represents single live cells only. (E)
Immunofluorescent staining of Cy5-(GS)5-bioA20FMDV2- αvβ6 endocytosis. αvβ6 bound A20FMDV2 is exclusively localised at the cell membrane at
0 min, while after 60 min, αvβ6 can be seen inside the cell. Images were acquired using LSM880 confocal microscope using a ×63 objective. Cy5-(GS)5-
bioA20FMDV2 (Cyan), DAPI (blue) and Phalloidin (Red).
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Two of the genes significantly reducing αvβ6 endocytosis

(CLTC and AP2M1) are exclusive regulators of clathrin-

mediated endocytosis (CME) (Kaksonen and Roux, 2018),

while CAV1, CAV2 and CAV3, are exclusively involved in

caveolin mediated endocytosis (Lajoie and Nabi, 2007; Mayor

and Pagano, 2022), confirming the role of both clathrin and

caveolin in the internalisation of ligand bound αvβ6.
The remaining genes which significantly reduced

αvβ6 endocytosis were involved in overlapping endocytosis

pathways. Crucially, five of these genes (CBL, CBLB, CYTH2,

ARFGAP3 and ASAP2) have previously been identified to play

a role in dynamin-independent internalisation in addition to

CME. To identify a potential role for these genes independent

of clathrin, knockdown was repeated, and the internalisation

assay performed in the presence or absence of the clathrin

inhibitor, chlorpromazine (Figure 3D). Comparison of the

rate of internalisation in the untreated KD cells compared to

the drug-treated KD cells would therefore indicate whether

the gene of interest is acting to reduce αvβ6 internalisation via

clathrin alone, or, in addition, by another endocytosis

pathway.

There was a reduction in internalisation in the cells

transfected with non-targeting (NT) siRNA following

inhibition with chlorpromazine, however this was not

significant (p = 0.06) (24 ± 4.7% vs. 14 ± 6.5%) (Figure 3D).

No significant differences were observed between any of the

treated- vs. untreated-cells in any knockdown condition,

suggesting that these genes are regulating endocytosis in a

clathrin-dependent manner, with no additional reductions in

the rate of endocytosis obsevered independent of clathrin.

FIGURE 3
An siRNA screen to determine molecular regulators of A20FMDV2-αvβ6 endocytosis. (A) C76 cells were pre-treated with either 2 ug/ml of
Chlorpromazine (clathrin inhibitor) or 10 ug/ml of Filipin (Caveolin inhibitor) before performing A20FMDV2 internalisation assay as described. Both
Clathrin and Caveolin inhibition resulted in a significant decrease (p < 0.05) in the rate of internalization (65 ± 9.5% to 39 ± 2.5% and 61 ± 0.8% to
19.7 ± 3.9%, respectively) (n= 3). (B)Cherry-picked siRNA library featuring 140 gene pools was transfected in to C76 cells. 72 h post transfection
an internalisation assay by flow cytometry was performed as previously described. The first column of the heat map represents the relative
internalisation compared to the non-targeting, with green representing a decrease and red indicating an increase. The second column represents
the p-value, with green representing a lower p value, and red a higher p value. Data represents mean values (n = 4). (C) Fifteen genes are shown from
the flow cytometry screenwhich significantly reduced the rate of αvβ6-A02FMDV2 endocytosis in to C76 cells (p < 0.05). Data representsmean± SD.
p < 0.05, as determined by student’s t-test. (D) C76 cells were transfected with 50 mM of the indicated siRNA smartpool, 72 h later the cells were
either treated with Clathrin inhibitor or vehicle control, and an internalisation assay performed as previously described using A20FMDV2. Again,
compared with the non-targeting controls KD of each gene resulted in significant reduction in internalisation (NT vs. CBL: p = 0.01; CBLB: p = 0.002;
CYTH2: p = 0.04; ARFGAP: p = 0.019; ASAP: p = 0.0125). However, there was no significant change in internalisation with the addition of Clathrin
inhibitor, compared to the siRNA knockdown alone [NT 24 ± 4.7% vs. 14 ± 6.5% (p = 0.09), CBL 9 ± 4% vs. 14 ± 8%, CBLB 5 ± 1.6% vs. 7.4 ± 3.9%,
CYTH2 10 ± 7% vs. 13 ± 11.7%, ARFGAP 8 ± 1% vs. 6.2 ± 3.5%, ASAP 10.3 ± 3.1% vs. 9.4 ± 9.9%] (n = 3). Data suggest that these five genes operate in the
clathrin-mediated pathway.
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While efficient knockdown was confirmed for only some

genes used in the panel (Supplementary Figure 4), due to the high

number of hits involved in previously confirmed internalisation

pathways significantly reducing endocytosis (clathrin and

caveolin mediated), we were confident in the screen’s

accuracy. However, we do acknowledge the potential of false

negatives in the screen.

Functional implications of inhibiting
αvβ6 endocytosis

To establish the functional effects of impeding

αvβ6 endocytosis in vitro, migration assays were performed

towards latency associated peptide (LAP) the high affinity

ligand for αvβ6. Firstly, LAP internalisation in C76 cells was

confirmed (Figure 4A). Using flow cytometry and an Fc-tagged

LAP peptide (generous gift from Shelia Violette at Biogen Idec),

83 ± 10% of LAP was internalised by C76 cells in 60 min. The rate

and total amount of endocytosis was not significantly different to

Cy5-SS-(GS)5-bioA20FMDV2 internalisation suggesting the two

ligands were considered very similar by αvβ6. Internalisation of

LAP-Fc was also confirmed by immunofluorescent imaging

(Figure 4A).

To confirm that migration toward LAP was αvβ6 specific,

migration towards fibronectin and LAP was quantified with and

without antibody-blockade of αvβ6 with 264RAD (Figure 4B).

Relative migration (normalised to uncoated, 10% FBS control),

FIGURE 4
Inhibition of ligand-bound αvβ6 endocytosis reduces the rate of cell migration. (A) Internalisation of LAP in C76 cells. (Left) Using flow
cytometry, C76 internalised 83 ± 10% of LAP-Fc in 60 min Data represents mean ± SD (n = 3). (Right) LAP-Fc internalisation was also assessed using
immunofluorescent microscopy, again revealing internalisation of LAP-Fc (red) inside the cell after 60 min. (B) αvβ6 mediated migration. (Left)
Transwells were coatedwith either fibronectin (Fn) or LAP, and 50,000C76 cells seeded in top of the transwell, either treatedwith 264RADor an
IGG control. Treatment with 264RAD caused a significant decrease in migration towards LAP but not Fn. Data represents mean ± SD (n = 3). (Right)
Transwells were coated with 0.5 μg/ml of LAP and added to the top of the transwell in the presence of chlorpromazine, filipin, 264RAD or vehicle
control. Significant reductions in the number of cells migrating through the transwells were observed with chlorpromazine, filipin and 264RAD.
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was 0.8 ± 0.1 in fibronectin coated Transwells©, which decreased

to 0.5 ± 0.2 when treated with 264RAD (n = 3, ns). Relative

migration towards LAP was 0.8 ± 0.3, and 0.2 ± 0.2 in the

264RAD treated cells (n = 3, p < 0.05). Thus, migration of

C76 cells towards LAP was quantified in the presence of

chlorpromazine and filipin. The number of vehicle control-

treated cells migrating towards LAP was 547 ± 128 whereas in

the presence of chlorpromazine, filipin and 264RAD the number

FIGURE 5
(Continued).
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FIGURE 5
Trafficking dynamics of A20FMDV2-αvβ6 post-endocytosis. (A) Representative images of A375β6 cells following Cy5-(GS)5-bioA20FMDV2
(red) internalisation and counterstained with EEA1 (green). At the 0-min time point, A20FMDV2 is mostly at the cell surface, and the EEA1 is spread
throughout the cell. From 10 to 30 min both EEA1 and A20FMDV2 appear in concentrated clusters close to the nucleus, but this staining is not
present from 120 min onwards. (B) Validation of pH sensitivity of pHrodo conjugated peptide [(i–iii) performed at time point 0] (i) pHrodo
fluorescence at neutral pH, measured using flow cytometry (ii) Validation of pHrodo-A20FMDV2 specificity. A375β6 and A375P cells were exposed to
A20FMDV2-pHrodo, and the biotin tag used to detect the binding of the peptide to the cells via flow cytometry, revealing two distinct populations
between A375β6 (red) and A375P (orange). Unstained cells are represented in blue. (iii) Validation of pHrodo pH sensitivity: A20FMDV2-pHrodo was
incubated in buffers of varying pH and the amount of luminescence (RLU) increases as the pH decreases (n = 3). (iv) Flow cytometry based
-internalisation assay of bio-A20FMDV2-pHrodo in C76 cells showed that fluorescence consistently increased between 0 and 4 h, with a plateau
between 4 and 6 h. Data represents mean values ± SD (n = 3). (C) A375β6 cells were stained with Cy5-(GS)5-bioA20FMDV2 (red) and a non-ligand
mimetic αvβ6 specific antibody, 620W (green) in order to determine their association post-endocytosis. (Top Left) Representative image taken
before internalisation of Cy5-(GS)5-bioA20FMDV2, demonstrating that A20FMDV2 and 620W are localised together at the cell membrane. Nuclei

(Continued )
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of migrating cells was 225 ± 73, 280 ± 51 and 115 ± 34,

respectively); each of these reductions were statistically

significant (students paired t-test, p < 0.05). These data

suggest that the αvβ6 specific migration towards LAP is

impeded by inhibition of clathrin or caveolin mediated

endocytosis.

Subcellular location of αvβ6 post-
endocytosis

Cy5-(GS)5-bioA20FMDV2 peptide was used to determine

the subcellular location of αvβ6 in cells up to 360 min post-

endocytosis. Firstly, following internalisation of Cy5-(GS)5-
bioA20FMDV2, the A375PB6 cells were fixed and stained

with early endosome marker EEA1 (representative images in

Figure 5A). Cy5-(GS)5-bioA20FMDV2 was internalised into cells

from 10 min and was observed from 20 min accumulating in

perinuclear compartments, which were observed in each time

point thereafter up to 1-h post-endocytosis. Colocalisation

analysis of EEA1 and A20FMDV2 revealed a significant

increase in A20FMDV2 and EEA1 colocalisation from 0 to

10 min (0.19 ± 0.09 to 0.39 ± 0.13, p < 0.0001) (n = 54), and

from 10 to 20 min (0.49 ± 0.14, p < 0.001). Cy5-(GS)5-
bioA20FMDV2 remained in perinuclear clusters from 1 to

6 h, however these clusters were no longer EEA1 positive

(Figure 5A).

The location of endosomal cargo can also be estimated using

a range fluorochromes sensitive to pH changes. One such

fluorochrome is pHrodo™, which at a neutral pH emits

limited fluorescence, but in an acidic environment fluoresces

brightly. This fluorochrome was conjugated as per

manufacturer’s instructions to a biotinylated A20FMDV2, and

fluorescence measured following internalisation by flow

cytometry. A20FMDV2-pHrodo retained specificity to

αvβ6 and demonstrated pH sensitivity (Figure 5B).

Fluorescence intensity of A20FMDV2-pHrodo increased

following internalisation from 0 h (17.6 ± 10.8%) to 4 h (97 ±

1.1%, n = 3) and remained stable between 4 and 6 h (Figure 5.4B).

To confirm that Cy5-(GS)5-bioA20FMDV2 and

αvβ6 remained associated during the 6-h time frame,

αvβ6 was labelled with both Cy5-(GS)5-bioA20FMDV2 and

62OW (non-ligand mimetic αvβ6 specific antibody)

(Figure 5C). Both Cy5-(GS)5-bioA20FMDV2 (red) and 62OW

(green) can be seen at the surface of the cells at the 0-time point,

with a mean colocalisation coefficient of 0.52 ± 0.04 (±SD, n = 3).

Again, A20FMDV2 clustered to perinuclear compartments

(Figure 5C) as was previously described above following

internalisation. While the 62OW staining is more dispersed

throughout the cell following internalisation, the perinuclear

clusters show both A20FMDV2 and 620W staining, and

colocalization showed no significant decrease from time point

0 h up to 6 h post internalisation, suggesting

A20FMDV2 remains bound to αvβ6 in the peri-nuclear

compartment.

Ligand-bound αvβ6 is recycled

In the siRNA screen, PPFIA1, when knocked down,

significantly increased the amount of αvβ6 internalised into

the cell by 60 ± 11% (p < 0.05) (Figure 3). The observation

that knockdown of a gene could cause an increase in endocytosis

led us to consider what could be the mechanism. One hypothesis

was that integrin recycling was being reduced, thus causing an

accumulation of αvβ6-bound Cy5-SS-(GS)5-

bioA20FMDV2 inside the cell, which would usually be recycled.

To establish if ligand-bound αvβ6 is recycled, the association
of αvβ6 with Rab11, a marker of long-loop recycling (Roberts

et al., 2001; Powelka et al., 2004; Strachan and Condic, 2004;

Skalski and Coppolino, 2005; Das et al., 2018; Howe et al., 2020),

was determined within the same 6-h time frame as previously

studied (Figure 5D). Immunofluorescent images of A375β6 cells
expressing Rab11-RFP revealed colocalisation of Rab11 with

Cy5-(GS)5-bioA20FMDV2 from 1 h post endocytosis. Thus,

the flow cytometry-based internalisation assay was modified to

establish whether ligand-bound αvβ6 was recycled back to the

cell surface. In preliminary studies we confirmed that the

reducing agent TCEP very efficiently removed the Cy5 from

Cy5-SS-(GS)5-bioA20FMDV2 bound to the surface of cells at 4C

in the presence of 0.1% NaN3 (Supplementary Figure 3). Next,

cells exposed to Cy5-SS-(GS)5-bioA20FMDV2 for 20 min were

FIGURE 5
are stained with DAPI (blue). (Bottom) Images are representative of staining performed 4 h post internalisation of Cy5-(GS)5-bioA20FMDV2
(red). A20FMDV2 localises predominantly to perinuclear compartments (white arrows). While the distribution of 620w is less concentrated in this
area, the perinuclear clusters are also positive for 62OW, indicating the presence of αvβ6. (Top Right) Colocalisation analysis of A20FMDV2 and 62OW
staining revealed no significant differences were observed between any time points (One way ANOVA repeated measures). A trend was
observed in the first 3 h post internalization, where the co-localisation coefficient decreased from 0.52 ± 0.04 to 0.38 ± 0.03 (mean ± SD, n > 3),
however this change was not significant. (D) (Left) Cy5-(GS)5-bioA20FMDV2 (green) was added to A375β6 cells transfected with Rab11-RFP (red) and
allowed to internalise into the cell for 1 hour. Cells were counterstained with DAPI (blue). White arrows indicate areas where there is an overlap in
staining both at the cell surface and in a perinuclear compartment after 1 h (top) and 4 h (bottom). (Right) Recycling of ligand bound αvβ6 was
quantified using flow cytometry. This revealed that in 6 h, 62% of internalised peptide was recycled. While minimal recycling was observed in the first
15 min (6.7 ± 2.5%), most of the recycling was observed between 30 and 180 min, where 49% of αvβ6-A20FMDV2 was recycled, Data represents
mean ± SD, n = 3.
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treated with TCEP then returned to 37°C. At time points

thereafter the cells were re-exposed to TCEP and the

difference in fluorescence used to calculate the fraction of

ligand-bound integrin returning to the surface.

Using this model, it was revealed that 62% (±6.2%) of the

αvβ6-A20FMDV2 internalised after 20 min was recycled back to

the membrane over the course of 6 h (Figure 5D). The highest

rate of recycling was observed between 30 and 180 min (from

13 ± 4.2% to 49 ± 8%). After 3 h of recycling, the rate slowed, and

only a further 13% of internalised peptide was recycled over the

remaining 3 h (49 ± 8% after 3 h to 62 ± 6.2% after 6 h).

αvβ6 degradation

LAMP1 is a glycoprotein expressed on the membrane of

lysosomes, and therefore acts as a selective indicator of these

endosomes (Balderhaar and Ungermann, 2013). The degree of

LAMP1 colocalisation with Cy5-(GS)5-bioA20FMDV2 prior to

internalisation was 0.22 ± 0.1 (n = 4) (Figure 6A). No significant

differences in colocalisation of LAMP1 and Cy5-(GS)5-

bioA20FMDV2 were observed at any time point post-

internalisation (2 h 0.27 ± 0.03, 3 h 0.20 ± 0.08, 4 h

0.20 ± 0.07, 5 h 0.21 ± 0.09, 6 h 0.19 ± 0.08), suggesting that

no trafficking of A20FMDV2 in to late endosomes occurred

during this time frame. Furthermore, expression of αvβ6 protein
was determined using antibody 10D5 after exposure to Cy5-

(GS)5-bioA20FMDV2 (Figure 6B and 6C). 10D5 is still able to

bind to αvβ6 since a non-saturating concentration of

A20FMDV2 (100 nm) is used Firstly, surface expression was

measured by flow cytometry, revealing no significant differences

across any time point studied (76 ± 2% at 0 min, 71 ± 15% after

24 h) when considering the percentage of cells expressing αvβ6
(n = 3). However there was a difference observed in the mean

fluorescence intensity (MFI) of the amount of bound 10D5 pre

and post A20FMDV2 treatment, since fewer αvβ6 complexes are

available, but this is unchanged from 1 to 24 h post treatment.

Secondly, the intensity of the 62OW staining was determined and

normalised to the area of the cell measured. While small changes

in the fluorescence intensity were observed (0 min 11 ± 5.5,

60 min 6 ± 3, 120 min 9.7 ± 2.2, 180 min 6.3 ± 0.8, 240 min 10.6 ±

3.9, 300 min 6.1 ± 2.3 and 360 min 4.4 ± 1.9), no significant

differences were observed between any time point. Finally, total

αvβ6 expression was analysed using western blotting for the

β6 subunit (Figure 6D). Once again, no differences were

observed in αvβ6 expression following exposure of cells to

FIGURE 6
αvβ6 degradation post-endocytosis. (A) Representative images show the distribution of A20FMDV2 (red) and LAMP1 (green) in A375β6 cells
following Cy5-(GS)5-bioA20FMDV2 internalisation. LAMP1 staining is consistent in each time point, with no indication of changes over time (up to
360 min). (B) αvβ6 surface expression was monitored using 10D5 by flow cytometry (example dot-plots and summary histogram shown) post-
exposure to A20FMDV2 up to 24 h after wash-out, with no significant differences observed in expression over this time course in the
percentage of cells bound to αvβ6. There was a significant reduction in MFI of 10D5 binding with and without A20FMDV2 pretreatment (n = 3). (C)
Quantification of 62OW staining intensity from images acquired in Figure 5, revealing no significance in the intensity up to 6 h post
A20FMDV2 exposure. (D) αvβ6 expression was also quantified by western blotting for the β6 subunit, with no changes in expression up to 48 h post-
exposure to the ligand. Data represents mean ± SD, n = 3. Blot features two technical repeats per condition.
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Cy5-(GS)5-bioA20FMDV2. Quantification of the western blots

revealed relative expression of 0.97 ± 0.2 at time point 0, 0.8 ±

0.2 after 24 h and 1.1 ± 0.2 after 28 h (n = 3, ns).

Discussion

ImageStream flow cytometry, immunofluorescent staining

and flow cytometry assays showed that the αvβ6-specific
fluorescently labelled A20FMDV2 variants (Cy5-(GS)5-

bioA20FMDV2 and Cy5-SS-(GS)5-bioA20FMDV2) bound to

αvβ6 was internalised by multiple cell lines from different

tissue types to a similar degree (Figure 2). The data from both

flow cytometry-based methods revealed that the majority of

αvβ6 was internalised in the first 20 min, with full

internalisation occurring within 60 min. This rate of

internalisation was similar to previously published data (Saha,

2011; Slack et al., 2016).

An siRNA screen revealed that fifteen genes significantly

reduced the rate of αvβ6 – Cy5-SS-(GS)5-

bioA20FMDV2 endocytosis into C76 pancreatic cancer cells

(Figure 3). Of these fifteen genes, nine play a role in clathrin-

mediated endocytosis, while 5 play a role in caveolin-regulated

endocytosis, both of which are endocytic pathways regulated by

dynamin (Nabi and Le, 2003; Stang et al., 2004; Takei et al., 2005;

Doherty and McMahon, 2009; Marina-García et al., 2009;

Naslavsky and Caplan, 2011). Additionally, five genes play a

role in dynamin independent pathways, although, when these

genes were knocked down and drug inhibition of clathrin

performed, no further reduction in the rate of endocytosis was

observed; these data suggest that the potential dynamin-

independent activities of these five genes (CBL, CBLB,

CYTH2, ARFGAP and ASAP) did not affect endocytosis of

αvβ6-bound to A20FMDV2.

The role of clathrin in αvβ6 mediated endocytosis has

previously been described (Berryman et al., 2005; Ramsay

et al., 2007; John et al., 2020). This was first suggested by

Berryman et al. (2005) who showed that clathrin inhibition by

non-specific sucrose treatment reduced αvβ6 dependent FMDV

infection by 95%. Thereafter, Ramsay et al. (2007) demonstrated

a ~40% reduction in αvβ6 endocytosis using CLTC siRNA

(Ramsay et al., 2007), while John et al. (2020) showed a

similar rate of reduction in ligand induced endocytosis using a

clathrin-specific pharmacological inhibitor (John et al., 2020).

The differences in levels of endocytosis reported by these authors

is most likely due to the different methods used, especially the

sucrose method as it is the least specific, and has previously been

shown to inhibit other endocytosis pathways (Guo et al., 2015).

Additionally, Ramsay et al. (2007) determined that HAX-1,

which binds to the β6 cytoplasmic tail, when knocked down,

significantly reduces αvβ6 endocytosis. While HAX-1 was not a

statistically significant hit in this screen, there was still an overall

FIGURE 7
Ligand-bound endocytosis and trafficking of αvβ6 Summary figure for this study. A20FMDV2-αvβ6 internalises by clathrin and caveolin
mediated endocytosis into early endosomes, where it colocalises with EEA1 in the first 30 min post endocytosis. From the early endosome,
A20FMDV2-αvβ6 accumulates in perinuclear clusters, which are positive for Rab11 (1–6 h post endocytosis). Within this 6-h time frame, 60% of
internalised A20FMDV2-αvβ6 is recycled back to the cell surface.
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reduction (42 ± 16%) in the amount of αvβ6 endocytosed in

HAX-1 knockdown cells compared to the control condition

(Figure 3A).

While the role of clathrin-mediated αvβ6 endocytosis had

previously been established, the role of caveolin-dependent

mechanisms in this process was not certain. Although

Berryman et al. (2005) stained for caveolin-positive lipid rafts

post endocytosis of FMDV-bound to αvβ6, they did not detect

any colocalization with αvβ6, later showing that the cell lines

used (SW480) did not express caveolin-1. John et al. (2020)

specifically inhibited caveolin carriers using filipin, a small

molecule inhibitor of caveolin (Schnitzer et al., 1994). While a

reduction in internalisation with this inhibitor was observed, this

was not statistically significant. In contrast, in this study, all three

caveolin genes, when knocked down independently, resulted in a

significant reduction in αvβ6 endocytosis (Figures 3A,B).

One gene, PPFIA1, when knocked down by siRNA,

significantly increased the amount of αvβ6 internalised into

the cell by 60 ± 11% (p < 0.05) (Figure 3). PTPRF Interacting

Protein Alpha 1 (PPFIA1), also known as Liprin α1, is a

cytoplasmic protein known to be involved in regulation of cell

migration and cell spreading (Shen et al., 2007). In cancer, it has

been shown to regulate invasion, motility, and extracellular

matrix degradation (Astro et al., 2011). Specifically, Liprin α1-
mediated cell spreading has been shown to be dependent on the

distribution and trafficking of activated integrins (Asperti et al.,

2009). Asperti et al. (2009) showed that when Liprin α1 is

depleted, cell spreading is reduced on collagen due to an

inability to form focal adhesions, and that this mechanism is

dependent on the interaction of Liprin α1 with talin.

Although PPFIA1 was the only gene from our screen to

significantly increase the rate of endocytosis, there were many

others which increased the rate that did not achieve significance,

some of which are known to regulate recycling (e.g., RUFY1,

Yamamoto et al., 2010). This supports the hypothesis that the

PPFIA1 effect may be due to an inhibition of recycling as

opposed to an actual increase in endocytosis. In 2016, Mana

et al., identified that PPFIA1 was involved in the recycling of

fibronectin-bound α5β1 (Mana et al., 2016). They showed that

post-endocytosis, α5β1 remained bound to fibronectin and

recycled via a post-golgi compartment back to the cell

membrane. In the absence of PPFIA1, which interacts with

the integrin cytoplasmic tail, α5β1 accumulated in the post-

golgi compartments, unable to recycle, causing the cell to lose

its polarity. Crucially, inhibition of clathrin and caveolin

significantly impacted migration of cells towards αvβ6 specific

ligand LAP (Figure 4).

In the first 20 min of endocytosis, αvβ6-A20FMDV2 is

significantly colocalised with early endosome marker EEA1

(Figure 5), a Rab5 effector protein (Wilson et al., 2000), and

an antigen ubiquitously used to identify early endosomes (Lee

et al., 2020; Vandesande et al., 2020; Eapen et al., 2021; Holst

et al., 2021;Wang et al., 2021). A significant shift in colocalization

of A20FMDV2 (Cy5-(GS)5-bioA20FMDV2) with

EEA1 endosomes from 1 to 2 h (p < 0.001) was also observed.

LAMP1, a late endosome marker showed no differences in

colocalisation up to 6 h post-internalisation. It was originally

hypothesised that at least a fraction, or possibly a significant

amount of αvβ6 would be degraded; John et al., 2020

demonstrated using an αvβ6 specific antibody that

αvβ6 expression was lost 1 h post endocytosis of the integrin

and its ligand (John et al., 2020). Additionally, other integrins

have been identified in late endosomes/lysosomes post-

internalisation within this time frame; in particular ligand

occupied and active integrin (Dozynkiewicz et al., 2012).

Internalisation assays performed with the pHrodo

conjugated A20FMDV2, revealed that A20FMDV2-pHrodo-

αvβ6 is trafficked continually into a more acidic environment

up to 6 h after internalisation, with the biggest shift in

fluorescence observed in the first 2 h post-endocytosis,

suggesting that, despite the absence of A20FMDV2 in late

endosomes, that αvβ6-bound A20FMDV2 continues to be

trafficked for this relatively long-time frame.

Post-endocytosis, integrins are either recycled or degraded.

Recycling occurs, as previously discussed, via Rab4 (short) or

Rab11 (long) mediated recycling (Bridgewater et al., 2012;

Goldenring, 2015). Given that Cy5-(GS)5-bioA20FMDV2

-αvβ6 is still present within the cells 6 h post-internalisation,

the role of recycling was investigated. So called “long-loop”

recycling is mediated by Rab11, and it is established that

many integrins recycle via Rab11 positive compartments

including β1 integrins (Roberts et al., 2001; Powelka et al.,

2004; Strachan and Condic, 2004; Skalski and Coppolino,

2005; Das et al., 2018; Howe et al., 2020). Specifically,

intracellular integrins have been found in Rab11 subcellular

compartments within 1 h of endocytosis (Das et al., 2018;

Howe et al., 2020). Powelka et al. (2004) demonstrated that

β1 is internalised to perinuclear compartments 30 min (Powelka

et al., 2004), and subsequently showed that these compartments

are Rab11 positive, and present in the cells up to 2 h post

internalisation.

Immunofluorescent staining of Rab11-RFP transfected cells

revealed that A20FMDV2-αvβ6 is present in Rab11 positive

compartments in the cell, including at the cell surface, from

1-h post-endocytosis for at least 6 h (Figure 5D). To confirm the

role of αvβ6 recycling, the return of αvβ6–A20FMDV2 back to

the cell surface following internalisation was measured using flow

cytometry (Figure 5). Data showed that ligand-bound αvβ6 is

steadily recycled with 62% of the peptide internalised within

20 min recycled over 6 h. Interestingly, we initially considered

that the natural reducing environment of the cytoplasm may

result in reduction of the di-sulphide bond of the integrin bound

Cy5-SS-(GS)5-bioA20FMDV2. However, the data showed

clearly that a TCEP-sensitive fluorescent pool of peptide re-

appeared on the surface after re-incubation at 37°C. In support of

our conclusions, using immunofluorescence analysis, in
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Figures 5C,D, Cy5-(GS)5-bioA20FMDV2 colocalises at the cell

surface with 620W, and Rab11, respectively.

The implications of ligand-bound αvβ6 recycling are

multiple. Firstly, we must consider the implications in the

context of known αvβ6 functions. Arguably, the most

important function of αvβ6 is to activate TGFβ by binding

LAP (Munger et al., 1999). Hypothetically, if LAP bound to

αvβ6 was internalised and recycled back to the cell surface,

this would not allow for further activation of TGFβ, as the

αvβ6 ligand-binding site would remain occupied. This would

ultimately mean that the cells would become unable, or have a

reduced propensity, to activate TGFβ; a process which has

been previously observed by Vizán et al. (2013) (Vizán et al.,

2013). Secondly, recycling of ligand-bound αvβ6 would also

affect how αvβ6 is therapeutically targeted. As previously

mentioned, small molecule inhibitors targeting αvβ6 are

currently under development (Slack et al., 2016; John et al.,

2020), the fate of these small molecule inhibitors post uptake

into the cell is critical for determining optimal administration

and dosage.

Finally, we must also consider possible unknown functions of

αvβ6 in relation to recycling. For example, β1 integrin recycling is
critical for sustaining polarity of fibroblasts during migration

(Jacquemet et al., 2013; Samarelli et al., 2020). Recycling of

α5β1 active integrins is also hypothesised to play a role in the

turnover of fibronectin, whereby the cleaved fibronectin from the

ECM is exchanged in the trans-Golgi network for a newly

synthesised fibronectin molecule, which is subsequently

returned to the membrane at the basolateral cell surface, also

contributing of maintenance of cell polarity (Mana et al., 2016;

Mana et al., 2020).

No such role for αvβ6 recycling has been identified; however,

based on evidence from other integrins that they continue to

interact with proteins from endosomal compartments, it’s

reasonable to speculate that αvβ6 trafficking may also

contribute to intracellular signalling. These could include

regulation of cell migration, invasion and/or proliferation, all

established functions of αvβ6 (Huang et al., 1998; Thomas et al.,

2001a; Thomas et al., 2001b; Ahmed et al., 2002; Reader et al.,

2019).

The presence of αvβ6 6-h post internalisation is in

contrast to what has been previously published by John

et al. (2020), who showed that αvβ6 was degraded post

internalisation of an αvβ6 -specific ligand in to NHBE

cells. The extent of potential αvβ6 degradation was

assessed in these studies by measuring the intensity of the

fluorescence of mAb 62OW at each time point, by both

western blotting and flow cytometry, revealing no

significant differences in expression of αvβ6 over time

(Figure 6). We are unable to explain the difference in our

results compared with the study by John et al.

Post-endocytosis events of FMDV by αvβ6 previously have

been studied (Berryman et al., 2005). Berryman and others

showed that FMDV colocalised with early endosomes up to

30 min post entry and did not find any colocalisation with

late endosome marker LAMP2 within this same time frame.

While these data are consistent with the data presented here, it

fails to explain how αvβ6 expression is depleted post-

internalisation, without trafficking to a late endosome or

lysosomal compartment. It must be noted that the work

performed by John et al. (2020) was using normal human

bronchial epithelial (NHBE) cells, and thus we considered it

could be a difference in behaviour observed in cancer cells

compared with normal epithelial cells. However,

immunofluorescent staining for αvβ6 post-exposure to

A20FMDV2 (Cy5-(GS)5-bioA20FMDV2) was repeated in

NHBE cells, and again we found no difference in expression

of αvβ6 (Supplementary Figure 2).

In summary, as described in Figure 7, ligand (A20FMDV2 or

LAP)-induced endocytosis of αvβ6 is a combination of both

caveolin and clathrin-mediated processes whereby over 90% is

internalised within 60′. The majority of the A20FMDV2-bound

endocytosed αvβ6 passes first through EEA1 early endosomes

before forming a pool of Rab11-positive acidified perinuclear

endosomes. Finally, 60% of this internalised αvβ6 recycles back to
the cell surface within 6 h, still bound to the A20FMDV2 ligand.

These data should be considered by those developing high

affinity αvβ6-ligand mimetic targeting as it could determine

the success or failure of repeat dosing of therapeutics.
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SUPPLEMENTARY FIGURE 1
αvβ6 internalisation in adherent vs. suspension cells. Cells were exposed
to A20FMDV2 for 1 h on ice. Unbound peptide was washed away by
either centrifugation (suspension cells) or by washing the wells in
DMEM 0.1/0.1. Cells were incubated at 37°C for 1 h to allow for
internalisation, and subsequently acid stripped as previously described.
Cells were acquired by flow cytometry as described in materials and
methods. No significant differences were observed between the
internalisation between cells in suspension vs adhered (n = 2).

SUPPLEMENTARY FIGURE 2
αvβ6 expression (green) in NHBE cells before and after treatment with
A20FMDV2.

SUPPLEMENTARY FIGURE 3
TCEP concentration optimisations. C76 cells were exposed to Cy5-
SS-(GS)5-bioA20FMDV2, and extracellular fluorescence removed by
addition of varying concentrations of TCEP (50, 100, 250, 500 mM).
A reduction in both the number of positive cells and relative
geometric mean fluorescence of the cells were observed with each
concentration (1.9%, 1.4%, 1.0%, 0%, and 1.38, 1.24, 1.69, 1.61,
respectively) compared to control conditions (97% and 14.43).
Viability was determined by flow cytometry and the uptake of DAPI in
to compromised cells. The lowest cell viability was observed with
500nM of TCEP, with only 68% of cells viable, compared with 95% of
cells without TCEP [mean values (n = 2)].

SUPPLEMENTARY FIGURE 4
Western Blot confirming knockdown of Clathrin (CLTC) and Caveolin
(CAV) Knockdown with siRNA. Relative expression of CLTC in the off
target (OT) transfected cells was 0.79 ± 0.2 and 0.29 ± 0.23 in cells
transfected with the CLTC smartpool. Relative expression of CAV in the
off target (OT) transfected cells was 0.79 ± 0.05 and 0.23 ± 0.28 in cells
transfected with the CLTC smartpool. Data are mean ± SD,
representative of two biological repeats each with two technical repeats.
Representative western blots are shown.

SUPPLEMENTARY TABLE 1
αvβ6 expression of cell lines used, determined by binding of
A20FMDV2 (n = 3).
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c-Met-integrin cooperation:
Mechanisms, tumorigenic
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c-Met is a receptor tyrosine kinase which upon activation by its ligand, the

hepatocyte growth factor, mediates many important signalling pathways that

regulate cellular functions such as survival, proliferation, and migration. Its

oncogenic and tumorigenic signalling mechanisms, greatly contributing to

cancer development and progression, are well documented. Integrins,

heterogeneous adhesion receptors which facilitate cell-extracellular matrix

interactions, are important in biomechanically sensitive cell adhesion and

motility but also modulate diverse cell behaviour. Here we review the

studies which reported cooperation between c-Met and several integrins,

particularly β1 and β4, in various cell models including many tumour cell

types. From the various experimental models and results analysed, we

propose that c-Met-integrin cooperation occurs via inside-out or outside-in

signalling. Thus, either c-Met activation triggers integrin activation and cell

adhesion or integrin adhesion to its extracellular ligand triggers c-Met

activation. These two modes of cooperation require the adhesive function of

integrins and mostly lead to cell migration and invasion. In a third, less

conventional, mode of cooperation, the integrin plays the role of a signalling

adaptor for c-Met, independently from its adhesive property, leading to

anchorage independent survival. Recent studies have revealed the influence

of endocytic trafficking in c-Met-integrin cooperation including the adaptor

function of integrin occurring on endomembranes, triggering an inside-in

signalling, believed to promote survival of metastatic cells. We present the

evidence of the cooperation in vivo and in human tissues and highlight its

therapeutic relevance. A better understanding of the mechanisms regulating

c-Met-integrin cooperation in cancer progression could lead to the design of

new therapies targeting this cooperation, providing more effective therapeutic

approaches than c-Met or integrin inhibitors as monotherapies used in the

clinic.
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1 Introduction

1.1 The tyrosine kinase receptor c-Met

c-Met protooncogene-encoded c-Met protein (also referred

to as Met/MET/c-MET) is a receptor tyrosine kinase mostly

expressed by epithelial cells in a range of tissues (Gherardi et al.,

2012). Structurally, mature c-Met is an αβ heterodimer

composed of extracellular N-terminal tail, Sema domain

which facilitates ligand binding, plexin-semaphorin-integrin

domain, and four consecutively arranged immunoglobulin-

plexin-transcription factors domains (Figure 1). The

intracellular region following the transmembrane part entails

a regulatory juxtamembrane domain, catalytic kinase domain,

and a multi-substrate docking site followed by the C-terminus

(Park et al., 1987; Liu, 1998; Stamos et al., 2004; Gherardi et al.,

2003; Kozlov et al., 2004; Longati et al., 1994; Ponzetto et al.,

1994). c-Met, activated by its ligand hepatocyte growth factor

(HGF) (Stoker et al., 1987; Nakamura et al., 1989; Weidner et al.,

1991), plays a fundamental role in embryogenic, morphogenic

and physiologic responses (Trusolino et al., 2010). HGF, also an

αβ heterodimer in its mature form, is composed of the

N-terminus, a hairpin loop, four consecutive kringle domains,

all housed by the α-subunit, and a serine protease homology

domain, housed by the β-subunit. Typically, HGF binding to

c-Met’s Sema domain is enhanced via the HGF heparin binding

domain (hairpin loop and the first and second kringle domains)

(Gherardi et al., 2006; Naldini et al., 1992; Nakamura et al., 1989;

Lokker et al., 1992; Mizuno et al., 1994; Kong-Beltran et al.,

2004). For an in-depth investigation of HGF-c-Met binding and

its 3-dimensional (3D) depiction, refer to a recent structural

study (Uchikawa et al., 2021). HGF/c-Met axis activates

signalling cascades regulating cellular functions such as

survival, proliferation and motility. HGF-induced c-Met

homodimerization and resultant kinase domain activation

allows tyrosine (Y) phosphorylation of the docking sites

Y1349 and Y1356, enabling formation of the signalling

complexes (Ponzetto et al., 1994) (Figure 2). Activated c-Met

induces intracellular downstream signalling such as the

phosphoinositide 3-kinase (PI3K) and mitogen activated

protein kinase (MAPK) pathways and can activate the

transcription factor signal transducer and activator of

transcription 3 (Trusolino et al., 2010). Another consequence

of HGF binding to c-Met is a rapid endocytosis of HGF-bound

and activated c-Met, often through the classical clathrin and

dynamin-dependent pathway (Hammond et al., 2001;

Kermorgant et al., 2003). Interestingly, c-Met remains bound

to HGF and able to signal on endosomes (Kermorgant et al.,

2004; Kermorgant and Parker, 2008) prior to its progressive

degradation (Kermorgant et al., 2003). Depending on the

situation, a proportion of c-Met can be recycled to the plasma

membrane instead (Joffre et al., 2011; Parachoniak et al., 2011).

Moreover, we have reported that c-Met “endosomal signalling” is

required for HGF-dependent cell migration (Kermorgant et al.,

2004; Kermorgant and Parker, 2008) and c-Met oncogenicity

in vitro and in vivo (Joffre et al., 2011). Furthermore, c-Met

activates distinct signalling cascades depending on which

endosome it is localized, fine-tuning functional outcomes

(Barrow-Mcgee and Kermorgant, 2014; Menard et al., 2014;

Barrow-Mcgee et al., 2016; Hervieu et al., 2020). Given the

FIGURE 1
Structure of c-Met and HGF. The extracellular region of c-Met entails the Sema domain, plexin-semaphorin-integrin (PSI) domain, and four
consecutively arranged immunoglobulin-plexin-transcription (IPT) factors domains, while the intracellular part is composed of a juxtamembrane
domain, a kinase domain, and the docking site domain. HGF entails the hairpin loop, four consecutive kringle domains, and a serine protease
homology (SPH) domain. The green boxes indicate the c-Met-HGF binding regions. Note, that the PSI and IPT domains are also involved in
correct positioning of HGF.
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role of c-Met signalling in governing cell behaviour, its

deregulation is believed to be robustly exploited by cancerous

cells. High level of HGF in the tumour microenvironment

favouring paracrine tumour-stroma crosstalk, c-Met

overexpression, ligand-independent activation, exon

14 deletion and less often kinase domain mutations are well

documented mechanisms utilised by the tumour cells (Comoglio

et al., 2018; Baldacci et al., 2018; Duplaquet et al., 2018). Resultant

enhancement of their survival, proliferative and motile abilities,

contributes to tumorigenesis and poor disease outcomes. Further,

c-Met may be a strong mediator of resistance to targeted therapy

as well as chemotherapy agents (Engelman et al., 2007; Corso and

Giordano, 2013; Fernandes et al., 2021;Wood et al., 2021). C-Met

is therefore a major target for cancer therapy with many

inhibitors (mostly tyrosine kinase inhibitors or antibodies)

developed or in development (Gherardi et al., 2012; Huang

et al., 2020).

1.2 The integrin adhesion receptors

1.2.1 Integrin structure
Integrins are a large family of cell-surface adhesion receptors,

which are fundamental in facilitating interactions between cells

and their extracellular matrix (ECM) (Hynes, 2002; Hynes,

2004). Thus, ECM proteins, such as collagen, laminin or

fibronectin, act as integrin ligands, while the intracellular

integrin region connects to the actin cytoskeleton. Integrins

are a type I transmembrane proteins which exist in 24 known

heterodimeric combinations of their α and β subunits, of which

there are 18 and eight identified types, respectively (Figure 3).

Integrins can be divided into four groups by their evolutionary α
-subunit similarity and largely commonly shared ligands

(laminin-binding, collagen-binding, arginine-glycine-aspartic

acid (RGD) motif-binding, and leukocyte-specific) (Johnson

et al., 2009). Specific ECM ligand residue sequences, such as

the RGD motif, facilitating integrin-ECM ligand binding, may

involve both α and β monomers. This was for example

demonstrated for αvβ3 binding to fibronectin, fibrinogen and

vitronectin (Takagi et al., 2002; Xiong et al., 2002). Some

integrins, such as α2β1 which binds to the collagen proteins,

exhibit ECM ligand binding domains solely on the α-subunit
(Emsley et al., 2000). Importantly, while heterogeneity of the

heterodimers allows binding specificity and therefore diverse

functional effects, many integrins can redundantly bind the

same ECM ligand (Johnson et al., 2009). The less ligand-

specific integrins, however, may exhibit different functional

output dependent on the biochemical and mechanical

regulation, and cooperation with other cell-surface molecules

(Kechagia et al., 2019).

1.2.2 Integrin activation
Three modes of integrin activation have been described and

may not be mutually exclusive. Integrin activation may occur via

FIGURE 2
c-Met signalling. HGF triggers c-Met dimerisation, activation and the initiation of several signalling cascades. The classical view is that c-Met
signalling occurs at the plasmamembrane (left). Recently, it has been shown that HGF-bound c-Met internalises rapidly and transmits signalling from
endosomes (right), leading to the activation of signal transducer and activator of transcription 3 (STAT3), ERK1/2 and PI3K/AKT. Ultimately, cellular
responses such as survival, proliferation and migration are induced.
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inside-out signalling (Figure 4, left panel), whereby an

intracellular signal, for example transduced by a growth factor

receptor (GFR), stimulates the recruitment of intracellular

adaptor proteins, such as the necessary actin-binding proteins

talin and kindlin (Theodosiou et al., 2016; Sun et al., 2019), and

their consequent binding to the cytosolic integrin domain. This

in turn facilitates conformational change of the extracellular

integrin region from the functionally inactive “bent-closed” to

the “extended-open” conformation with high ligand binding

affinity (Shattil et al., 2010; Kim et al., 2011). This as a result

enables integrin-ECM ligand adhesion. In the cytoplasmic tail of

β integrins some key tyrosine residues get phosphorylated and

their mutations interfere with talin binding, integrin activation,

integrin-mediated adhesion and downstream signalling

(Calderwood et al., 2002). In most integrins, these tyrosines

are within the highly conserved NPXY/NXXY motifs and act

as docking sites allowing the recruitment of signalling molecules

such as focal adhesion kinase (FAK), integrin-linked kinase (ILK)

and Src kinase (Calderwood et al., 2002; Anthis et al., 2009). Shc

adaptor protein was found to bind these phosphorylated

tyrosines and enable FAK phosphorylation (Tahiliani et al.,

1997; Dans et al., 2001). This in turn induces phosphorylation

of downstream signalling targets, such as the extracellular-related

kinase 1/2 (ERK1/2), an effector of the MAPK signalling

pathway.

The outside-in signalling (Figure 4, middle panel), on the

other hand, is believed to be initiated by the ECM ligand binding

to the extracellular region of its cognate integrin receptor,

inducing a conformational change of the integrin from the

“bent-closed” to the elongated, “extended open” conformation.

Moreover, ECM-generated mechanical force may also promote

active integrin conformation. This as a result ultimately enables

adaptor protein association with the cytosolic integrin domain,

assembly of the signalosome and initiation of the downstream

signalling. Outside-in integrin signalling is also described by the

recruitment of FAK/Src kinases and activation of downstream

signalling cascades, notably PI3K and Ras small guanosine

triphosphatase (GTPase)-MAPK pathways (Ivaska and Heino,

2011).

Further, more recently, a third mode of integrin signalling

has been described, named inside-in signalling (Barrow-Mcgee

et al., 2016) (Figure 4, right panel), whereby internalised integrins

promote signalling from the endomembranes (Alanko et al.,

2015; Barrow-Mcgee et al., 2016). Inside-in signalling has been

described for the β1 integrin using several different cell lines,

notably telomerase-immortalised foreskin fibroblasts, mouse-

embryonic fibroblasts, breast cancer MDA-MB-231, MDA-

MB-468, and lung cancer NCI-H460 and A549 cells (Alanko

et al., 2015; Barrow-Mcgee et al., 2016). There is limited data on

the signals associated with the inside-in signalling. Thus far

phosphorylated FAK (Alanko et al., 2015) and ERK1/2

(Barrow-Mcgee et al., 2016) have been detected on active β1-
containing early endosomes (Alanko et al., 2015) and autophagy

related endomembranes (ARE) (Barrow-Mcgee et al., 2016)

respectively. Moreover, inhibition of integrin endocytosis

using dynamin inhibition and/or Rab21 siRNA reduces FAK

or ERK1/2 phosphorylation, suggesting integrin can signal on the

endomembranes (Alanko et al., 2015; Barrow-Mcgee et al., 2016).

Functionally, this integrin inside-in signalling was shown to

protect detached cells against anoikis, allowing them to

metastasise more efficiently (Mai et al., 2014; Alanko et al.,

2015; Barrow-Mcgee et al., 2016). Inside-in signalling is

further discussed in Section 4.2 in relation to c-Met.

1.2.3 Integrin trafficking
Integrin signalling is spatiotemporally regulated through

dynamic endocytic internalisation, recycling and degradation.

Integrins are endocytosed predominantly through clathrin-

dependent and clathrin-independent, such as caveolin-

dependent, mechanisms. Rab and ARF subfamilies of Ras

GTPase protein superfamily are particularly important in

integrin trafficking (Bridgewater et al., 2012; De Franceschi

et al., 2015). Rab5-positive early endosomes and Rab4-positive

recycling endosomes are the key compartments in recycling of

the internalised integrins back to the plasma membrane

(Moreno-Layseca et al., 2019). This constantly cyclic state of

integrins at the plasma membrane is important in the turnover of

focal adhesion complexes and thus in part regulates cellular

response.

1.2.4 Integrin function
Indeed the conventional function of integrins is to facilitate

ECM ligand-generated signal transduction, allowing the cell to

sense the biochemical and biomechanical dynamics of the

extracellular environment and exhibit appropriate cellular

response (Geiger and Yamada, 2011). Integrin-facilitated cell-

ECM adhesomes are plastic and highly diverse molecular

structures of varying mechanical strength, such as nascent

adhesion complexes, most studied focal adhesions, and

fibrillar adhesions. Although integrin-mediated signalling may

regulate cell survival, differentiation and proliferation, early

characterisation has established the particular importance of

integrins in cell adhesion and motility (Huttenlocher and

Horwitz, 2011). Particularly, focal adhesions are large

complexes which incorporate clusters of integrins, structural

adaptor molecules such as talin, paxillin and vinculin which

link the integrins to the actin filaments, as well as downstream

signalling molecules. Assembly and turnover of focal adhesions

are key in mesenchymal cell migration, with the role of FAK and

Src kinases in phosphorylating scaffold proteins such as paxillin.

This in turn leads to small GTPase Rac1 activation via guanine

exchange factor recruitment, enabling actin-related protein 2/

3 complex activation and its-mediated actin polymerisation. The

latter is responsible for driving cell protrusions. For example,

α5β1 heterodimer, particularly important in the normal function

of endothelium and epidermis, is a strongly specific receptor of
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FIGURE 3
Known integrin heterodimers and their ligands, expression, and physiological roles. Integrins in the orange coloured rows have an α subunit
evolutionarily related to PS2 proteins of Drosophila, those in the green coloured rows share an α subunit with an αI domain. The blue rows indicate
integrins containing an α subunit related to PS1Drosophila proteins andmany of these integrins recognise the ECM ligands containing the RGDmotif,
whereas the red rows denote integrins separated by their α4/α9 domains. The list of ligands, cell/tissue expression and functions is not exclusive.
MMP-2: matrix metalloprotease-2, TGF-β-LAP: transforming growth factor- β-latency-associated peptide, ICAM: intracellular adhesion molecule,
VCAM: vascular cell adhesion molecule.

Frontiers in Cell and Developmental Biology frontiersin.org05

Stanislovas and Kermorgant 10.3389/fcell.2022.994528

201

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.994528


fibronectin capable of activating FAK and Src kinases (Mitra and

Schlaepfer, 2006; Caswell et al., 2007). α5β1 knockout (KO) is

embryonically lethal due to the lack of and/or abnormal

angiogenic development (Yang et al., 1993; Francis et al., 2002).

α6β4 integrin, on the other hand, through binding to the

intracellular cytokeratin filaments and extracellular laminins of

the basement membrane establishes the hemidesmosome

complexes. Hemidesmosomes are important in tissue

embryogenesis, cell polarity and wound healing through

anchoring the epithelium to the basement membrane (Litjens

et al., 2006;Walko et al., 2015; Stewart and O’connor, 2015). Both

α5β1 and α6β4 are strongly implicated in pro-migratory, pro-

invasive and metastatic tumour cell behaviour (Hou et al., 2020;

Stewart and O’connor, 2015).

1.3 Integrin-growth factor receptor signal
integration

Several studies have reported crosstalk between integrins and

GFRs, particularly receptor tyrosine kinases. Early studies

indicate αvβ3 association with vascular endothelial growth

factor (VEGF) receptor and platelet derived growth factor

receptor (Schneller et al., 1997; Soldi et al., 1999; Borges et al.,

2000), whereas α6β4 shows integration with epidermal growth

factor receptor and the ErbB2 receptor (Falcioni et al., 1997;

Mariotti et al., 2001). Epidermal growth factor receptor also

shows association with α5β1 (Miyamoto et al., 1995; Sieg et al.,

2000), exhibiting epidermal growth factor receptor

phosphorylation in an epidermal growth factor ligand-

independent manner through αvβ3 and β1 clustering and

transactivation (Moro et al., 1998). Collectively, these early

studies implicate integrin-GFR association and cooperative

signalling to promote cell survival, proliferation, migration,

invasion, tumorigenic angiogenesis, and metastasis (Ivaska and

Heino, 2011; Hamidi and Ivaska, 2018).

Here we review the studies which have reported c-Met and

integrin cooperation and their role in cell migration, invasion,

anchorage-independent growth and tumorigenesis. Through

carefully analysing the experimental conditions and results of

each publication, we propose that c-Met-integrin cooperation

mainly occurs through the conventional inside-out or outside-in

signalling mechanisms. Thus, either c-Met activation triggers

integrin activation and cell adhesion or integrin adhesion to its

extracellular ligand triggers c-Met activation. Furthermore, we

also describe a less conventional mechanism in which an integrin

acts as a c-Met signalling adaptor, which appears to be

independent from its adhesive property. Recent studies have

revealed the influence of endocytic trafficking in c-Met-integrin

cooperation including the adaptor function of integrin occurring

on an endosome following the co-trafficking of the two

molecules, triggering an inside-in signalling. Although here

we focus on the evidence pertaining to each mode of

signalling cooperation, it is likely and indeed in some studies

apparent that these types of cooperation are not mutually

exclusive. We also present the evidence of the cooperation in

vivo and in human tissues and highlight its therapeutic

relevance.

2 c-Met-integrin cooperation via
inside-out signalling

One form of cooperation appears to occur through the

inside-out signalling, whereby c-Met, dependently or

independently of HGF, acts upstream of the integrin receptor,

inducing its activation and triggering downstream signalling and

cell function.

2.1 Hepatocyte growth factor-dependent
c-Met signalling upstream of integrins

Early studies reported that HGF stimulation of normal and

cancer cells increased their adhesion to integrin ligands such as

collagen, laminin-1, vitronectin, fibronectin or vascular cell

adhesion molecule-1. Moreover, the adhesion was inhibited by

relevant blocking antibodies of integrins, including αvβ3, and
β1 and its partners α2, α3, α4, and α5 (Trusolino et al., 1998;

Beviglia and Kramer, 1999; Weimar et al., 1997; Van Der Voort

et al., 1999; Tjin et al., 2006). More recently, fibroblast-secreted

HGF was shown to promote human lung adenocarcinoma cell

adhesion on laminin-1 and their polarization in acini in 3D

culture. These were blocked by an anti-β1 integrin antibody

(Datta et al., 2017). Thus, although integrin specificity differs,

similar adhesion-dependent HGF/c-Met axis-stimulated cell

behaviour can be seen across different cell types.

Further studies reported the role of integrins in HGF-

dependent cell migration. HGF triggered cell migration on

laminin, the β4 ligand (Ephstein et al., 2013). Moreover, the

inhibition of α9, α2β1, and α3β1 integrins with relevant specific

blocking antibodies significantly reduced HGF-induced

migration of lymphocytic endothelial cells and breast

carcinoma cells (Beviglia and Kramer, 1999; Kajiya et al., 2005).

How c-Met controls the integrin activity in these HGF-

dependent inside-out c-Met-integrin cooperation processes is

not fully elucidated. One mechanism appears to be an increase in

the integrin expression levels, assessed at the cell surface or as

total expression level depending on the study, although

mechanisms involved are unknown. Thus HGF triggers an

increase in the expression of α9 integrin mRNA in

lymphocytic endothelial cells (Kajiya et al., 2005). HGF also

promotes expression of β1 protein, c-Met and ILK, as determined

by immunohistochemistry and/or western blot, during HGF-

dependent wound healing in vitro and in vivo (Li et al., 2013). ILK

small-interfering RNA (siRNA) impaired HGF-mediated
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increase in β1 expression and wound healing which suggests a

reciprocal ILK role (Li et al., 2013).

Another potential mechanism is an increase in integrin

phosphorylation as observed for β4 integrin upon HGF

stimulation (Franco et al., 2010).

A third potential mechanism is HGF-controlled integrin

localisation. Thus, HGF induces β1 localisation to the

basolateral membrane of human lung adenocarcinoma in

3D acini as shown using fluorescence-activated cell sorting

(Datta et al., 2017). Downstream of β1 integrin, Src-p190A

Rho-GTPase-activating-protein induced the inhibition of

RhoA-Rho-associated coiled-coil kinase one signalling. The

latter was required for the induction by HGF stimulation of

acinar polarity in lung adenocarcinoma cells (Datta et al.,

2017). Moreover, recent studies reported that HGF can

control integrin intracellular trafficking. Thus, we and

colleagues have shown that HGF stimulates a rapid

internalisation of β1 integrin followed by recycling back at

a later time. The loss of expression of the clathrin adapter

huntingtin-interacting protein one by siRNA prevented

HGF-dependent β1 integrin internalisation as well as

mesenchymal and collective cell invasion from spheroids

grown in 3D Matrigel (Mai et al., 2014). This suggests

that c-Met promotes collective cell invasion via the

stimulation of huntingtin-interacting protein 1-dependent

β1 integrin trafficking, underscoring the role of endocytic

processes in c-Met-integrin cooperation and its tumorigenic

effect.

The KO of the Rho GTPase ARF6 in mice endothelial cells

was shown to impair the HGF-dependent migration of these

cells as well as their spread on and adhesion to the β1 integrin
ligands collagen I and IV, and fibronectin. In parallel,

ARF6 KO or short-hairpin RNA knockdown (KD) of its

activator, the guanine exchange factor general receptor for

3-phosphoinositides 1, impaired HGF-stimulated β1 integrin

recycling as shown using biotin-labelling and

immunostaining, with no change in total β1 expression

(Hongu et al., 2015). HGF-dependent in vitro angiogenesis

was significantly reduced upon ARF6 siRNA-mediated KD or

pharmacological inhibition of general receptor for 3-

phosphoinositides 1. As tumour growth and associated

angiogenesis were significantly reduced in conditional mice

with ARF6 gene deletion in endothelial cells or

pharmacological inhibition of general receptor for 3-

phosphoinositides 1, this study therefore suggested that the

effect of ARF6 on angiogenesis and tumour progression

occurs via HGF-dependent β1 integrin recycling. Although

KD of general receptor for 3-phosphoinositides one and other

guanine exchange factors inhibited HGF-mediated

β1 recycling (Hongu et al., 2015), the signalling cascade

governing β1 trafficking downstream of HGF stimulation is

unknown. Given the current literature, it is further unclear

whether integrin expression and recycling are coupled.

2.2 Hepatocyte growth factor-
independent c-Met signalling upstream of
integrins

Fewer studies suggest that c-Met may also initiate integrin

signalling without HGF stimulation. Thus, loss of c-Met

expression via siRNA transfection in ovarian cancer cells,

which overexpressed c-Met, triggered a reduction in β1 and

α5 expression and reduced cell adhesion on fibronectin and

vitronectin, and to the peritoneum of mice (Sawada et al., 2007).

c-Met silencing also triggered a decreased expression of

β1 and α3 subunits in gastric cancer cells in vitro and, in

parallel, their strongly reduced proliferation, invasion,

adhesion, as well as reduced peritoneal dissemination in vivo

(Wang et al., 2012). c-Met, although independently of its kinase

activity, was also shown to be required for α3β1 expression and

subsequent prevention of anoikis and promotion of survival of

laminin-adherent primary prostate epithelial cells (Tesfay et al.,

2016).

3 Integrin-c-Met cooperation via
outside-in signalling

Early reports implicated that cell adhesion triggered c-Met

activation in the absence of exogenous HGF (Wang et al.,

1996; Wang et al., 2001). The results from these and further

studies suggest c-Met-integrin cooperation can occur through

an outside-in signalling, whereby an integrin activation,

triggered by binding to its extracellular ligand in the ECM,

thus promoting cell-surface adhesion, is also able to promote

c-Met phosphorylation. Thus, treating or plating ovarian,

breast, lung or prostate cancer cells with or on integrin

substrates, such as fibronectin, collagen or laminin, was

shown to trigger c-Met phosphorylation in various cell

models (Mitra et al., 2011; Hui et al., 2009; Jahangiri et al.,

2017; Singh et al., 2019; Sridhar and Miranti, 2006). c-Met

phosphorylation was strongly reduced when carcinoma cells

were cultured in suspension. It was recovered upon re-plating

on fibronectin (Hui et al., 2009) or collagen (Wang et al.,

2001). Further, increasing c-Met phosphorylation was

observed upon plating cells on increasing concentrations of

fibronectin (Jahangiri et al., 2017).

Moreover, siRNA-mediated silencing of integrins α5,
α5β1, β1 or β5, or blocking antibodies of α5β1 or α5, or
fibronectin siRNA reduced or abolished c-Met

phosphorylation in vitro or in mice xenografts (Mitra et al.,

2011; Ding et al., 2015; Huang et al., 2019a; Huang et al.,

2019b; Singh et al., 2019; Chang et al., 2019). Addition of HGF,

which triggered c-Met phosphorylation, was able to overcome

the inhibition of ovarian cancer cell invasion by α5β1 blocking
antibody or siRNA, demonstrating that integrin acts upstream

of c-Met in an HGF-independent manner (Mitra et al., 2011).
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The exactmechanisms of c-Met phosphorylation downstreamof

an integrin, however, are not clear. The cytoplasmic domain of

integrin may play a role in c-Met phosphorylation. This was

demonstrated by the expression of a truncated form of

β4 integrin, β4-1355T, lacking the major tyrosine phosphorylation

sites in the cytoplasmic tail, which led to the reduction in c-Met

phosphorylation (Yoshioka et al., 2013). Depletion by short-hairpin

RNA or inhibition of ILK were shown to block HGF-independent

c-Met phosphorylation of fibronectin-adherent glioblastoma cells

(Jahangiri et al., 2017). Another study reported that fibronectin

adhesion-dependent c-Met phosphorylation was mediated by a

cascade comprising FAK phosphorylation upstream of activated

Src, FAK and Src occuring in a complex (Hui et al., 2009).

Overall, Src-FAK pathway has been identified as a dominant

signalling pathway downstream of integrin-activated c-Met (Mitra

et al., 2011; Sridhar and Miranti, 2006; Jung et al., 2011).

4 c-Met-integrin cooperation via a
non-adhesive signalling function of
integrins

4.1 The role of integrins as c-Met signalling
adaptor

Interestingly, some studies have shown that integrins can act

as signalling adapters downstream of c-Met, enabling a signalling

platform. This function appears to be independent from the

adhesive property of integrins and was shown to lead to invasion

(Trusolino et al., 2001) and anchorage-independent growth

(Trusolino et al., 2001; Bertotti et al., 2005; Bertotti et al.,

2006; Franco et al., 2010; Barrow-Mcgee et al., 2016).

Thus an early study reported that HGF stimulated

β4 tyrosine phosphorylation, leading to the recruitment of

p52Shc and PI3K to β4 (Trusolino et al., 2001). The use of

c-Met mutants demonstrated that c-Met kinase activity was

required. In this c-Met-β4 cooperation, the integrin was

shown to play the role of an adaptor to amplify and sustain

AKT and ERK1/2 phosphorylation downstream of c-Met. The

binding of p52Shc to two specific tyrosines in the integrin

cytoplasmic tail was shown to be required to connect the

integrin to the signaling pathways (Trusolino et al., 2001).

Functionally, β4 was reported to be necessary for HGF-

induced c-Met-mediated cell invasion although independently

of its adhesive integrin property. Indeed neither anti-β4
antibodies nor the expression of β4 lacking the extracellular

domain blocked the invasion (Trusolino et al., 2001; Bertotti

et al., 2005). Other molecules may also facilitate integrin-

mediated signalling platform, as cluster of differentiation 151

(CD151) depletion led to the loss of β4 phosphorylation by

c-Met, reduction in HGF-induced growth factor receptor bound

protein 2-associated binding protein 1(Gab1) and growth factor

receptor bound protein 2 (GRB2) association and ERK1/2

phosphorylation. CD151 depletion also impaired cell growth

on soft agar and protection from anoikis (Franco et al., 2010).

We later reported that, in various human and mouse cells,

including lung and breast cancer cells, β1 siRNA KD, KO or the

expression of a β1 form mutated in its two NXXY domains,

prevented the sustained phosphorylation of ERK1/2 stimulated

by c-Met, when activated by HGF or constitutively by an

oncogenic alteration. A similar pattern was observed for

p52Shc phosphorylation, whereas c-Met phosphorylation was

unaltered. Moreover, c-Met, β1 and p52Shc co-

immunoprecipitation (co-IP) was increased upon c-Met

activation. Furthermore, p52Shc siRNA KD impaired c-Met-

β1 co-IP. These results suggested that β1, through its NXXY

domain in the cytoplasmic tail, also functioned as an adapter

linking c-Met to p52Shc, subsequently allowing sustained

activation of ERK1/2. Importantly, this signalling occurred in

adherent and detached cells, and β1, as well as its NXXY domain,

were found to be required for c-Met-dependent anchorage

growth in soft agar, protection against anoikis and in vivo

tumorigenesis and invasion. Interestingly, while the adhesive

property of integrin was shown to not be required for this

c-Met-β1 cooperation, its active conformation appeared to

promote the cooperation (Barrow-Mcgee et al., 2016).

4.2 Endosomal c-Met-integrin
cooperation: Inside-in signalling

Furthermore, our study revealed that this c-Met-β1 signaling
cooperation occurred on an endomembrane following co-

internalisation of the two molecules (Barrow-Mcgee et al.,

2016). Thus c-Met activity induced by HGF stimulation or

oncogenic alterations triggered c-Met-β1 integrin co-

internalisation which is dependent on clathrin expression and

dynamin activity. This is followed by co-trafficking through the

endomembranes which contain the autophagosome marker

microtubule associated light-chain 3B. As our results

suggested this endomembrane is distinct from the classical

autophagosome and appeared to belong to a novel non-

canonical autophagy pathway similar to the recently described

LC3 Associated Phagocytosis (Florey, 2018), it was termed

autophagy related endomembrane (ARE). Results obtained

suggested that the adaptor function of β1, leading to sustained

ERK1/2 signalling and increased anchorage-independent

survival, occurs on ARE. Vesicular triple colocalisation of

c-Met, β1, and microtubule associated light-chain 3B was

observed upon c-Met activation. To reduce the lipidation of

light-chain 3B, and thus the formation of ARE, we employed

siRNA of autophagy-related gene five which led to the

impairment of c-Met-dependent, sustained phosphorylation of

ERK1/2 and p52Shc, anoikis protection and invasion in vivo.

Similar phenotypes were seen with the loss of β1 (Barrow-Mcgee

et al., 2016).
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It was also shown that β1 integrin siRNA or NXXY domain

mutant led to an impaired c-Met endocytosis (Barrow-Mcgee

et al., 2016), indicating that the two molecules promote the

trafficking of each other. Interestingly, c-Met and β1 integrin

internalisation was reduced in cells expressing β1 integrin NXXY

due to a decreased expression of Rab21. The effect of β1 integrin
NXXY domain on c-Met endocytosis and on c-Met signalling on

endosomes was decoupled through the overexpression of

Rab21 in cells expressing β1 integrin NXXY domain.

Although c-Met endocytosis was rescued, ERK1/2 sustained

signalling was not, further suggesting a role for β1 integrin

NXXY domain in sustaining c-Met signalling in addition to

co-internalisation.

Cancer cells which metastasise need to survive mostly

unanchored during their transit in the blood or lymphatic

circulation. Thus, this inside-in c-Met-β1 integrin cooperation,

which occurs in non-adherent cells and is independent of

β1 adhesive property, could be used by the metastatic cancer cells

during their transit in the blood or lymphatic circulation. There,

integrin adhesion requirement is reduced while there is an enhanced

need for sustained signalling to protect cells against anoikis.

Another recent study reported that two splice variants of the

co-receptor neuropilin-1 increase c-Met and β1 integrin

interaction and their co-internalisation and co-accumulation

on endosomes. This provides persistent signals to activate the

FAK/p130Cas pathway, thereby promoting colorectal cancer cell

migration, invasion and metastasis (Huang et al., 2019b).

Hepatocellular carcinoma (HCC)-specific computational

model of HGF/c-Met axis supports the findings of

experimental studies reporting enhanced inhibition of

phosphorylated AKT and ERK1/2 upon c-Met-

α5β1 dissociation and highlights the importance of previously

identified c-Met-β1 co-trafficking (Jafarnejad et al., 2019;

Barrow-Mcgee et al., 2016).

5 Evidence of complex formation

Several of the studies reviewed here have reported the

association of c-Met and integrin in a complex predominantly

through co-IP and co-immunofluorescence experiments.

Interestingly, complex formation is observed across the

different signalling cooperation mechanisms.

5.1 c-Met-integrin association

c-Met-β1 (Hui et al., 2009; Bogorad et al., 2014; Singh et al.,

2019), c-Met-α3 (Tesfay et al., 2016), and c-Met-α6β4 (Trusolino
et al., 2001) association was shown to occur in a range of tumour

cells in the absence of HGF. Other studies implicate the

involvement of HGF in c-Met-integrin association, particularly

with β1, α5β1, and αvβ3 integrins (Rahman et al., 2005; Huang

et al., 2019b). Moreover, functional c-Met-integrin association

has been described to occur at a basal level and to increase upon

HGF stimulation (Mitra et al., 2011; Barrow-Mcgee et al., 2016;

Jahangiri et al., 2017).

A detailed analysis using PyMOL modelling (Jahangiri et al.,

2017) identified five amino acids of β1, at positions 246, 283, 284,
287, and 290, to be critical for c-Met binding. Two of these

residues were further confirmed by site-directed mutagenesis

(Lau et al., 2021). The binding sites on c-Met, however, remain

unclear. It has been suggested that β4 integrin would interact at

multiple different positions throughout c-Met as supported by

β4 co-IP with a range of c-Met mutants (Trusolino et al., 2001).

Moreover, a neutralising antibody of c-Met, which binds four

amino-acid residues in its extracellular Sema domain, reduced

the ability of several β1 integrin antibodies to detect their

epitopes, suggesting a possible binding site on c-Met

(Jahangiri et al., 2017). It is, however, unclear where exactly

on c-Met integrin binding takes place.

The association of c-Met and β1 integrin detected by

proximity ligation assay, which typically detects molecules at

less than 40 nm distance, strongly suggests they interact directly

(Barrow-Mcgee et al., 2016; Jahangiri et al., 2017). However,

c-Met association with integrins may also occur in a complex

with a range of other molecules. Most notably, tetraspanin

transmembrane proteins, involved in cell-ECM interactions

and integrin-GFR crosstalk, may play a role in facilitating

integrin-c-Met cooperation by providing additional or

alternative means of interaction. Thus, CD151 has been

reported to occur as a part of c-Met and β4 or α3/α6 integrin

complexes in gastric carcinoma (Franco et al., 2010) or salivary

gland and breast cancer cells (Klosek et al., 2005; Klosek et al.,

2009), respectively. Moreover, loss of CD151 upon siRNA-

mediated KD disrupted c-Met-integrin complexes (Klosek

et al., 2005; Klosek et al., 2009; Franco et al., 2010).

There are also reports of glycoprotein cluster of differentiation

isoform six involvement in c-Met-α6β4 binding (Jung et al., 2011).
c-Met-β1 complex with tensin-4 and c-Met-β4 complex with

ErbB2 or sphingosine-1-phosphate receptor were also reported

(Muharram et al., 2014; Yoshioka et al., 2013; Ephstein et al., 2013),

whereas β5 has been shown to co-IP with c-Met and keratin 16

(Huang et al, 2019a). Upon β4 KD, β4-ErbB2-c-Met

immunoprecipitate was shown to be lost (Yoshioka et al., 2013).

The induction or disruption of c-Met-integrin complex

formation has functional consequences. The functional role of

c-Met-β1 complex was further demonstrated with the

engineering of an artificial heterodimerisation system where

the rapamycin-derived drug AP21967 induces the

heterodimerization of fused c-Met-FKBP (FK506-binding

protein) and β1-FRB (FKBP-rapamycin-binding). The

dimerization promoted wound healing and invasion of breast

cancer cells (Jahangiri et al., 2017). A therapeutic humanised

anti-β1 neutralising antibody strongly inhibited c-Met-

β1 immunoprecipitation in breast cancer cells and reduced the
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mesenchymal phenotype of breast cancer cells (Jahangiri et al.,

2017). Functionally, short-hairpin RNA KD of CD151 strongly

reduced HGF-induced ERK1/2 phosphorylation and tumour

growth (Franco et al., 2010). Wound healing of salivary gland

cancer cells stimulated with HGF onMatrigel was also impaired

upon CD151 or α3 or α6 siRNA (Klosek et al., 2005). Thus,

collectively these findings indicate that the disruption of

tetraspanin-c-Met-integrin complex has downregulatory

effects on downstream signalling and tumorigenic cell

behaviour.

5.2 Hepatocyte growth factor-integrin
ligand association

Intriguingly, integrin-c-Met cooperation may also be

mediated by the binding of HGF to an ECM integrin

ligand, such as vitronectin or fibronectin, as seen in

adhesive endothelial cells. HGF binding domains were

identified on these two integrin ligands (Rahman et al.,

2005). Thus, stimulation of endothelial cells with HGF

and fibronectin or vitronectin, versus HGF alone,

increased cell migration and proliferation. Downstream,

c-Met, ERK1/2 and AKT phosphorylation and Ras-GTP

activation were maintained longer and ERK1/2 or PI3K/

AKT pharmacological inhibition impaired cell

proliferation or migration. Cell migration was also

inhibited by treatment with anti-α5β1 antibodies (Rahman

et al., 2005). In contrast, HGF-fibronectin cooperativity is

also exhibited by cells in anchorage-independent conditions,

resulting in increased mammary carcinoma cell survival

(Qiao et al., 2000). It could thus be proposed that HGF

binding to integrin ligand could synergistically enable

c-Met-integrin crosstalk.

FIGURE 4
Different modes of integrin signalling. Left green box: Inside-out integrin signalling. An intracellular signal, such as promoted by an activated
growth factor receptor, triggers the recruitment to the integrin β-chain of key molecules including talin and kindlin, leading to conformational
change of integrins, which become extended and active and can then bind to its ligand in the ECM. As a consequence, cell adhesion, migration and/
or ECM assembly are promoted. Middle blue box: Outside-in integrin signalling. The binding of the integrin to the ECM outside of the cell
triggers its change of conformation to become extended and active, leading to the recruitment of several molecules to the cytoplasmic tail of the β-
chain, such as talin, kindlin and vinculin, and the connection to the actin cytoskeleton. As a consequence, cell polarity, survival, cytoskeleton
organisation or gene expression are promoted. Right organge box: Inside-in signalling, a third mode of integrin signalling, recently described for
β1 integrin. The integrin transmits signalling from endosomes in cells in suspension alone. As a consequence, cell survival in anoikis is promoted.
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6 Physiological and therapeutic
relevance of c-Met-integrin
cooperation

6.1 Evidence of cooperative signalling in
tissues and in vivo

Although high levels of c-Met or integrin in patient tumour

tissue have been shown to correlate with poor prognosis (Tjin

et al., 2006; Sawada et al., 2007; Sawada et al., 2008), direct

evidence of c-Met-integrin cooperation in human tissues and in

vivo is scarce. Using proximity ligation assay one group has

shown c-Met-integrin association in patient breast tumour tissue

with elevated levels of c-Met-β1 complex in brain metastases

compared to the primary tumours (Jahangiri et al., 2017). In

addition, c-Met-β1 formation was reported at the invasive fronts

of metastatic brain tumours of mouse xenografts compared to the

primary breast tumour sites (Jahangiri et al., 2017).

The artificial heterodimerization of c-Met-FKBP and β1-FRB
by the rapamycin-derived drug AP21967 promoted breast cancer

cell extravasation out of circulation as shown through a tail vein

metastasis assay (Jahangiri et al., 2017). c-Met-β1 complex

induction was also associated with shorter mice survival,

although there was no difference in gross metastases as

detected by bioluminescence following intracardiac

implantation of breast cancer cells (Lau et al., 2021).

One study reported a significant reduction of phosphorylated

c-Met and total c-Met expression levels in HCC xenograft

tumour tissue upon siRNA-mediated KD of β1, and a notable

inhibition of HCC tumorigenic progression (Bogorad et al.,

2014). Similarly, we have shown that HGF-driven in vivo

tumorigenesis in mice and cell invasion in zebrafish embryos

required the expression of β1 and the presence of its intact NXXY
domain (Barrow-Mcgee et al., 2016). Although these experiments

suggested the role of the signalling function of β1 in HGF-c-Met-

driven in vivo invasion and tumorigenesis, in vivo evidence of an

independence from β1 adhesive property was not provided.

However, the requirement of the autophagy regulator

autophagy-related gene five in the HGF-driven invasion of

lung cancer cells in zebrafish was shown using siRNA,

suggesting that the inside-in c-Met-β1 cooperation in ARE

vesicles support the invasion (Barrow-Mcgee et al., 2016).

Furthermore, there is in vivo evidence that c-Met-β4 integrin

cooperation can occur independently from the adhesive property

of integrin. Thus, cells expressing WT c-Met and extracellularly

truncated β4 integrin resulted in the formation of tumours in

mice, whereas cytoplasmic β4 mutants did not form tumour

masses (Bertotti et al., 2005).

FIGURE 5
Inside-out c-Met-integrin cooperation. c-Met, upon HGF stimulation or sometimes without HGF, promotes integrin activity, such as
phosphorylation, increased expression or change in localisation. Activated integrins can in turn bind ECM ligand and induce cellular responses such
as adhesion and migration.
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6.2 c-Met-integrin cooperation in drug
resistance and the potential for
combination therapy

As c-Met-integrin cooperation appears therapeutically

important in diverse tumour contexts, it may be exploited

in improving anti-tumour effects and modulating drug

resistance. There has been a limited benefit of c-Met or

integrin inhibition in the clinic (Mo and Liu, 2017; Huang

et al., 2020; Li et al., 2021). Integrin inhibitors are antibodies

(Alday-Parejo et al., 2019) which impair adhesive integrin

function. They are therefore unlikely to block adhesion-

independent role of integrins in regulation of c-Met

signalling, which may contribute to the poor clinical benefit

when used as a monotherapy. It would be interesting to

investigate whether combining c-Met and integrin

inhibitors would lead to a better response than using each

drug as a monotherapy. An alternative strategy could be to

target c-Met and molecules downstream of the integrin.

Indeed, FAK activation associated with α5 upregulation in

response to c-Met inhibitor cabozantinib appears to reduce its

anti-tumour effects, whereas combination of cabozantinib

with FAK inhibitor CT-707 improves therapeutic activity as

shown through increased apoptosis in vitro and reduced

tumour growth in HCC xenografts (Wang et al., 2016).

Further, integrins and c-Met cooperation may be a potent

mediator of resistance to therapeutics modulating the behaviour

of other molecules (Cruz Da Silva et al., 2019). Thus c-Met-

β1 complex was reported to promote glioblastoma cell migration

and local invasion as part of a resistance mechanism to

bevacizumab, an anti-angiogenic VEGF monoclonal antibody. As

VEGF bound to VEGF receptor two appeared to sequester c-Met

and β1, bevacizumab therapy, which inhibits VEGF, may result in

c-Met-β1 complex formation and its driven invasion (Jahangiri et al.,

2017).

Histone deacetylase inhibitor suberanilohydroxamic acid

reportedly leads to an upregulation of α5β1 which mediates

c-Met phosphorylation associated with poor sensitivity in

prostate and lung cancer cells in vivo (Ding et al., 2015).

Although the means of α5β1-c-Met cooperation were not

elucidated, α5β1 KD led to a significant reduction in c-Met

phosphorylation. Thus, c-Met inhibition or lack of

α5β1 improves the sensitivity to suberanilohydroxamic

acid, which indicates that the manipulation of c-Met or an

integrin may enhance effectiveness of other targeted

therapeutics.

FIGURE 6
Outside-in integrin-c-Met cooperation. Integrin activation, through binding to its ligand in the ECM, leads to downstream c-Met
phosphorylation, potentially via ILK and/or Src kinases, enabling c-Met-induced intracellular signalling and diverse cellular functions.
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7 Discussion

Having reviewed in detail the literature on c-Met and integrin

cooperation, we propose that the two molecules utilise three main

mechanisms of signal integration which include inside-out

(Figure 5) and outside-in (Figure 6) signalling, in an HGF-

dependent or -independent manner. Both mechanisms engage

integrin adhesion to its extracellular ligand. The third mode of

cooperation (Figure 7), less conventional, is the role of an integrin as

a signalling adaptor to amplify c-Met signalling, which appears to be

independent from the adhesion function of integrins. Moreover,

there is evidence that such cooperation can occur on endosomes,

enabling an inside-in signalling, instead of the classical view of

membrane receptors signalling at the plasma membrane. Some of

the more recent studies revealing spatially mediated c-Met-integrin

interactions indicate greater complexity than the regulation of

expression levels or activity.

Although our review highlights these three main

mechanisms of cooperation, they are not necessarily

mutually exclusive and a few studies have shown elements

of inside-out and outside-in c-Met-integrin cooperation in the

same cells (Jahangiri et al., 2017; Sridhar and Miranti, 2006;

Ephstein et al., 2013; Li et al., 2013).

Although the studies reviewed here show some elements of

evidence for mainly c-Met-β1 cooperation, many did not dissect the

mechanisms of cooperation including whether the two molecules

form heterodimers. Therefore, the level of specificity and

mechanistic diversity of c-Met-integrin cooperation remains

poorly defined. In light of the studies reporting spatial facilitation

and regulation of cooperation predominantly between c-Met and β1,
we believe that the true scope and importance of spatially controlled

c-Met interaction with a range of integrins is yet to be revealed.

Signalling events induced by c-Met-integrin cooperation are

poorly defined, with limited evidence on the exact signalling

mechanisms that induce tumorigenic functions. Interestingly,

c-Met-integrin cooperation appears to contribute to more global

changes in transcriptional cell profiles (Lau et al., 2021), potentially

suggesting yet unexplored signalling networks and downstream

effects. Phenotypically, it is evident that c-Met-integrin

cooperation contributes to diverse cancer cell functions

(Figure 8), particularly migration, invasion and anchorage-

independent growth or survival. These phenotypes are believed

to promote metastasis, as well as drug-resistance, across different

tumour types.

Mechanical ECM properties may also regulate c-Met-integrin

crosstalk. ECM stiffness may modulate c-Met-β1 interaction, as

increased matrix rigidity results in upregulated c-Met, β1 and FAK,

and associated cell proliferation, epithelial-mesenchymal transition

and resistance to tyrosine kinase inhibitors (Chang et al., 2015).

Differential and dynamic regulation of integrins with oncogenic

FIGURE 7
Integrin as c-Met signalling adaptor and the inside-in signalling. Integrins, so far β4 and β1, can also act as adaptors independently of their
extracellular domain and adhesive property, linking c-Met to downstream signalling molecules, such as p52SHC adaptor, leading to ERK1/2 and AKT
sustained signalling. For the β1 integrin, this cooperation has been shown to occur on an endomembrane, following the co-internalisation of c-Met
and β1. This inside-in signalling triggers cell survival independently of anchorage.
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c-Met may facilitate both early neoplastic growth and later invasion

and metastasis, key in disease progression.

Other oncogenic partners may enhance c-Met-integrin

cooperation as exhibited by mutant NRP1 co-receptors (Huang

et al., 2019b).Moreover, HGF/c-Met axis induced integrin-mediated

collective mesenchymal migration while constitutively active c-Met

led to an integrin-independent cell rounding, suggestive of

amoeboid migration (Mai et al., 2014). It thus could be

postulated that the presence or absence of c-Met-integrin

association in some contexts may mediate different types of cell

migration. Importantly, however, in vitro cell migration and

invasion models do not fully recapitulate the physiological

conditions, posing a challenge to understand the specific

functional role integrin-c-Met interaction may play in the

tumour microenvironment. Encouragingly, evidence of viable

therapeutic manipulation of c-Met-integrin signalling systems in

vivo suggests potential exploitation of their cooperation which could

enable more effective treatment strategies than c-Met or integrin

inhibitors used as a monotherapy.

Therefore, we must strive for a greater understanding of c-Met-

integrin cooperation, aiming to thoroughly elucidate their signalling

networks and the associated tumorigenic effects. Understanding the

mechanisms of cooperation, signalling cascades and their functional

effects on tumour cell behaviour in a tumour microenvironment

context would potentially provide novel therapeutic avenues direly

needed to improve clinical outcomes.
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Integrins are the major family of transmembrane proteins that mediate cell-

matrix adhesion and have a critical role in epithelial morphogenesis. Integrin

function largely depends on the indirect connection of the integrin cytoplasmic

tail to the actin cytoskeleton through an intracellular protein network, the

integrin adhesome. What is currently unknown is the role of individual

integrin adhesome components in epithelia dynamic reorganization.

Drosophila egg chamber consists of the oocyte encircled by a monolayer of

somatic follicle epithelial cells that undergo specific cell shape changes. Egg

chamber morphogenesis depends on a developmental array of cell-cell and

cell-matrix signalling events. Recent elegant work on the role of integrins in the

Drosophila egg chamber has indicated their essential role in the early stages of

oogenesis when the pre-follicle cells assemble into the follicle epithelium.

Here, we have focused on the functional requirement of two key integrin

adhesome components, Parvin and Integrin-Linked Kinase (ILK). Both proteins

are expressed in the developing ovary from pupae to the adult stage and display

enriched expression in terminal filament and stalk cells, while their genetic

removal from early germaria results in severe disruption of the subsequent

oogenesis, leading to female sterility. Combining genetic mosaic analysis of

available null alleles for both Parvin and Ilk with conditional rescue utilizing the

UAS/Gal4 system, we found that Parvin and ILK are required in pre-follicle cells

for germline cyst encapsulation and stalk cell morphogenesis. Collectively, we

have uncovered novel developmental functions for both Parvin and ILK, which

closely synergize with integrins in epithelia.
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Introduction

Collective cell movement and cell intercalation are two

essential morphogenetic processes that direct tissue formation

(Walck-Shannon and Hardin, 2014; Scarpa and Mayor, 2016).

Drosophila oogenesis possesses a full repertoire of

morphogenetic procedures such as collective cell movement

during egg chamber encapsulation (Margolis and Spradling,

1995; Sang, 1970) and cell intercalation during interstitial

stalk formation (Godt and Laski, 1995). The beauty of the

Drosophila egg chamber as a model system in developmental

biology lies in its rather simple but well-defined anatomical and

cellular organization that can be combined with genetic analysis

(Bilder and Haigo, 2012). The egg chamber is composed of a

follicle epithelium that encircles the developing oocyte (Figure 1).

The onset of follicle morphogenesis is initiated in the dorsal and

ventral side at the posterior part of the germarium, where a small

number of follicle stem cells (FSCs) that are adult stem cells give

rise to the precursors of follicle epithelial cells (Fadiga and Nystul,

2019), (Figure 1C). After four to six rounds of cell divisions, these

precursors produce approximately 1,000 cells that assemble into

the follicle epithelium monolayer, which enlarges and elongates

to finally produce the mature egg (Duhart et al., 2017).

Meanwhile, at the tip of the germarium, germline stem cells

(GSCs) divide asymmetrically. One cell remains a stem cell, while

the other differentiates to a cystoblast. After four mitotic

divisions, the cystoblast transforms into a 16-cells syncytium.

During mitotic divisions, the cyst moves towards region two of

the germarium. The 16-cells cyst is encapsulated by the pre-

follicle cells in region 2b (Figure 1C). During cyst encapsulation,

the pre-follicle cells extend thin centripetal processes around the

newly formed germline cyst to separate it from its neighbours.

Next, several somatic follicle epithelial cells migrate around the

new cyst, separating it from its younger and older neighbours by

an epithelial monolayer. The 16-cells cyst now is called germline

cyst and covers the diameter of the germarium (Figure 1C) and

(Finegan and Bergstralh, 2020).

Stalk cells, through the morphogenetic process of

intercalation, form the interfollicular stem that connects the

successive egg chambers and defines the anterior-posterior

long axis of the developing cyst (Roth and Lynch, 2009). The

stem originates as a double row of elongated cells in regions 2b to

3, which intercalate resulting in a single row of cells at later stages

(Godt and Laski, 1995). Stalk cells are also responsible for the

proper localization of the oocyte in the younger cyst. The stalk

cells in direct contact with the young cyst up-regulate DE-

cadherin in the posterior follicle cells of the cyst. Furthermore,

an increase of DE-cadherin levels in the oocyte of the young

cyst leads to its adhesion to the posterior follicle cells obtaining

from now on a posterior localization and establishing the

FIGURE 1
Overview of Drosophila oogenesis. (A) The female adult fly has a pair of ovaries. (B) Each ovary comprises 16–20 ovarioles that contain linearly
arranged egg chambers of increasing age. (C) Schematic representation of the cellular organization of the germarium and the consecutive egg
chambers. The germarium is located at the anterior tip, where germ cells continuously divide and initiate oogenesis. The germarium is subdivided
into four distinct morphological regions (R1, R2a, R2b, R3/stage1). At the posterior tip of the germarium, the pre-follicle cells complete the
encapsulation of each cyst and form the egg chamber. An interfollicular stalk separates the egg chambers of different developmental stages.

Frontiers in Cell and Developmental Biology frontiersin.org02

Keramidioti et al. 10.3389/fcell.2022.951082

215

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.951082


anteroposterior axis of the cyst (Godt and Tepass, 1998;

Gonzales-Reyes and St. Johnston, 1998; Bécam et al., 2005).

Previous work has demonstrated the essential role of

integrins in follicle epithelium morphogenesis (Bolivar et al.,

2006; Fernández-Miñán et al., 2007; Fernández-Miñán et al.,

2008; Gómez-Lamarca et al., 2014; Lovegrove et al., 2019; Van De

Bor et al., 2021). Loss of βPS integrin subunit -encoded by the

myospheroid locus-in the germarium fails cyst formation (Bolivar

et al., 2006), disrupts the monolayered epithelium organization at

egg chamber termini and the assembly of the interfollicular stalks

between adjacent egg chambers, leading to a fused egg chamber

phenotype (Fernández-Miñán et al., 2007; Gómez-Lamarca et al.,

2014; Lovegrove et al., 2019; Van De Bor et al., 2021). Despite the

importance of integrins in follicle epithelial morphogenesis, very

little information is known about the integrin adhesome proteins

that function downstream of integrins in early stages of egg

chamber development (Figure 2). However, several of the

integrin adhesome proteins have been identified to cooperate

with integrins at later developmental stages of oogenesis to

promote egg chamber elongation (Baum and Perrimon, 2001;

Chen et al., 2001; Chen et al., 2005; Wahlström et al., 2006; Delon

and Brown, 2009; He et al., 2010; Sun et al., 2011; Kelpsch et al.,

2016; Maartens et al., 2016; Cha et al., 2017; Qin et al., 2017).

Parvin and Integrin-linked kinase (ILK) are two central

components of the integrin adhesome in both mammals and

flies (Winograd-Katz et al., 2014; Green and Brown, 2019). We

have previously shown that both Parvin and Ilk are essential to

mediate the stable adhesion of integrins to the extracellular

matrix (ECM) at the muscle attachment sites in the fly

embryo (Vakaloglou et al., 2016). Here we examine the role of

both Parvin and ILK in early oogenesis, as a means to identify the

molecular machinery that modulates integrin-mediated adhesion

in the developing epithelium. We demonstrate that Parvin and

ILK are necessary for germline cyst encapsulation, egg chamber

separation, oocyte positioning and assembly of the interfollicular

stalk. These findings highlight the pivotal novel role of Parvin

and ILK in epithelial morphogenesis during egg chamber

development and provide a new model system to dissect the

molecular mechanism of their in vivo functions.

Results

Parvin-GFP and ILK-GFP coexpress and
colocalize in the developing ovary

To analyze Parvin and ILK functions in the developing

Drosophila ovary, we first characterized the expression pattern

of both proteins by examining ovaries from transgenic fly

strains expressing genomic translational fusion rescue

constructs for each gene tagged with GFP (Zervas et al.,

2001; Vakaloglou et al., 2012). Initially, we examined

ovaries at the early pupal stage (2–4 h APF: After Pupae

Formation) where the apical cells differentiate on epithelial

sheath cells (Reilein et al., 2021), start migrating to the base of

the developing ovary and secrete ECM molecules on their

basal side delimiting in this way the newly formed ovarioles.

Both Parvin-GFP and ILK-GFP were evident in the cytoplasm

of both somatic cells and primordial germ cells (PGCs)

labelled with Vasa (Figure 3A-A″; Figure 4A-A″). In the

precursors of terminal filament cells, Parvin-GFP and ILK-

GFP were enriched at the lateral sites of the cells, which are in

contact with the respective cells of adjacent columns

(Figure 3A′′; Figure 4A″).
In the adult ovary, Parvin-GFP and ILK-GFP displayed

also a similar expression pattern in the early stage egg

chambers (Figure 3B-B′; Figure 4B-B′). Both proteins were

expressed at low levels in pre-follicle and follicle cells (Parvin-

GFP: follicle cells, 16.89 ± 3.85 mean grey values; Parvin-GFP:

pre-follicle cells, 23.59 ± 6.69 mean grey values; ILK-GFP:

follicle cells, 9.33 ± 2.86 mean grey values; ILK-GFP: pre-

follicle cells, 11.39 ± 5.37 mean grey), where they appeared

diffuse in the cytoplasm, clearly distinct from the cadherin-

labelled lateral and apical side (Figure 3B; Figure 4B).

FIGURE 2
The integrin adhesome in the Drosophila follicle
epithelium. Schematic representation depicting a model of
integrin-associated proteins in the follicle epithelium. Several
integrin adhesome proteins have been identified to express
and function in the follicle cells. The tripartite IPP complex is a
conserved protein complex containing Integrin-Linked Kinase
(ILK), Parvin and PINCH and plays central role in the assembly and
function of the integrin adhesome.
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Interestingly, Parvin-GFP and ILK-GFP were enriched in

terminal filament cells (Figure 3C-C′; Figure 4C-C′)
(Parvin-GFP: 50.16 ± 16.16 mean grey values; ILK-GFP:

85.58 ± 11.53), cap cells (Figure 3D-D′; Figure 4D-D′)
(Parvin-GFP: 38.24 ± 15.27 mean grey values; ILK -GFP:

62.45 ± 14.13 mean grey values) and stalk cells (Figure 3E-

FIGURE 3
Parvin-GFP expression in the developing ovary and the adult egg chamber. Confocal micrographs of a pupal ovary and adult egg chambers, all
expressing GFP-tagged Parvin to reveal the endogenous spatiotemporal protein expression and subcellular distribution. (A-A") Early pupal (2–4h
APF) ovary expressing Parvin-GFP. The protein is enriched in the lateral sites of terminal filament cell precursors and in the periphery of interstitial
cells, apical cells and primordial germ cells. PGCs were marked with antibodies against Vasa. (B–E") Parvin-GFP expression in the early
previtellogenic egg chambers of an adult ovariole shows (B-B′) low level of protein expression in pre-follicle and follicle cells, but significant
enrichment in the periphery of (C-C") terminal filament cells, (D-D") cap cells in the germarium region and (E-E") in the interfollicular stalk cells. Co-
staining against Cadherin and PAK proteins shows for Parvin-GFP a clearly distinct pattern of expression and localization from the epithelial and germ
cell lineages. AC, apical cells; pTF, precursor of terminal filament; TF, terminal filament; PGCs, primordial germ cells; IC, interstitial cells; Cc, cap cells;
cb, cystoblast; glc, germline cyst; pFC, pre-follicle cell; Fc, follicle cells; Sc, stalk cells. Scale bars: 20 μm in all panels.
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FIGURE 4
ILK-GFP expression in the developing ovary and the adult egg chamber. Confocal micrographs of ovarioles and egg chambers expressing GFP-
tagged ILK and βPS integrin (mys) reveal their endogenous protein expression and subcellular distribution. (A-A") Early pupal (2–4h APF) ovary
expressing ILK-GFP. The protein is enriched in the lateral sites of terminal filament cell precursors and in the periphery of interstitial cells, apical cells
and primordial germ cells. PGCs weremarked with antibodies against Vasa. (B-B’) ILK-GFP expression in the early previtellogenic egg chambers
of an adult ovariole shows (B-B9) low level of protein expression in pre-follicle and follicle cells, but significant enrichment in the periphery of (C-C")
terminal filament cells, (D-D") cap cells in the germarium region and (E-E") in the interfollicular stalk cells. Co-staining against Cadherin and PAK
proteins shows for ILK-GFP a clearly distinct pattern of expression and localization from the epithelial and germ cell lineages. (F-F9)mys-GFP is highly
accumulated in terminal filament and stalk cells, similar to Parvin-GFP and ILK-GFP. Each image is representative of at least five different imaged
ovarioles of the same genotype and markers used. AC, apical cells; pTF, precursor of terminal filament; TF, terminal filament; PGCs, primordial germ
cells; IC, interstitial cells; Cc, cap cells; cb, cystoblast; glc, germline cyst; pFC, pre-follicle cells; Fc, follicle cells; Sc, stalk cells. Scale bars: 20 μm in all
panels.
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FIGURE 5
Parvin and ILK are required for female fecundity. (A-B9) Ovaries from (A) early pupal stage and (B) pharate adult. 24BGal4 is expressed in the
precursors of terminal filament cells in the (A-A9) early pupal stage and (B-B9) pharate adult. (C,D) 24BGal4 expression pattern in adult ovary.
24BGal4-mediated expression of (C) Parvin-GFP and (D) ILK, in terminal filament cells, in pre-stalk and in fully differentiated stalk cells does not affect
the structure and morphology of the developing ovariole. (E) 24BGal4 adult fly and (F) 24BGal4-rescued Ilk mutant adult fly with wing blisters
due to lack of 24BGal4 expression in the wing epithelium. (G–H) Ovaries from (G) 24BGal4 adult fly, (H) 24BGal4-rescued Ilk mutant adult fly. The
later appears smaller in size and contains a decreased number of mature egg chambers. Each image is representative of at least ten different imaged
adult flies, five different imaged ovaries or five different imaged ovarioles of the same genotype and markers used. (I) Graphic illustration of the
obtained results in the female fecundity assay. The 24BGal4-mediated rescued adult flies for either Parvin or Ilk null alleles laid a significantly reduced
number of embryos compared to controls (flies homozygous for 24BGal4, or expressing a single copy of UAS:Parvin-GFP and 24BGal4, or
expressing a single copy of UAS:ILK and 24BGal4 respectively). pr TF, precursors of terminal filament; TF, terminal filament; pr Sc, pre-stalk cells; Sc,
stalk cells. Scale bars: 20 μm in all panels.
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E′; Figure 4E-E′) (Parvin-GFP: 41.26 ± 8.04 mean grey values;

ILK -GFP: 41.26 ± 22.83 mean grey values) (Figures 3C–E;

Figures 4C–E). We finally verified the expression pattern of

the βPS integrin subunit, by examining ovaries from a mys-

GFP strain (Klapholz et al., 2015). Mys-GFP was strongly

expressed in the terminal filament cells of the germarium and

differentiated stalk cells (Figure 4F-F′), similar to Parvin-GFP

and ILK-GFP.

Overall, Parvin-GFP and ILK-GFP display an identical

expression pattern in the Drosophila ovary, which fits with

their property to act as a complex (Wickstrom et al., 2010).

Also, both proteins exhibit major similarities with the

expression pattern of mys-GFP in the adult ovariole.

Parvin and ILK are required for female
fecundity

Both Parvin and Ilk are essential genes and null Drosophila

homozygous mutants die at the end of embryogenesis (Zervas

et al., 2001; Vakaloglou et al., 2012). Thus, to circumvent the

embryonic lethality associated with Parvin and Ilk mutations

and identify novel functions, we took advantage of the UAS/

Gal4 system. We previously have shown that Parvin or Ilk null

mutations can be rescued to adult viability by expressing one

copy of the corresponding UAS transgene by 24BGal4 (Zervas

et al., 2001; Vakaloglou et al., 2012). 24BGal4 is expressed in

the mesodermally derived tissues from early embryogenesis

(Brand and Perrimon, 1993). Because somatic gonadal

precursors have a mesodermal lineage, we initially verified

that 24BGal4 is expressed in the precursors of terminal

filament cells in the early pupae stage (Figure 5A-A′) and

in the pharate adult (Figure 5B-B′). In the adult ovariole,

24BGal4 is expressed in terminal filament cells and in fully

differentiated stalk cells at stages 2–3 (Figure 5C). We further

identified that the induced levels of either UAS:Parvin-GFP or

UAS:ILK do not affect the structure and morphology of the

differentiated follicle epithelium highlighted by FasIII

(Figures 5C,D) and result in fertile flies (Figures 5C,D,I).

Thus, we could use the conditionally rescued female adult

flies to analyze the functional requirement of Parvin and ILK

in oogenesis. 24BGal4-rescued adult flies for either Parvin

(Parvin694/Parvin694;;UAS:Parvin-GFP/24B Gal4) or Ilk (UAS:

ILK/+;;ilk54, FRT2A/ilk1, 24BGal4) had blisters in both wings

due to lack of 24BGal4 expression in the wing epithelial cells

(Figures 5E,F) (Zervas et al., 2001). We then examined the

morphology of ovaries derived from the 24BGal4 rescued

adult flies. These ovaries were smaller in size and contained

a reduced number of mature egg chambers in comparison to

the 24BGal4 homozygous flies (Figures 5G,H). We then

measured the fecundity in the Parvin and Ilk conditionally

rescued female adults. We used three genotypes of flies as

controls in our measurements. The first one expresses two

copies of 24BGal4, the second expresses one copy of UAS:

Parvin-GFP and one copy of 24BGal4 and the third expresses

one copy of UAS:ILK and one copy of 24BGal4 (Figure 5I).

The same number of adult females was used for each

comparison and we counted the number of embryos laid in

four consecutive days. We first found that the moderately

expressing UAS:Parvin-GFP lines that we used, caused a

significant reduction in embryos laid at 1 and 2 days

(Figure 5I). Because we have previously shown that highly

expressing UAS:Parvin-GFP lines driven by 24BGal4 result in

lethality while moderate expression levels in Parvin-GFP lines

do not (Chountala et al., 2012), we cannot exclude the

possibility that even moderate levels of Parvin-GFP

expression may reduce the fly fitness resulting in the

reduced ability of female flies to lay embryos in the first

2 days. However, Parvin and Ilk 24BGal4 rescued female

adult mutants laid extremely low numbers of embryos,

which were decaying and never hatched (Figure 5I). Thus,

we concluded that both Parvin and ILK are required in the

somatic epithelium and their expression only in terminal

filament and stalk cells, where 24BGal4 is expressed, is not

sufficient to promote proper egg chamber development and

restore female fertility.

Parvin and ILK are required in the pre-
follicle epithelial cells to facilitate germline
cyst encapsulation and stalk
morphogenesis

To further characterize the morphological defects in the

developing egg chambers associated with the lack of either

Parvin or ILK from the somatic epithelial cells, we dissected

and stained ovaries with a variety of cellular markers. We initially

identified in a large fraction of 24BGal4 rescued Parvin694 (n = 61/

89) (Figure 6A-A″), or Ilk54 (n = 25/41) (Figure 6B-B″) dissected
ovarioles, the germaria in region 2b contained two germline cysts

rather than a single one. However, each of these cysts of

comparable shape and size was fully encircled by pre-follicle

cells, so the gamete cells remained rather separated (Figures

6A,B). Thus, we concluded that both Parvin and ILK are required

in the encapsulation process at the germarium stage. We then

examined the stalk cell organization (Figures 6C–F). Stalks,

usually comprise of four to eight cells assembled as a single

cell layer that separate neighbouring egg chambers (Figure 5C;

Figure 6C; Supplementary Figure S1). Egg chambers in ovarioles

derived from the 24BGal4 rescued Parvin694 (n = 89/89), or Ilk54

(n = 41/41) mutant female flies had always defective

interfollicular stalks. Approximately half of the egg chambers

(n = 46/89 in Parvin694 rescued; n = 26/41 in Ilk54 rescued) carry

an ectopically positioned cluster of stalk cells, which have not

been properly intercalating but maintain association with the

consecutive egg chambers (Figures 6D,E; Supplementary Figure
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FIGURE 6
Parvin and ILK are required in the pre-follicle epithelial cells to facilitate germline cyst encapsulation and interfollicular stalk morphogenesis.
24BGal4-rescued adult mutant flies for either Parvin or Ilk null alleles exhibit germline cyst and stalk organization defects in the germaria. (A-B")
Confocal micrographs of ovarioles and egg chambers derived from 24BGal4-rescued adult flies for (A-A") Parvin and (B-B") Ilk contain two cysts in
the region 2b of the germarium. (C,D) 3D rendering of representative ovarioles derived from (C) adult flies that express one copy ofUAS:Parvin-
GFP under the 24BGal4 driver and exhibit a wild type morphology for the ovariole and (D) 24BGal4-rescued adult mutant flies for Parvin null allele,
carrying clusters of stalk cells in the ovariole. Stalk cells were identified by the expression of Parvin-GFP driven by the 24BGal4. (E,F)Cross-sections of
ovarioles of 24BGal4-mediated rescued adult flies for either Parvin (E) or Ilk (F) showing the stalk cell clusters in between stage 2 (st2) and 3 (st3) egg
chambers. glc, germline cyst; TF, terminal filament; Sc, Stalk cell. Scale bars: 20 μm in all panels.
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FIGURE 7
Genetic mosaics for Parvin display germline cyst encapsulation defects resulting in compound egg chambers. (A,B) Graphic illustration and
expression pattern characterization in the egg chambers of (A) e22cGal4 and (B) bab1Gal4, derived from adult flies expressing UAS:Parvin-GFP. (C,D)
Confocal micrographs illustrate that (C-C9) e22cGal4 is expressed in the escort cells in the anterior part of the germarium, in the follicle stem cells at
the interface between regions 2a and 2b and in almost all follicle epithelial cells after stage 2. (D-D9) bab1Gal4 is expressed in terminal filament
cells in the anterior part of the germarium, in the pre-follicle cells of the germarium, in polar cells and in a large fraction of follicle epithelial cells after
stage 2. (E-E-), (F-F-), (G) Confocal micrographs of egg chambers derived from ParvinA mosaic flies generated by (E-E-) e22cGal4 or (F-F-), (G)
bab1Gal4. (E"-F") ParvinA mutant cells were marked by the absence ofmRFP1 and are highlighted with a red dashed line. Two cysts in region 2b are
enclosed in ParvinAmosaic egg chambers generated with either of theGal4 drivers (F) and (G) are different optical sections of the same egg chamber
to reveal the compound egg chamber presence at stage 6, which contains two oocyte nuclei. The oocyte nuclei are located in the posterior (F) and
the anterior (G) end of the egg chamber containing a large ParvinA mutant clone. (E9,F9) F-actin and (E-,F-) FasIII label the periphery of the follicle
epithelial cells, while Vasa labels the germ cells. EC, Escort Cell; FSC, Follicle StemCell; TF, Terminal Filament; pr FC, pre-Follicle Cell; FC, Follicle Cell;
Oc, Oocyte; glc, germline cyst. Scale bars: 20 μm in all panels.
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S1). In a fraction of these defective egg chambers we were able to

accurately quantify the number of cells forming the cluster and

found that contained a higher number of stalk cells compared to

the control genotypes (Supplementary Figure S2). In the UAS:

Parvin-GFP/24BGal4 rescued Parvin694 the identification of the

stalk cells was based on the expression of UAS:Parvin-GFP. In

contrast, in the UAS:ILK/24BGal4 rescued Ilk54 the identification

of the stalk cells was based on FasIII expression and relative

position in the egg chamber (Figure 6F-F′).

Genetic mosaics for parvin and ilk confirm
their essential role in germline cyst
encapsulation

To analyze further the functional requirement of Parvin in

egg chamber morphogenesis we initially generated genetic

mosaics for Parvin using two Gal4 drivers: a) e22cGal4 driver,

which is expressed in the escort cells in the anterior part of the

germarium, in the follicle stem cells at the interface between

regions 2a and 2b and in almost all follicle epithelial cells after

stage 2 (Figure 7A, Figure 7C-C′) and (Duffy et al., 1998); b)

bab1Gal4 driver, which is expressed in the terminal filament cells

in the anterior part of the germarium, in the posterior pre-follicle

cells of the germarium, in polar cells and a large fraction of follicle

epithelial cells after stage 2 (Figure 7B, Figure 7D-D′) (Cabrera
et al., 2002). We previously confirmed that ParvinA, FRT19A

allele is a null allele, like Parvin694 (Vakaloglou et al., 2012;

Yamamoto et al., 2014) and therefore we used it in our clonal

analysis. We confirmed that loss of Parvin from the cells

expressing e22cGal4 and bab1Gal4 leads to defects in germline

cyst encapsulation in the developing germaria (Figures 7E–G).

Double-containing cysts in the germarium were observed

when Parvin mutant cells encircled each germline cyst (n =

12/61 mosaic germaria containing a very large Parvin mutant

clone) (Figures 7E–G). Similarly, we found that heat shock-

FIGURE 8
Genetic mosaics for Ilk display germline cyst encapsulation defects resulting in compound egg chambers. (A–C) Confocal micrographs of egg
chambers carrying Ilk mutant clones were generated by hsFLP and marked by the absence of the nlsGFP. The presence of the mutant clones are
highlightedwith a green dashed line. Co-stainingwith anti-FasIII labels the periphery of follicle epithelial cells. (A-A9) A pair of germline cysts in region
2b of the germarium surrounded by Ilk mutant cells. (B,C). Different optical sections of the same egg chambers reveal the compound egg
chamber at stage 5, which contains two individual oocyte nuclei. (B-B9) An oocyte nucleus is located in the anterior end of the compound egg
chamber. (C-C9) The second oocyte nucleus is located in the opposing posterior end of the same compound egg chamber. glc, germline cyst; oc n,
oocyte nucleus. Scale bars: 20 μm in all panels.
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induced Ilk mutant clones lead similarly to double germline

cysts in region three of the germarium (Figure 8A). However,

the recovery of mosaic germaria containing heat shock-

induced large Ilk clones in pre-follicle cells was relatively

low (n = 2/19 mosaic germaria). Collectively, our data

suggest that both Parvin and ILK are required in the

migrating pre-follicle cells to encapsulate the developing

cysts in the germarium.

Interestingly, in subsequent developmental stages egg

chambers that contained either Parvin (n = 26/193 mosaic

egg chambers) or Ilk mutant clones (n = 2/12 mosaic egg

chambers) were compound. A compound egg chamber refers

to a phenotype that arises when two neighbouring germline

cysts are enveloped together in one egg chamber (Hawkins

et al., 1996; Jackson and Blochlinger, 1997). The compound

egg chambers were formed even when a fraction of follicle

cells were mutant for Parvin (Figures 7F,G) or Ilk (Figures

8B,C). Two oocyte nuclei were positioned opposite at the two

ends of the compound egg chamber, together with larger size

nuclei of 25–30 nurse cells (Figure 7G; Figure 8B,C. Based on

FIGURE 9
Genetic mosaics for Parvin generated with e22cGal4 lead to epithelial clusters and fused egg chambers. (A-B-’’) Confocal micrographs of a
stage 4 egg chamber derived from ParvinA mosaic flies generated by e22cGal4. Co-staining with FasIII and F-actin labels the periphery of follicle
epithelial cells. (A,B) A compound egg chamber at different optical cross sections encircled by mutant cells for Parvin. (A9,B9) ParvinA mutant cells
were marked by the absence ofmRFP1 and are highlighted with a red dashed line. (A-A-’’) Protruding epithelial clusters in the middle region of
the compound egg chamber characterized by elevated FasIII protein levels. (A9,A-’) The anterior polar cells are located in the same focal plane with
the protruding epithelial cluster. The oocyte nucleus of the younger cyst is localized laterally of the epithelial protruding cells. (A") The oocyte
nucleus of the younger cyst is located laterally of the epithelial protruding cell cluster. (B-B-’’) The oocyte nucleus of the older cyst is located in (B9)
the posterior end and in close contact with (B-’) the posteriorly located polar cells. ep cl, epithelial cluster; oc, oocyte; oc n, oocyte nucleus; pc, polar
cells. Scale bars: 20 μm in all panels.
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elevated FasIII levels these compound egg chambers contain

invariable number of polar cells in four distinct locations

within the follicular epithelium (Figure 9, Supplementary

Figures S3, 4). In a large fraction of the analyzed

compound egg chambers containing Parvin mutant clones

(n = 21/26), we identified epithelial cells arranged as clusters

and ectopically protruding in the middle of the egg chamber

(n = 21/21) (Figures 9A′′′′, 9B′′′′). These clustered cells, likely

FIGURE 10
Geneticmosaics for Parvin and Ilk lead to fused ormalformed egg chambers. Confocal micrographs of egg chambers derived from (A-A-,C-C")
ParvinA mosaic adult fly generated by e22cGal4 and (B,D-D") Ilk54 mosaic adult fly generated by (B) PG45Gal4, which starts to express very early in
oogenesis in almost the entire somatic epithelium resulting in very largemutant clones or by (D-D") hsFLP, which is expressed in a stochastic manner
and less frequently produces large clones. Fused Parvinmosaic egg chambers (st2-st4) separated by amonolayer of epithelial cells. Co-staining
with F-actin and FasIII labels the periphery of follicle epithelial cells. (A9,C9) ParvinA mutant cells were marked by the absence of mRFP1 and
highlighted with a red dashed line. (B)Merged confocal fluorescence and phase contrast microscopy image depicts fused Ilk egg chambers (st3-st4)
separated by a monolayer of epithelial cells. Ilk54 mutant cells were marked by the absence of nlsGFP. (C,D) No obvious separation between the
distinct stages of the germarium in (C-C") ParvinA mutant clone and (D-D") Ilk54 mutant clone. Asterisks indicate the lack of separation between
R2 and R3 in the germarium. fc, follicle cells. Scale bars: 20 μm in all panels.
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constitute a mixture of polar cells-because they expressed high

levels of FasIII-and stalk cells that have failed to form an

interfollicular stalk. We also found compound egg chambers,

where the polar cells were ectopically located in the basal side

of the egg chamber (Supplementary Figures S4A′′–D′′). The
anteriorly located oocyte nucleus was mispositioned laterally

along the anterior-posterior axis and in contact with the

cluster of epithelial cells (Figures 9A,A′′′,A′′′′). We also

identified egg chambers containing either Parvin (n = 45/

193) or Ilk (n = 3/12) mutant clones and the two successive egg

chambers were attached without an interfollicular stalk,

leading to end-to-end fusions (Figures 10A,B). Finally, in

mosaic egg chambers containing either Parvin (n = 56/137)

or Ilk (n = 9/16) mutant clones in the germarium, we identified

a lack of separation between R2 and R3 regions (Figures

10C,D). We also examined whether the loss of either

Parvin or ILK cause other integrin related phenotypes in

the developing egg chambers. Terminal mys integrin clones

cause epithelial multilayering (Fernández-Miñán et al., 2007).

However, removal of Parvin (n = 0/33 egg chambers

containing terminal mutant clone) or ILK (n = 0/6 egg

chambers containing terminal mutant clone) from the

posterior terminal follicle epithelial cells did not cause

abnormal epithelial multilayering (Figure 11A). Finally, we

examined whether the localization of apical or basal adhesion

components is affected in Parvin or Ilk mutant clones. The

cadherin apical-lateral localization was not affected,

suggesting that apical cell-cell junctions remained intact in

Parvin mutant cells (Figure 11B). Similarly, there was no

disturbance in the expression and localization of βPS
integrin in Parvin (Figure 11C) and Ilk (Figure 11D)

mutant clones in pre-follicle and stalk cells. Thus, the

FIGURE 11
Loss of Parvin or ILK does not cause multilayering of the terminal follicle epithelium and does not affect the localization of cadherins and
integrins. Confocal micrographs of egg chambers derived from (A-B") ParvinA adult mosaic flies generated by e22cGal4 (C-C") ParvinA adult mosaic
flies generated by hsFLP with co-expression of mys-GFP to monitor βps integrin endurance and (D-D") ilk54 adult mosaic flies generated by hsFLP.
(A-A") Follicle cells mutant for Parvin positioned at the edges of the egg chamber do not create layering defects. Co-staining with F-actin and
FasIII labels the periphery of follicle epithelial cells. (B-B") Cadherin is properly expressed and localized at the apical adhesion sites in ParvinA mutant
cells. (C-C9) The endogenous expression and localization of mys-GFP remains unaffected in ParvinA mutant cells (A9–C9) ParvinA mutant cells were
marked by the absence of the mRFP1 and are highlighted with a red dashed line. (D-D") Co-staining against βPS integrin reveals that integrin
expression and localization in pre-follicle and stalk cells does not require ILK function. (D9) Ilk54 mutant cells were marked by the absence of the
nlsGFP and are highlighted with a green dashed line. Asterisks indicate mutant cells. Scale bars: 20 μm in all panels.
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FIGURE 12
Cell-autonomous and non-cell-autonomous effect of Parvin genetic mosaics in the interfollicular stalk formation. Confocal micrographs of
early stage (st2 to st3) egg chambers derived from (A,E") ParvinA adult mosaic flies generated by e22cGal4 (B,F") ParvinA adult mosaic flies generated
by bab1Gal4. (A9–F9) ParvinA mutant cells were marked by the absence of the mRFP1 and are highlighted with a red dashed line. Co-staining with
FasIII labels follicle epithelial cells. (A,B") Parvin mutant clones generated with (A-A") e22cGal4 or (B,B") bab1Gal4 in stalk cells and in adjacent

(Continued )
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defects observed in the loss of Parvin and ILK are not related

to the abnormal expression or distribution of the two main cell

adhesion components.

Genetic mosaics for parvin confirm its
essential role in interfollicular stalk
formation

We additionally analyzed the stalk cell organization by

examining a variety of mosaic combinations within the

developing egg chambers, using either e22cGal4 or bab1Gal4.

When Parvin was missing both from several stalk cells and the

adjacent polar and follicle epithelial cells, the stalk cells invariably

formed clusters (category I, n = 23/23, Figures 12A,B,G). When

Parvin was missing only from several stalk cells, while the

adjacent cells contained Parvin, clusters were less often

formed (category II, n = 8/23, Figures 12C–G). Surprisingly

though, when Parvin was present only in stalk cells but it was

missing from both the adjacent polar and follicle epithelial cells,

the stalk cells were properly arranged in a linear order (category

III, n = 0/4, Figure 12H). In contrast, in the data obtained with the

24BGal4 rescued Parvin694 stalk cells formed clusters although

Parvin-GFP was expressed in fully differentiated stalk cells from

stages 2–3, but it was not expressed in the adjacent polar and

follicle cells (Figures 6D,E). From these data, we concluded that

Parvin is required for stalk cell morphogenesis in an autonomous

and non-autonomous manner, while the timing of clone

formation is critical.

Discussion

The developing Drosophila egg chamber provides a very

attractive model system to study epithelial patterning and

morphogenesis (Horne-Badovinac and Bilder, 2005; Osterfield

et al., 2017). The follicular epithelium that encircles the germ cells

undergoes a series of morphogenetic events including cell

proliferation, collective cell movement and cell intercalation.

These particular steps in epithelial morphogenesis are tightly

coordinated with the growth of the encompassed oocyte and

require modulation of cell-cell and cell-matrix adhesion

(McCaffrey et al., 2006; Bergstralh et al., 2015; Reilly et al.,

2015; Chanet and Huynh, 2020). The role of integrin-

mediated cell-matrix adhesions was recently elucidated in the

pre-follicle cells (Lovegrove et al., 2019). In the present study, we

show that elimination of Parvin and ILK from pre-follicle cells

phenocopy the removal of integrins, although there are

penetrance and expressivity differences. We found that

germline cyst encapsulation and interfollicular stalk formation

require Parvin and ILK in the pre-follicle cells. In contrast, the

preservation of the monolayer organization in the middle stage

egg chambers termini although it requires integrins (Fernández-

Miñán et al., 2007; Lovegrove et al., 2019), it does not require

Parvin or ILK. Collectively, our data provide novel evidence for

the molecular machinery that is required downstream of

integrins to couple follicle cells’ intrinsic signals with the

spatial cues of the extracellular microenvironment and thus

drive epithelial morphogenesis.

Parvin and ILK functional requirements in
the pre-follicle cells

We initially determined the spatiotemporal protein

expression of Parvin and ILK, using the genomic translational

fusion rescue constructs tagged with GFP for each gene. Both

transgenes were expressed under their endogenous regulatory

elements (Zervas et al., 2001; Vakaloglou et al., 2012). Parvin and

ILK displayed an identical expression pattern, low levels in the

follicle epithelial cells, but accumulate at significantly higher

levels in the terminal filaments, cap cells and interfollicular

stalks. Because both Parvin and Ilk null mutant alleles are

embryonic lethal, we circumvent the earlier developmental

requirement for both genes by utilizing a dual genetic

strategy. First, we took advantage of the ability to fully rescue

the embryonic lethality to adult viability for each mutant allele by

just expressing the relevant wild-type UAS transgene with the

24BGal4 driver (Zervas et al., 2001; Vakaloglou et al., 2012). With

this approach, we were able to remove throughout oogenesis

either Parvin or ILK from the follicle epithelial cells, besides the

terminal filament and the stalk cells. Second, we generated

marked mitotic clones utilizing the FLP/FRT system (Xu and

Rubin, 2012). Both approaches allowed us to identify the essential

requirement for Parvin and ILK in the early stages of germaria

development, and further identify that the time-dependent

removal of Parvin and ILK is critical for the observed defects.

Initially, we identified that loss of Parvin or ILK resulted in

FIGURE 12 (Continued)
polar and follicle epithelial cells (G), category I, n = 23/23) lead to stalk cell clusters. (C,F") Stalk cells form clusters in between egg chambers less
often (G, category II, n = 8/23), although several of them contain Parvin mutant clones but the adjacent polar and follicle epithelial cells express
endogenous Parvin. Mosaics are again generated with either (C-C") e22cGal4 or (D-D") bab1Gal4 but result in clone formation exclusively in stalk
cells and not in the adjacent polar and follicle epithelial cells. (H-H") Parvinmutant clones generated with e22cGal4, exclusively in the adjacent
polar and follicle epithelial cells, while stalk cells contain Parvin, lead to proper stalk cell arrangement in a linear order (category III, n = 0/4). sc: stalk
cell; sc cl, stalk cell cluster Scale bars: 20 μm in all panels.
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defective germline cyst encapsulation. Similarly, knockdown of

mys with the TJGal4 resulted in incomplete encapsulation and

fusion of the germline cysts (Lovegrove et al., 2019). Proper

germline cyst encapsulation is a prerequisite for the subsequent

egg chamber development and previous genetic studies have

illustrated that abnormalities in cyst encapsulation can arise as an

outcome of several defective processes. For example in DLar

mutants, the two cysts in region 2b fail to modify their shape

(Frydman and Spradling, 2001). In absence of brainiac (brn) or

egghead (egh), which both encode glycosyltransferases and are

required in the germline, pre-follicle cells fail to recognize the

boundary of the individual cysts and migrate between them

(Goode et al., 1996; Horne-Badovinac and Bilder, 2005).

Furthermore, in Stat92E mutants germline cysts fail to

properly encapsulate and are frequently accompanied with

lack of separation between regions R2-3 in the germarium

(Baksa et al., 2002). Recently it was shown that integrins

(mys) are required in the germarium to maintain the

attachment of the pre-follicle cells to the ECM during the

germline cyst encapsulation (Lovegrove et al., 2019). Thus,

one explanation could be that Parvin and ILK loss-of-function

destabilize the integrin-ECM adhesion. Consequently, the pre-

follicle cells fail to extend and occupy the entire area covering the

newly formed germline cysts, leaving available space for the next

cyst to enter region 2b. Furthermore, mutants in the gene cheerio,

which encodes the actin-binding protein filamin disrupt the

formation of cellular extensions in the pre-follicle cells,

leading to migration defects (Sokol and Cooley, 2003).

Interestingly, it has been shown that Parvin and ILK control

the formation of filopodia by blocking the cofilin-mediated

F-actin severing in metastatic cancer cells (Shibue et al.,

2013). This fits with the requirement of cofilin in cell motility

during ovary development (Chen et al., 2001). The recent

identification of the actin-binding WH2 motif in Parvin

further suggests that Parvin and ILK may be implicated in the

fine-tuning of the F-actin structures (Vaynberg et al., 2018).

Thus, we envisage that Parvin and ILK could disrupt germline

encapsulation either due to the inability of pre-follicle cells to

remain strongly attached to the basement membrane

surrounding the germline, or/and due to disturbances in actin

cytoskeleton reorganization, which decrease the motility of the

pre-follicle cells during encapsulation.

Loss of βPS from stalk cells and neighbouring follicle cells

affects interfollicular morphogenesis without affecting the

differentiation of pre-follicle cells to stalk cells, as Lamin C

and 24BGal4 are still expressed in mutant cells of the

disorganised stalks. Instead, the loss of integrins, ECM

components or Tensin affect the process of stalk cell

intercalation leading to morphological abnormalities (Cha

et al., 2017; Lovegrove et al., 2019; Van De Bor et al.,

2021). Similarly, we found that Parvin and ILK are

required in the formation of the interfollicular stalks,

without affecting stalk cell differentiation. However, we

obtained some contradictory results between our clonal

analysis and 24BGal4-mediated rescue of the Parvin and Ilk

mutants. In 24BGal4 rescued egg chambers there was a fully

penetrant interfollicular stalk defective phenotype, despite the

expression of the UAS:Parvin-GFP or UAS:ILK in the fully

differentiated stalk cells (Figures 6D–F). Instead of four to

eight cells that typically form the interfollicular stalk, there

were 12–16 cells that formed a cluster, suggesting that these

cells have lost their capacity to converge and form a one-layer

stalk. Similarly, we always recovered defective interfollicular

stalks when several stalk cells and the adjacent polar and

epithelial cells were mutants (Figures 12A,B, category I). One

possibility is that the surrounding mutant epithelial follicle

cells non-autonomously contribute to interfollicular stalk

formation. However, when Parvin mutant clones were

recovered only in the follicle epithelial cells, while the stalk

cells were wild-type, the interfollicular stalks were properly

organized (Figure 12H, category III). The discrepancy in our

obtained results perhaps is related to the temporal differences

in the generation of the abnormally organized follicle tissue,

which contains a mixture of mutant and non-mutant cells.

24BGal4 starts to express in the pre-stalk cells right after stage

2 of oogenesis (Figure 5C), while the critical time of integrin

requirement was shown to be before stage 2/3 (Lovegrove

et al., 2019). Thus, similar to integrins the functional

requirement of Parvin and ILK is correlated with the

absence of 24BGal4 expression from the pre-stalk cells.

However, it is not clear whether the pre-stalk cells had

efficiently depleted Parvin during intercalation when the

mosaic clones were generated with either e22cGal4 or

bab1Gal4. Collectively, we concluded that interfollicular

stalks depend on Parvin and ILK in a cell-autonomous and

non-autonomous manner and there is a critical timing of their

requirement, presumably when pre-follicle cells encircle the

germ cells in the germarium.

In the genetic mosaics, we frequently found compound egg

chambers containing two germline cysts encircled by a single

epithelial layer or fused egg chambers without an interfollicular

stalk. We found two features of defective cell intercalation. First,

we found protruding cell clusters in the 24BGal4 rescued Parvin

and Ilk mutants. These clusters were frequently ectopically

positioned laterally, maintaining though contact with the two

consecutive egg chambers, while 24BGal4 expression identifies

them as stalk cells. Second, we also found ectopically positioned

clusters of epithelial cells in the proximity of the anterior oocyte.

These clusters were constituted from polar cells and likely stalk

cells, and formed a bulge protruding out of the egg chamber

(Torres et al., 2003). We concluded that the observed clustered

cells represent incomplete intercalation within follicular

epithelium. In contrast to the talin-loss-of function mutants

where cadherin expression is decreased in an integrin-

independent manner, (Bécam et al., 2005), loss of Parvin and

ILK do not affect cadherin or integrin expression.
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In summary, our study uncovers the essential functional

requirement of ILK and Parvin-two core components of the

integrin adhesome-in epithelial morphogenesis and tissue

architecture preservation, presumably by integrating

extracellular cues to integrins and actin cytoskeleton.

Materials and methods

Drosophila genetics

The following Drosophila mutant alleles were used:

ParvinA (Yamamoto et al., 2014), Parvin694 (Vakaloglou

et al., 2012), ilk54 (Zervas et al., 2011), ilk1 (Zervas et al.,

2001), Parvin-GFP (Vakaloglou et al., 2012), ILK-GFP

(Zervas et al., 2001) and mys-GFP (Klapholz et al., 2015).

UAS:Parvin-GFP (Vakaloglou et al., 2012) and UAS:ILK

(Zervas et al., 2001) were expressed under the control of

24B-Gal4 driver (Brand and Perrimon, 1993). To generate

somatic mutant clones we used the FRT/FLP technique

(Chou and Perrimon, 1992). The ParvinA, FRT19A clones

were generated with the use of bab1-Gal4 driver (Cabrera

et al., 2002; Bolivar et al., 2006) and e22c-Gal4 driver (Duffy

et al., 1998). The Ilk54, FRT2A clones were generated either by

hsFLP (BL-7) or UASFLP driven by PG45Gal4 and were

marked by the absence of nlsGFP. The PG45Gal4 driver,

kindly provided by Dr Ellen LeMosy starts to express very

early in oogenesis in almost the entire somatic epithelium

(Zappia et al., 2011). The ParvinA, FRT19A/FM7-eGFP

females were crossed with w, Ubi mRFP1 nls,FRT19A;

e22c-Gal4,UAS-FLP males in order to produce mosaic egg

chambers for Parvin mutant cells,. Parvin mutant clones

were marked by the absence of mRFP1.

Immunohistochemistry, microscopy and
image analysis

Drosophila larval ovaries were dissected according to the

protocol (Maimon and Gilboa, 2011). Adult ovaries dissection

was done according to the protocol (Wong and Shedl, 2011).

Primary antibodies used in this study were: mouse monoclonal

anti-βPS (Developmental Studies Hybridoma Bank CF.6G11; 1:

10), mouse monoclonl anti-FasIII (Developmental Studies

Hybridoma Bank 7G10; 1:20), rat monoclonal anti-DE-

Cadherin (Developmental Studies Hybridoma Bank DCAD2;

1:20), 1:500, rabbit polyclonal anti-PAK (kind gift from Dr

Harden) (Vlachos and Harden, 2011) and rabbit polyclonal

anti-VASA at 1/5,000. Species-specific secondary antibodies

used were conjugated with AlexaFluor 488, 568 or 633

(Molecular Probes by Life Technologies) and Cy3 or Cy5

(Jackson ImmunoResearch Laboratories) diluted at 1:1,000.

Nuclei were labelled with DAPI. F-actin was visualized using

either Rhodamine-Phalloidin or AlexaFluor 647-Phalloidin at 1:

500 dilution (Molecular Probes, LifeTechnologies). All

samples were mounted in Vectashield medium (Vector

Laboratories). The fluorescent intensity of Parvin-GFP and

Ilk-GFP in egg chambers was measured in several single

confocal sections. Mean value of fluorescence intensity of

manually selected areas of the same size was quantified

using ImageJ software.

Single confocal sections and z stacks were acquired on a

Leica TCS SP5 laser scanning inverted confocal microscope

with an HC Plan Apochromat 20x/0.7 or HC Plan-

Apochromat 63x/1.4 oil objective. Confocal settings were

adjusted to avoid pixel intensity saturation of 1,024 ×

1,024 pixel images captured at 400 Hz. Post-acquisition

assembly was performed with LAS AF software (v.2.3.6).

3D rendering of confocal images was generated using the

Volocity software. Images were assembled in Photoshop seven

and labeled in Corel Draw 12.

Fecundity assay

Fecundity assay was performed in order to evaluate the

egg-laying capacity per day of tissue-specific rescued females

for either Parvin or ILK (Hanson and Ferris, 1929; Chapman

and Partidge, 1996). 25 newly hatched females Parvin694/

Parvin694; UAS:Parvin-GFP/24BGal4 and UAS:ILK/

+;ilk54,24BGal4/ilk1 were crossed for 2 days with wild type

males. On the third day, flies were transferred in a custom

made cage with an agar juice plate at the bottom supplied with

fresh yeast paste where females deposit their eggs. During the

day the agar juice plate with the yeast was replaced every 3 h

and the embryos in the old agar juice plate were counted. The

duration of the fecundity assay was 4 days. At the same time, a

fecundity assay was performed in UAS:Parvin-GFP/24BGal4,

UAS:ILK/+;24BGal4 and 24BGal4/24BGal4 females as

control.
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Introduction: Upon BMP-2 stimulation, the osteoblastic lineage commitment

in C2C12 myoblasts is associated with a microenvironmental change that

occurs over several days. How does BMP-2 operate a switch in adhesive

machinery to adapt to the new microenvironment and to drive bone cell

fate is not well understood. Here, we addressed this question for BMP-2

delivered either in solution or physically bound of a biomimetic film, to

mimic its presentation to cells via the extracellular matrix (ECM).

Methods: Biommetics films were prepared using a recently developed

automated method that enable high content studies of cellular processes.

Comparative gene expressions were done using RNA sequencing from the

encyclopedia of the regulatory elements (ENCODE). Gene expressions of

transcription factors, beta chain (1, 3, 5) integrins and cadherins (M, N, and

Cad11) were studied using quantitative PCR. ECM proteins and adhesion

receptor expressions were also quantified by Western blots and dot blots.

Their spatial organization in and around cells was studied using immuno-

stainings. The individual effect of each receptor on osteogenic transcription

factors and alkaline phosphatase expression were studied using silencing RNA

of each integrin and cadherin receptor. The organization of fibronectin was

studied using immuno-staining and quantitative microscopic analysis.

Results: Our findings highlight a switch of integrin and cadherin expression

duringmuscle to bone transdifferentiation upon BMP-2 stimulation. This switch

occurs nomatter the presentationmode, for BMP-2 presented in solution or via

the biomimetic film. While C2C12 muscle cells express M-cadherin and

Laminin-specific integrins, the BMP-2-induced transdifferentiation into bone

cells is associated with an increase in the expression of cadherin-11 and

collagen-specific integrins. Biomimetic films presenting matrix-bound
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BMP-2 enable the revelation of specific roles of the adhesive receptors

depending on the transcription factor.

Discussion: While β3 integrin and cadherin-11 work in concert to control early

pSMAD1,5,9 signaling, β1 integrin and Cadherin-11 control RunX2, ALP activity

and fibronectin organization around the cells. In contrast, while β1 integrin is

also important for osterix transcriptional activity, Cadherin-11 and β5 integrin

act as negative osterix regulators. In addition, β5 integrin negatively regulates

RunX2. Our results show that biomimetic films can be used to delinate the

specific events associated with BMP-2-mediated muscle to bone

transdifferentiation. Our study reveals how integrins and cadherins work

together, while exerting distinct functions to drive osteogenic programming.

Different sets of integrins and cadherins have complementary mechanical roles

during the time window of this transdifferentiation.

KEYWORDS

osteoblast differentation, BMP-2 (bone morphogenetic protein-2), adhesion
receptors, integrins, cadherins, extracellular matrix (ECM)

Introduction

The functional interactions between muscle and bone occur

through growth factors and cytokines. This inter-organ

communication is required both for maintenance of tissue

homeostasis and for regeneration of bone tissue (Tsuji et al.,

2006; Yu et al., 2010a; Glass et al., 2011; Rosen, 2011). Following

bone injury, muscle-derived stem cells are activated during the

inflammatory phase of repair (Colnot et al., 2003; Glass et al.,

2011;Wang et al., 2013; Abou-Khalil et al., 2014). Satellite muscle

cells can differentiate into osteoblasts and chondrocytes in vitro

and in vivo (Asakura et al., 2001; Morrison et al., 2006; Liu et al.,

2011; Cairns et al., 2012; Abou-Khalil et al., 2015). Skeletal

muscle produces osteogenic-related factors such as insulin-like

growth factor 1 (IGF1) and fibroblast growth factor 2 (FGF2)

(Hamrick et al., 2010). In particular, skeletal stem cells are

recruited by growth factors, including bone morphogenetic

proteins (BMPs) at the fracture site, as well as by

inflammatory and bone cells (Tsuji et al., 2006; Yu et al.,

2010a; Rosen, 2011), in order to contribute to bone

regeneration (Bosch et al., 2000; Wright et al., 2002; Liu et al.,

2011). However, the involvement of BMPs in the signaling

pathways responsible for the muscle-bone transdifferentiation

process is still unclear.

BMPs are members of the transforming growth factor β
(TGF-β) superfamily that control osteoblast proliferation and

differentiation and induce ectopic bone formation in vivo when

implanted into muscle tissue (Heldin et al., 1997; ten Dijke et al.,

2000; Bouyer et al., 2016). BMP-2, BMP-4 and BMP-7 are key

growth factors for normal bone development in vertebrates and

are able to alter the C2C12 mesenchymal pluripotent cell lineage

from the myogenic to the osteogenic phenotype (Akiyama et al.,

1997; Yamamoto et al., 1997; Crouzier et al., 2011a). BMPs are

recognized through heterodimeric complexes of transmembrane

type I and type II Ser/Thr kinase receptors that then propagate

signals through the SMAD pathway. SMAD proteins play a

critical role in mediating BMP-induced signals from the cell

surface to the nucleus; heterodimeric SMAD complexes function

as effectors of BMP signaling by regulating transcription of

specific genes (Massague and Wotton, 2000). Besides its role

in osteoblastic differentiation, BMP-2 appears to control

cytoskeletal rearrangement and cell migration, suggesting a

role in mechanotransduction (Gamell et al., 2008; Kopf et al.,

2014). We have shown that BMP-2 presented in a matrix-bound

manner controls cell fate by inducing bone differentiation in vitro

and in vivo (Crouzier et al., 2009; Crouzier et al., 2011b; Sales

et al., 2022).

To achieve the correct tissue architecture during

morphogenesis, cells must interact with each other and

with the extracellular matrix (ECM). These interactions are

mediated by two classes of adhesion receptors, namely the

integrins for cell/matrix interactions (Berrier and Yamada,

2007) and the cadherins for cell/cell interactions (Weber et al.,

2011), which are mechanically interconnected to drive tissue

morphogenesis and to maintain tissue integrity (Chen and

Gumbiner, 2006; Berrier and Yamada, 2007; Weber et al.,

2011; Mui et al., 2016).

Our team has developed a biomaterial that enables the

presentation of growth factors in a so-called “matrix-bound”

manner, i.e., presented by the matrix (Crouzier et al., 2009). This

presentation mode favors the interactions between the growth

factors and their receptors by locally concentrating the growth

factors at the basal side of the cells at the cell-matrix interface

(Crouzier et al., 2011a), where adhesion receptors can also come

into play. We have previously shown that BMP receptors and

β3 integrins cooperate and converge to couple cell adhesion and

migration to cell differentiation by controlling the early steps of

cell spreading and SMAD signaling (Fourel et al., 2016).
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Given the complex interplay between changes in the

biochemical properties of the extracellular matrix during the

time frame of muscle-osteogenic transdifferentiation, and

different expression in the integrin and cadherin receptors set

involved in muscle and bone differentiation (Mayer, 2003; Marie

et al., 2014), we addressed the question as to whether BMP-2 may

induce a switch in the cell adhesion machinery in concert with

osteoblast tissue formation. Here, we focused more specifically

FIGURE 1
sBMP-2 and bBMP-2 drive the muscle to osteoblast transdifferentiation of C2C12 cells. Myogenic (blue) and osteogenic (green) differentiation
of C2C12 cells assessed in the presence or absence of BMP-2. Cells were cultured on TCPS in the presence of soluble BMP-2 (sBMP-2). (A)
Schematics indicating the different time points of the kinetic analysis and biological assays performed. C2C12 cells were seeded on TCPS as control
with or without sBMP-2. 1 day after seeding in GM (D0), when cells were confluent, themediumwas changed to DM. Themediumwas renewed
at D3 and D5. (B–E) The kinetics of cell differentiation was assessed by measuring the gene expression of (B)MyoD and (C)myogenin for myogenic
differentiation, and (D)Osterix and (E)Osteocalcin for osteogenic differentiation. The transcription factors (B9)MyoD, (C9)Myogenin, and (D9)Osterix
were analyzed by immunofluorescence. Images correspond to D0. Nuclei were highlighted with white circle (B9,C9,D9). Corresponding
quantifications of the percentage of positive cells i.e., with a nuclear intensity of protein inside the nucleus above the threshold. Data are represented
as box plots of three independent experiments (B'',C'',D''). (E9) Alizarin red staining of calcium aggregates in the case of sBMP-2 for cells on TCPS and
bBMP-2 for cells on films. (E'') SEM observation of the typical shape of calcium aggregates on bBMP-2-loaded films. Scale bar fluorescent images is
50 µm. Scale bar of alizarin red-stained samples is 400 µm. Scale bar of SEM image is 50 µm. Data aremean ± SD of three independent experiments.
Statistical tests were done using non-parametric Kruskal–Wallis ANOVA (*p < 0.05; **p < 0.01).
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on the kinetic response of BMP-responsive skeletal progenitors,

namely C2C12 myoblasts, to the microenvironment during their

transformation to muscle or osteoblast cells depending on the

presentation of BMP-2. We provide evidence that BMP-2 is

sufficient to change the cell adhesion repertoire, i.e., integrins and

cadherins, and extracellular matrix composition in a osteoblast

tissue-specific manner. Our results show that different sets of

integrins and cadherins may have complementary functions

during the time frame of muscle to osteoblast

transdifferentiation. During the differentiation into osteoblasts,

while integrins are working in concert with cadherins to control

the early transcriptional activities, β1 integrin and cadherin

11 are more specifically dedicated to cell mechanics by both

shaping octagonal cells and organizing their extracellular matrix.

Material and methods

Buildup of polyelectrolyte multilayer films,
cross-linking and loading of BMP-2

Sodium hyaluronate (HA) (200,000 g/mol, Lifecore

Biomedical, United States) and poly (L-lysine) (PLL)

(20,000 g/mol, Sigma-Alrich, France) were dissolved in Hepes-

NaCl buffer [20 mM Hepes pH 7.4, 0.15 M NaCl] at 0.5 mg/ml

and 1 mg/ml respectively. For all experiments, polyelectrolyte

multilayer films made of 12 layer pairs of (PLL/HA), were built

on glass slides (VWR Scientific, France) or directly in 96-well

plates (Nunc, Denmark) using a recently established automated

process, as previously described (Machillot et al., 2018). The first

deposited layer, prior to (HA/PLL), was always a layer of poly

(ethyleneimine) (70,000 g/mol, Sigma, France) at 3 mg/ml. After

buildup, films were crosslinked following a previously-published

protocol using 1-Ethyl-3-(3-Dimethylamino- propyl)

carbodiimide (EDC, Sigma-Alrich, France) at 70 mg/ml and

N-hydrosulfosuccinimide (sulfo-NHS, Sigma-Aldrich, France)

at 11 mg/ml in a solution of 0.15 M NaCl at pH 5.5 (Richert

et al., 2004). The stiffness of the polyelectrolyte films is about

400 kPa as measured by nanoindentation using an atomic force

microscope (Schneider et al., 2006). For BMP-2 loading in the

films, the films were first pre-equilibrated in 1 mMHCl and then

loaded with human recombinant BMP-2 (Medtronic, France) in

1 mM HCl at 37°C for 1 h30. The loaded films were thoroughly

washed at least five times in Hepes-NaCl buffer at pH 6.5 in order

to keep only the physically-bound BMP-2, named hereafter

bBMP-2 (Crouzier et al., 2009). Finally, they were sterilized

for 20 min under UV light.

Cell culture

C2C12 cells (ATCC® CRL-1772™, <20 passages) were

maintained in polystyrene flasks in a 37°C, 5% CO2 incubator

and cultured in growth medium (GM [1:1 Dulbecco’s Modified

Eagle Medium (DMEM):F12 medium (11320-074, Invitrogen),

10% fetal bovine serum (FBS, 10270-098, Invitrogen), 10 U/mL

penicillin G and 10 μg/ml streptomycin (15140-122, Invitrogen).

Cells were subcultured prior to reaching 60%–70% confluence.

For all experiments, C2C12 cells were seeded at 30,000 cells/cm2

in GM until confluency (D0), when the medium was switched in

differentiation medium (DM) (1:1 DMEM:F12 with 2% horse

serum (HS from PAA Laboratories), 10 U/mL penicillin G and

10 μg/ml streptomycin as previously described (Ren et al., 2008).

For the kinetics analysis of gene expression followed by qPCR,

DM was refreshed at day 3 (D3) and day 5 (D5). Soluble BMP-2

(sBMP-2) was added in the GM at 600 ng/ml and refreshed at

each change of medium until D5 (Figure 1A). Their

translocations to the nucleus were observed by

immunofluorescence at D0 for osterix, and at D1 and D3 for

myogenin and MyoD, respectively. In addition, the ability of

bBMP-2 films to induce later osteogenesis was confirmed by

following the gene expression of Osteocalcin and by verifying cell

mineralization.

Comparative analyses of gene expression
using RNA sequencing from UCSC
genome browser

RNA sequencing (RNAseq) data were exported from the

Encyclopedia of the regulatory elements (ENCODE). RNAseq

analysis were performed for muscle cells (7 days-differentiated

C2C12 - ENCSR000AHY and primary skeletal muscle myoblast

(Homo sapiens) - ENCSR000CWN) and osteoblast cells (mean of

responses of primary osteoblasts (Homo sapiens, adult 56-year

female and adult 62-year male - ENCSR000CUF). The relative

percentage of each of the adhesion receptors were calculated and

compared for muscle and for bone tissues. The adhesion

receptors with a relative expression <1% were excluded and

not represented. Ratios comparing the relative expression in

muscle and bone tissue were calculated by dividing the

relative percentage of expression in each tissue.

RNA isolation and reverse transcriptase-
polymerase chain reaction (RT-qPCR)

The gene expression of the master transcription factors for

myogenesis and osteogenesis and for the adhesion receptors

integrins and cadherins were followed over time using RT-

qPCR at D-1, D0, D1, D3, and D5. Total RNA was extracted

from C2C12 myoblasts using a kit (Zymo research, Proteigene,

France). Reverse transcription was done from 1 µg RNA using 5x

iScript Reverse Transcription Supermix for RT-qPCR (170-8840,

Invitrogen). Real time-quantitative PCR was performed with a

thermocycler MX4800P (Stratagène). The reaction mix was
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composed of Master SYBR Green I mix (universal SYBR Green

Supermix, 172-7272, Biorad) -containing dNTPs, Sso7d fusion

polymerase, MgCl2, SYBR® Green I, ROX normalization dyes-,

0.5 μM of each primer whose sequences are detailed in

supplementary data (Supplementary Table S1) and 20-fold

diluted cDNA. Primer efficiency was established by a standard

curve using sequential dilutions of gene specific PCR fragments.

According to MIQE guidelines (Bustin et al., 2009), results were

normalized to the mean of the expression levels of the three more

stable housekeeping genes, determined with GeNorm software,

and expressed as a percentage of the control condition (the trio of

housekeeping genes for each experiment are indicated in each

legend).

Immunofluorescence

Cells were fixed over night at 4°C in 3.7% formaldehyde (FA,

F1635, Sigma-Aldrich) in PBS. Except for the imaging of the

extracellular matrix proteins FN and COLL1, cells were

permeabilized for 4 min in Tris Buffer Saline (TBS) (50 mM

Tris, pH 7.4, 0.15 M NaCl) containing 0.2% Triton X-100. The

samples were blocked in TBS containing 0.1% BSA for 1 h, and

were incubated over night at 4°C in a primary antibody TBS

solution containing 0.2% gelatin. The references of the antibodies

are provided in the (Supplementary Table S2). The samples were

then incubated in the solution of secondary antibodies diluted

TBS containing 0.2% gelatin. F-actin was stained with

rhodamine-phalloidin and nuclei were stained using Dapi.

Samples were imaged either using an Axiovert 200 M inverted

microscope (Zeiss, Germany) equipped with a CoolSNAP EZ

CCD camera (Ropper Scientific, Evry, France) or with an In Cell

Analyzer 2,500 imaging system (Molecular Devices,

United States) (Sales et al., 2022).

Quantitative image analysis

For image analysis, ImageJ and InCarta software (Molecular

Devices, United States) was used to automatically segment nuclei,

and then to quantify the intensity of the flurescence signal of the

transcription factors (pSMAD1/5/9, RunX2 and Osterix) inside

the nuclei and in the cytoplasm. The mean nuclear intensity was

calculated and compared across groups. Cells with a nuclear

intensity greater than or equal to 1.5 the mean nuclear intensity

of negative control cells (i.e., in the absence of BMP-2) were

considered positive. The percentage of positive cells was

calculated for a given transcription factor.

For the quantification of FN organization, segmentation was

performed with the trainable weka segmentation plugin (ImageJ)

(Witten et al., 2011). Fast random forest was used as classifier

with the following set of filters: Gaussian blur, hessian,

membrane projection, mean, laplacian, sobel filter, difference

of Gaussian, Variance, kuwahara. Three classes (“diffuse FN”,

“fibrous FN” and “background”) were defined and the classifier

was trained on labeled images. Following segmentation and

classification, the area of each class of objects (fibrous FN,

diffuse FN and background) was measured using the Particle

Analyzer tool (ImageJ). The results are presented as the

percentage of each of the two classes of fibronectin types

(fibrous and diffuse) among the total amount of detected

fibronectin.

Mineralization: Alizarin red staining and
imaging by scanning electron
microscopy (SEM)

C2C12 were plated at 30,000 cells/cm2 in GM in a 24-well

plate for 2 days after which the medium was changed to a

mineralization medium (MM), made of αMEM (A10490-01,

Invitrogen), 10% FBS (10270-098, Invitrogen), 10 U/mL

penicillin G and 10 μg/ml streptomycin (15140-122,

Invitrogen, France), 50 μg/ml ascorbic acid (A0278, Sigma-

Aldrich, France) and 10 mM β-glycerophosphate (50,020,

Sigma-Aldrich, France). For sBMP-2, BMP-2 was added to

GM at 600 ng/ml and refreshed at each medium change. Cells

were maintained in culture for 3 weeks, and theMMwas changed

every 2–3 days. For observations of calcium deposits, cells were

fixed in 3.7% formaldehyde (FA, F1635, Sigma-Aldrich, France)

in PBS for 20 min at room temperature. Calcium was stained by

Alizarin Red S staining solution (40 mM Alizarin Red S, A5533,

Sigma-Aldrich, pH 4.2) for 20 min at room temperature,

followed by several rinsing steps with deionized water. Images

were acquired using an Olympus BX41 microscope. For scanning

electron microscopy (SEM) observations, cells were fixed with

2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.2 (C0250,

Sigma-Aldrich, France) and dehydrated in successive alcohol

baths. Cells were imaged at 2 kV using a FEI-Quanta

250 SEM-FEG.

SMAD assay using luciferase reporter gene

C2C12-A5 cells that were stably transfected with an

expression construct (BRE-Luc) containing a BMP-

responsive element fused to the firefly luciferase reporter

gene (Logeart-Avramoglou et al., 2006), were generously

gifted by D. Logeart-Avramoglou (Univ Paris Diderot).

Cells were cultured and transfected under the same

conditions as wild type C2C12 cells, and seeded in 96-well

plates at 30,000 cells/cm2 in GM. After 24 h, cell lysis and

luciferase measurements were carried out according to the

manufacturer’s instructions (Bright-Glo™ luciferase assay

system luminescence, Promega, France) as previously

described (Crouzier et al., 2011a). Measurements were
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normalized to the DNA content of each sample as measured

by the CyQUANT assay (C7026, Life Technology, France).

Measurement of ALP activity in C2C12

At D3, cells seeded in 24-well plates were rinsed in PBS, lysed in

deionized water and stored at −80°C. Lysates were then sonicated

and centrifuged at 10,000 rpm for 5 min. To measure the ALP

activity, 20 µl of the supernatants of lysates were added to 180 µl of a

mixture (0.1 M 2-amino-2-methyl-l-propanol (Sigma-Alrich, St

Quentin-Fallavier, France), 1 mM MgCI2, 9 mM p-nitrophenyl

phosphate (pNPP) (Euromedex, Mundolsheim, France), pH 10)

in 96-well plates. The ALP activity was assayed by measuring the

absorbance at 405 nm using a Multiskan EX plate reader

(Labsystem, Helsinki, Finland). Total protein amounts of each

lysate were quantified using a BCA protein assay kit (Interchim,

Montluçon, France). The activity was expressed as a percentage

relative to the activity of the positive control.

Immunoblotting and dot blot

Cells were lysed in Laemmli buffer (Sigma-Aldrich, France).

Detection of proteins by Western blotting was done according to

standard protocols. Extracellular matrix proteins were detected

using dot blot. 1 µl of each lysate was deposited in triplicate onto

a nitrocellulose membrane. Western blot and dot blot

membranes were blocked at room temperature for 1 h in

(10 mM Tris at pH 7.9, 0.15 M NaCl, 0.5% Tween 20, 5% w:w

dry milk). The membranes were incubated with the primary

antibodies (Supplementary Table S2) diluted in the blocking

solution overnight at 4°C. After incubation with horseradish

peroxidase secondary antibodies, detection of adsorbed

antibodies was performed by ECL (Amersham Biosciences,

France). Normalization was done by calculating an intensity

ratio, taking actin as reference.

SiRNA interference

Cells were transfected with siRNA against β1, β3, β5,M-cad,

N-cad and cadherin-11 (ON-TARGET plus SMARTpool,

Mouse, Thermo Scientific Dharmacon, France)

(Supplementary Table S3). At the same time, a scrambled

siRNA (All Stars negative Control siRNA, Qiagen) was used

as a control. The transfection was done as previously described

(Fourel et al., 2016). Briefly, cells were seeded at 50,000 cells per

well in a 6-well plate and cultured in GM (2 ml per well). After

15 h and 39 h respectively, GM was replaced by GM without

antibiotics before adding the pre-incubated transfection mix (for

one well: 6 µl of lipofectamine RNAiMAX Reagent (Invitrogen),

610 µl of Opti-MEM medium (Gibco, France), and 1.44 µl of

50 µM siRNA). 24 h after the second transfection, cells were

detached using trypsin-EDTA (Gibco, France) and seeded on

TCPS or polyelectrolyte films.

Data representation and statistical analysis

For box plots, the box shows 25, 50 and 75% percentiles, the

square shows the mean value and the error bars correspond to the

standard deviation. For scatter plots and bar plots, the mean values

and the standard error of the mean (SEM) are represented.

Experiments were performed at least in triplicate (biological

replicates) with two wells per condition (technical replicate) in

each experiment. Statistical tests were done using non-parametric

Kruskal–Wallis ANOVA (*p < 0.05; **p < 0.01). To obtain

normalized gene expression fold increase of the differentiation

markers, first the mean gene expression values, previously

normalized by the reference genes, of each experiment was

calculated. Then, for each experiment, values were normalized by

the value at time 0 (seeding of cells). Finally, the mean value and the

SEMwere calculated from the biological replicates. In the knockdown

experiments, the relative values were calculated by first averaging all

the mean values per well from all the experiments, then normalizing

the values by the scrambled condition.

Results

Soluble and matrix-bound BMP-2 drive
themuscle-osteoblast transdifferentiation

Here BMP-2 was either presented in solution for cells

cultured on plastic (soluble BMP-2, sBMP-2) or presented to

cells via a biomaterial in a matrix-bound manner (bBMP-2),

the BMP-2 being physically trapped in a polyelectrolyte film

made of hyaluronic acid and poly (L-lysine), as the “matrix”

(Crouzier et al., 2011a). bBMP-2 on the film was used to

mimic in vitro the BMP-2 presentation in vivo, where BMP-2

is bound in a non-covalent manner with the proteins and

glycosaminoglycans of the extracellular matrix. When BMP-2

is presented via the polyelectrolyte film (Crouzier et al., 2009;

Crouzier et al., 2011a; Fourel et al., 2016), it interacts with the

BMP receptors at the basolateral side of the cells, where cells

adhere (Crouzier et al., 2009; Crouzier et al., 2011a). Indeed,

we already showed that C2C12 myoblasts begin the

differentiation process to bone cells after their culture for

24 h in the presence of sBMP-2 or bBMP-2 (Crouzier et al.,

2011a; Fourel et al., 2016). The presence of both sBMP-2

(Katagiri et al., 1994) and bBMP-2 (Crouzier et al., 2009;

Crouzier et al., 2011a) inhibit the formation of myotubes and

induce osteoblastic differentiation, as characterized by

morphological changes, phosphorylation of SMAD and

alkaline phosphatase activity.
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To follow the muscle to osteoblast transdifferentiation process,

we first analyzed the ability of sBMP-2 and bBMP-2 to inhibit

muscle-specific transcription factors and to activate bone-specific

transcription factors over the first 5 days of cell culture (Figures

1A–E). First, we verified that sBMP-2 induces effective

transdifferentiation by following gene expression. After 1 day in

DM without BMP-2, the expression of muscle-specific

transcription factors mRNA such as MyoD and Myogenin,

reached a plateau at 10 and 10,000 times higher, respectively,

than before differentiation induction (named hereafter D1)

(Figures 1B, C). Second, we imaged the presence of the

transcription factors in the cells (Figures 1B′, C′). The increase

of MyoD and Myogenin mRNA is correlated with an increase in

their presence in the nucleus for 60% of cells for MyoD at D1 of

differentiation and 35% of cells forMyogenin after D3 (Figures 1B′,
C′), which was similar for sBMP-2 and bBMP-2. The percentage of

positive cells for MyoD and Myogenin shows that both

transcription factor translocate to the nucleus in the absence of

BMP-2 (Figures 1B″, C″). In contrast, in the presence of sBMP-2,

the mRNA specific to osterix and osteocalcin (Figures 1D, E), two

hallmarks of bone differentiation (Katagiri et al., 1994; Celil et al.,

2005), reached a plateau at ~100 to 1,000 times higher value than

their initial value at D-1 (Figures 1D, E). In addition, BMP-2

enhanced the translocation of osterix to the nucleus, which was

particularly notable for bBMP-2 in comparison to sBMP-2 (Figures

1D′, D″). Finally, we assess whether sBMP-2 and bBMP-2 were

able to induce matrix mineralization (Figures 1E′, E, E″). Similarly

to sBMP-2, bBMP-2 is able to induce matrix mineralization as

confirmed by Alizarin red staining at 3 weeks (Figure 1E′). Using
phase contrast microscopy, we observed that cell morphology

changed in response to BMP-2. In the absence of BMP-2, cells

initially exhibit a fibroblast-like morphology and then form

myotubes that are particularly visible at day 5 on TCPS and on

films in the absence of BMP-2. In the presence of sBMP-2 and

bBMP-2, cell shape changes from fibroblast-like to more a

polygonal morphology at day 3 before bone nodule formation

at day 5 in case of bBMP2 (Supplementary Figure S1). This

polygonal morphology is consistent with the physiological

cuboidal morphology of osteoblast cells (Roberts et al., 2011).

The typical shape of calcium aggregates observed by scanning

electronmicroscopy (SEM) confirmed the mineralization triggered

by the presence of sBMP-2 and bBMP-2 (Figure 1E″). To note, the
presence of calcium and phosphate in these aggregates was

confirmed by energy dispersive X-ray analyses (data not shown).

Together our results show that both sBMP-2 and bBMP-2 are

able to induce cell differentiation to osteoblasts, cells expressing

muscle markers in the absence of BMP-2 and osteoblast markers

in the presence of sBMP-2 and bBMP-2. The bioactivity bBMP-2

was also sufficiently stable to induce longer-term osteogenesis

and mineralization. Thus, like sBMP-2, bBMP-2 inhibits the

myogenic differentiation of skeletal progenitors to osteoblast

cells.

FIGURE 2
bBMP-2 and sBMP-2 induce the gene expression, secretion and remodeling of fibronectin and collagen I in C2C12 cells. (A,B)Gene expression
of FN andCOLL1 were followed up toD5 in the presence (green) or absence (blue) of sBMP-2 on TCPS. At D5 for cells grown on filmswith bBMP-2 or
on TCPS with sBMP-2 (A9) FN and (B9)COLL1 were stained using immunofluorescence and quantified by dot blot (A'',B'' respectively), by taking actin
as a control. Scale bars are 150 µm. Data are mean ± SEM of three independent experiments.
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sBMP-2 and bBMP-2 induce the
expression, secretion and remodeling of
an osteoblast-specific extracellular matrix

Next, the production of osteoblast-specific extracellular

matrix was assessed by qPCR, immuno-fluorescence staining

andWestern Blot for cells cultured on TCPS in the presence of

sBMP-2 or on films with bBMP-2. Fibronectin is a ubiquitous

protein present in a large number of tissues including bone

and muscle (Vogel, 2018). The gene expression of fibronectin

(FN) and collagen I (COLL1), two major proteins of bone

tissue (Moursi et al., 1997; Brunner et al., 2011), increased on

TCPS in the presence of sBMP-2 (Figure 2A). Fibronectin

organization around the cells was modified by the presence of

BMP-2 (Figure 2A′): in the absence of BMP-2, cells stretched

out FN in long, thin fibers, following cell alignment. In the

presence of BMP-2, FN appears as short, thin fibers between

cells, following the polygonal shape of the cells and delineating

the cell boundary. At the protein level, fibronectin expression

was not significantly different in response to sBMP-2 or

bBMP-2 (Figure 2A″).

The expression of collagen I at the gene level (COLL1)

notably increased within 2 days in the presence sBMP-2

(Figure 2B). The plateau was about 10-fold higher than the

initial value at D1.

Immunofluorescence staining of collagen at the protein level

did not reveal a difference between conditions, the expression of

collagen in C2C12 cells being mostly localized inside the cells

(Figure 2B′). However, quantification of the expression of

collagen protein by dot blot revealed a 3-fold increase in

collagen production in the presence of BMP-2 (Figure 2B″).
The absence of collagen fibrils outside the cells in our

experimental procedures may be due to the lack of ascorbic

acid (vitamin C). Indeed, in absence of vitamin C, a co-factor of

the prolyl-4 hydroxylase, collagen molecules are

thermodynamically unstable, which prevents their assembly

into fibrils in the extracellular space (Salamito et al., 2022).

Together, these results indicate that, in addition to the

production of osteocalcin (Figure 1E), the presence of both

soluble and matrix-bound BMP-2 induces changes in the two

major osteogenic extracellular matrix: increase in collagen one

production and reorganization of fibronectin.

FIGURE 3
Identification using the ENCODE database of muscle and osteoblast-specific integrins and cadherins. (A) Pie chart of the percentage of
expression of ITGB1, three and five chains (A) and M-, N- and cadherin and cadherin-11 in muscle and osteoblast cells. Data were obtained by
analyzing RNA sequencing data made for the ENCODE public research project i.e., charts illustrate the predominance of certain adhesion receptors
in each cell type. (B) Summary table highlighting the adhesion receptor repertoire for myogenic and osteogenic differentiation and the
receptors that are important for both tissues. The underlined adhesion receptors are themost studied in the literature in the context ofmyogenic and
bone differentiation.
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BMP-2 leads to a tissue-specific switch in
the expression of the adhesion receptors
integrins and cadherins

In view of the large number of adhesion receptors, an in silico

screening was performed using RNA sequencing data from UCSC

genome browser (ENCODE data base). This website offers access to

the genome sequencing of many species as well as RNA sequencing.

This database allowed us to identify adhesion receptors expressed in

myotubes and in osteoblasts and to express their relative abundance

by quantifying the percentage. First, the distribution of adhesion

receptors in each cell type, muscle and osteoblast, was analyzed for

cadherins and integrins β chains (genes named hereafter ITGB)

(Figure 3A), and for α chain integrins (ITGA, Supplementary

Figure S2) knowing that the functional unit of integrins is a

heterodimer made of α and β chain and multiple heterodimers

bind the same ligand (Humphries et al., 2006) The ITGB pie

chart was similar for muscle and osteoblast cells, ITGB1 being the

most expressed (78%–79%) followed by ITGB5 (19%) and ITGB3.

Expressions of other ITGBs, which were below 1%, were not

represented in this figure. The expression pattern of ITGAs

allowed us to better discriminate cell specificity, i.e., muscle versus

osteoblast cells (Supplementary Figure S2). In decreasing order,

muscle cells mostly expressed ITGA5 (28%), ITGA7 (27%) and

ITGA3 (20%) followed by ITGA6 (10%) and ITGAV (8%), while

osteoblast cells expressed ITGA11 (43%), ITGAV (25%) and ITGA5

(24%). M-cad (68%) and N-cad (23%) were the most expressed

cadherins inmuscle cells (Charrasse et al., 2003), while cad-11 was the

most expressed cadherin in osteoblast cells at 91% (Alimperti et al.,

2014). To note, N-cad was equally expressed in osteoblast andmuscle

cells. Panel 3B summarizes the role of integrins and cadherins in

myogenic and osteogenic differentiation. This data suggest that there

is a clear shift of cadherin receptor upon BMP-2 stimulation while all

three β chain integrins are present, their role being indistinguishable at
first sight by solely looking at their gene expression.

To identify which adhesion receptors were important in the

muscle to osteoblast transdifferentiation, we quantified the

kinetics of gene expression by qPCR and the protein

expression by western blot as a function of time, over 6 days

(Figure 4). In addition to the β1 integrin that was already known

as a major integrin in bone formation, β3 and β5 integrins appear
as important integrins during the muscle to bone

transdifferentiation in response to BMP-2 (Figures 4A′, A″).
Based on the protein expression, β5 integrin appears to be

expressed at later times than β3, whose expression appears as

soon as few hours of BMP-2 stimulation.

The relative expression of α chain integrins determines

ligand specificity in particular for FN (Supplementary Figure

S3) and for COLL1 (Supplementary Figure S4) discriminating

osteoblast and muscle differentiation. α5 (complexed with

β1 subunit) and αV (complexed with β1 or β3 subunit) are

known to be FN specific integrins (Moursi et al., 1997) while

FIGURE 4
bBMP-2 and sBMP-2 induce the expression switch towards specific integrins and cadherin 11 in C2C12 cells. Kinetics of gene expression of (A)
ITGB chains (B) cadherins quantified by RT-qPCR for cells cultured on TCPS without (blue) or with (green) sBMP-2 in solution. (A9,B9)Western blots
and (A'',B'') corresponding analysis of kinetics of protein expression. Actin was taken as control for intensity normalization. Data are mean ± SD of
three independent experiments.
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α1, α2 and α11 (complexed with β1 subunit) are known to be

COLL1 specific (Pozzi et al., 1998; Xiao et al., 1998). The

α5 and αV chains involved in FN recognition were expressed,

with an increase in αV expression in response to sBMP-2, as

quantified by qPCR and western blot (Supplementary Figures

S3 A, A′, A″) whereas the expression of ITGA1, ITGA2 and

ITGA11 notably increased in the presence of sBMP-2

(Supplementary Figure S4).

FIGURE 5
Quantification of the nuclear localization of selected transcription factors in response to soluble and matrix-bound BMP-2. Selected
transcription factors that are representative of bone differentiation, i.e., (A) pSMAD1/5/9, (B) osterix, and (C) RunX2, were quantified for
C2C12 myoblasts grown on glass in the presence or absence of sBMP-2 and for cells cultured on biomimetic films with or without matrix-bound
BMP-2. Representative immuno-fluorescence images of cells cultured in the different conditions are shown. Scale bar of fluorescent images is
100 µm. The corresponding quantifications of the nuclear location of the transcription factors based on the immuno-fluorescence are given for cells
in the presence of sBMP-2, bBMP-2 and in the absence of BMP-2. The% of positive cells is given for each condition. Data are represented as box plots
for three independent experiments.
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Finally, cadherin expression was also affected by the

presence of BMP-2 (Figures 4B, B′,B″), as anticipated from

the switch in cadherins revealed by Encode analysis (Figure 3).

At the gene level, cad-11 notably increased in the presence of

sBMP-2 while M-cad was downregulated (Figure 4B). Both

cad11 and Ncad increased at the protein level, indicating

osteoblast-specific differentiation (Figure 4B′, B″). To note,

the increase of Ncad expression in response to BMP-2 was

FIGURE 6
Role of β chain integrins and cadherins on the nuclear localization of transcription factors involved in osteoblast differentiation. Using RNA
interference, silencing of the major integrins (β1, 3, 5 subunits) and cadherins (M-cad, N-cad, cad11) was done to assess their individual role on the
nuclear localization of (A) pSMAD1,5,9, (B) Osterix and (C) Runx2, for cells cultured on films with bBMP-2. Representative images are shown for
selected conditions that have the strongest effects on the nuclear localization of the transcription factor. Scale bar of fluorescent images is
100 µm. Data are represented as box plots for three independent experiments. Statistical tests were done using non-parametric Kruskal–Wallis
ANOVA (*p < 0.05; **p < 0.01).

Frontiers in Cell and Developmental Biology frontiersin.org11

Valat et al. 10.3389/fcell.2022.1027334

243

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1027334


early, after few hours, while cad11 expression increased

strongly at the later time points, after day 3.

Overall our results demonstrate a switch of the integrin and

cadherin repertoire upon BMP-2 stimulation, thus highlighting a

potential role of integrin and cadherin receptors in osteoblast

differentiation. β3 and β5 emerge as osteoblast-specific integrins

associated with the extracellular matrix transition during the

transdifferentiation, while Cad-11 and N-cad emerge as the key

cadherins. Both N-cad and β3 integrins appear to be involved at

early times.

Biomimetic films with matrix-bound BMP-
2 enable to reveal the BMP-2 mediated
transcriptional activity

Cell differentiation is characterized by specific

transcription factors. We investigated the nuclear

localization of three transcription factors known to be

important in osteoblast differentiation, pSMAD, osterix (da

Silva Sasso et al., 2021), RunX2 (Komori, 2022) (Figure 5). We

quantified their expression for cells grown on TCPS in the

presence of sBMP-2 and for cells grown on biomaterials with

bBMP-2 (Figures 5A–C). To this end, the transcriptions

factors were immuno-stained and their nuclear localization

was quantified using automated image analysis.

Representative images of each experimental condition are

shown. Quantitatively, we compared the percentage of

positive cells in the absence of BMP-2 and in the presence

of sBMP-2 or bBMP-2. For pSMAD1,5,9, the % of positive

cells was above 75% for both sBMP-2 and bBMP-2

(Figure 5A). For both osterix (Figure 5B) and RunX2

(Figure 5C), a significant increase in the % of positive cells

was noted for cells with bBMP-2, in comparison to sBMP-2.

Thus, the biomimetic films with matrix-bound BMP-2 enable

to potentiate the BMP-2 mediated cell response, in

comparison to sBMP-2, with a significant increase in the

nuclear localization of Osterix and RunX2.

BMP-2 orchestrates an integrin-cadherin
cross-talk to drive osteoblast
differentiation

We next investigated the role of integrins and cadherins in

the BMP-2 induced cell response. We chose to work solely with

biomaterials presenting bBMP-2 in order to be in the

experimental conditions with the highest expression of the

transcription factors, as bBMP-2 effects were stronger than

those of sBMP-2 (Figure 5).

To investigate the roles of integrins and cadherins in the

nuclear localization of the transcription factors, we used

silencing RNA to knockdown integrin β chains and cadherin

adhesion receptors (Figure 6). The efficiency of the receptor

silencing was confirmed by qPCR (Supplementary Figure S5).

Regarding pSMAD1,5,9 (Figure 6A), the deletion of β3 integrin
or cadherin11 led to statistically significant decrease with ~25%

signal extinction as compared to the control, while the deletion

of β1 integrin or N-cadherin generated a smaller decrease of

~15%. For Osterix (Figure 6B), the deletion of β1 integrin

significantly decreased the nuclear signal by 25% and that of

N-cadherin also decreased the nuclear signal. In contrast,

deletion of β5 integrin or of Cadherin11 led to an increased

nuclear location. For RunX2 (Figure 6C), deleting β1 and

cad11 decreased its nuclear localization, while deleting

β5 integrin or M-Cadherin increased its nuclear localization

by ~15%.

Globally, β3 integrin controlled more strongly the pSMAD

1,5,9, nuclear location; β1 integrin controlled osterix and

RunX2 nuclear locations; and β5 integrin played an

FIGURE 7
Role of β chain integrins and cadherins in ALP expression. ALP
expression was quantified after silencing of the threemajor β chain
integrins and cadherins (same conditions as in Figure 6) (A)
Representative images of a single well of a 96-well plate are
shown for each silencing condition. (B) Quantification of alkaline
phosphatase activity (ALP) after 4 days of C2C12 cell culture (24H
in GM and 72 H in DM) on films with matrix-bound BMP-2, after
RNA silencing of each β chain integrin and cadherin receptor. In
each experiment, data were normalized to the scramble condition.
Data aremean ± SEMof three independent experiments. Statistical
tests were done using non-parametric Kruskal–Wallis ANOVA
(*p < 0.05; **p < 0.01).
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opposite role by preventing the nuclear location of Osterix and

RunX2.

Regarding cadherins, Cadherin 11 had the strongest role in

inducing nuclear location of pSMAD and RunX2, while it was a

negative regulator of osterix. M-Cadherin had globally an

opposite effect. N-Cadherin played a significant role solely for

pSMAD1,5,9. It is interesting to note that β3 integrin and

N-Cadherin played an important role solely for pSMAD

nuclear location.

Next, we investigated the role of integrins and cadherins on ALP

activity, which was quantified after 3 days of culture on biomaterials

presenting bBMP-2 (Figure 7). Representative images of single wells

of a 96-well cell culture microplate are shown for each of the

silencing conditions (Figure 7A). Quantification of the ALP

signal inside each well revealed that only β1 integrin and

Cadherin 11 strongly impacted ALP production (Figure 7B).

However, they have opposite roles: β1 integrin was a negative

regulator of ALP activity, while Cadherin 11 was a positive

regulator of ALP. The other adhesive receptors did not have a

significant impact on ALP activity.

To conclude, β3 integrin and N-Cadherin might couple to

activate pSMAD, while β1 integrin and cadherin11 may couple to

activate osterix and ALP.

Fibronectin organization in response to
bBMP-2

After having shown an integrin and cadherin switch upon

BMP2 stimulation, we next asked whether the organization of

osteoblast-like extracellular matrix might result from a BMP-2-

induced coupling between integrins and cadherins. To address

this question, we analyzed fibronectin deposition and remodeling

in response to BMP-2 with SiRNA directed against cadherins and

ITGBs (Figure 8). As bBMP-2 effects were stronger than those of

sBMP-2 (Figure 5), with a very high response to bBMP-2 in

FIGURE 8
BMP-2-induced fibronectin remodeling depends on ITGB1 and cad-11. (A) Microscopic observations of fibronectin network after silencing
using RNA of ITGB1, 3, 5 andM-cad, N-cad, cad-11 (same as in Figures 6, 7). Fibronectin (green) and actin (blue) were stained by immunofluorescence
after 4 days (24 h in GM and 3 days in DM) of C2C12 cell cultured on films with matrix-bound BMP-2. (A) Representative image of each of the
silencing condition. Scale bar are 50 µm. (B) Zoom on two conditions: silencing of β1 integrins and cadherin 11. Scale bar is 20 µm. (C)
Quantification of the areal fraction of diffuse and fibrous fibronectin given: the total is set to 100 and the fraction represents the importance of each
population. Data are mean ± SD of three independent experiments. Statistical tests were done using non-parametric Kruskal–Wallis ANOVA (*p <
0.05; **p < 0.01).
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comparison to the condition without BMP-2, these experiments

were done on films with bBMP-2 in order to more easily capture

the possible effects of silencing RNA. In the control scramble

condition, cells tend to gather forming bone nodules encircled by

FN (Figure 8A). In contrast, the deletion of β1 integrin and

cadherin11 led to a disorganized FN deposition (Figure 8A) while

the deletion of other integrins and cadherins did not strongly

impact bone nodule formation and FN organization. Long and

aggregated fibers were observed after silencing β1 integrin and

cadherin 11, compared to thin, short and numerous fibers in the

control condition (Figure 8B). Quantification of FN organization

in diffuse or in a fibrous morphology (Figure 8C) showed that

there were significant differences for β1 integrin and cadherin 11,

with more diffuse FN upon deletion of β1 integrin and more

fibrous FN upon deletion of Cadherin11. In addition to

osteoblast cell reprogramming of Figures 6, 7, these results

highlighted a key role of both β1 integrin and cadherin 11 in

driving extracellular matrix organization in response to matrix-

bound BMP2 presented by the biomimetic films.

Discussion

UponBMP-2 stimulation, the osteoblastic lineage commitment in

C2C12myoblasts is associatedwith amicroenvironmental change that

occurs over several days (Ozeki et al., 2007). This change implies

adapted cell interactions with the extracellular matrix and neighboring

cells. Cell interactions with extracellular matrix and cell-cell

interactions are mediated by integrins and cadherins, respectively,

and are critical for osteoblast tissue morphogenesis and architecture

(Marie et al., 2014). Our findings highlight the switch of integrin and

cadherin expression during the muscle to osteoblast

transdifferentiation in response to stimulation by soluble or matrix-

bound BMP-2. While C2C12 muscle cells express M-cad and

Laminin-specific integrins, the BMP-2-induced transdifferentiation

to osteoblast cells is associated with an increase in the expression

of cad11 and fibronectin (Moursi et al., 1997; Globus et al., 1998) and

collagen-specific integrins, in agreement with the literature (Lai et al.,

2006; Di Benedetto et al., 2010; Greenbaum et al., 2012) (Moursi et al.,

1997; Globus et al., 1998; Zimmerman et al., 2000; Brunner et al.,

2011). Our study reveals how integrins and cadherins can work in

concert to drive the osteogenic differentiation and to control osteoblast

cell microenvironment. Indeed, our results show that different sets of

integrins and cadherins act at different times of muscle-osteogenic

transdifferentiation.

Interplay between N-cadherin/β3 integrin
and Cadherin11/β1 integrin to regulate
transcriptional activities

Our previous work demonstrated that there is a crosstalk

between BMP receptors and β3 integrin in the early steps of

myoblast to osteoblast transdifferentiation (Fourel et al., 2016).

Indeed, we showed that β3 integrin plays a role in SMAD

signaling (Fourel et al., 2016). We proposed a model wherein

β3 integrin is a key element that acts at early steps in a multistep

process by controlling both the phosphorylation of SMAD1 by

BMPR and the stability of pSMAD1 through the repression of

GSK3 activity. Here, we showed the early pSMAD1,5,9 is

regulated both by β3 integrin and by N-cadherin (Figure 6).

Our results are consistent with the role of β3 integrin in early

osteogenic differentiation (Yuh et al., 2020), which is associated

with tensile loading (Peng et al., 2021).

At later stages of the differentiation, β1 integrin is involved in

the control of other transcription factors like Osterix and

RunX2 and ALP expression, upon BMP-2 stimulation. This is

in agreement with the known role of β1 integrin in osteoblast

differentiation (Celil et al., 2005; Lai et al., 2006). However, we

noted that β1 integrin is a negative regulator of ALP expression.

Cadherin 11 is strongly involved in the positive regulation of

pSMAD1,5,9 RunX2 and ALP, and as a negative regulator of

osterix. Interestingly, β5 integrin appeared as a negative regulator
of Osterix and RunX2 (Figures 6, 7). β5 integrin may control

osteogenesis by regulating Wnt/β-catenin signaling through its

interaction with the protein half LIM domains protein 2 (FHL-2)

(Martin et al., 2002; Lai et al., 2006; Hamidouche et al., 2009).

Controlling the activity of GSK3 (Fourel et al., 2016) might be

an intermediate step for adhesive receptors to control osteogenic

genes. Indeed, GSK3 inhibition is central to control both the

intensity and the duration of SMAD and non-SMAD signals. Of

note β5 integrin and GSK3 have been both identified as

osteosarcoma markers (Le Guellec et al., 2013). In addition,

N-cadherin is involved in GSK3 and β-catenin
phosphorylation through Akt activation (Zhang et al., 2013)

and mediates osteogenesis by regulating Osterix through PI3K

signaling and GSK3 (Guntur et al., 2012). In another study,

mechanical strain was found to regulate osteoblast proliferation

through integrin-mediated ERK activation, with β1 and

β5 integrins having opposite effects. (Yan et al., 2012).

Cooperation between cadherin11 and
β1 integrin in controlling extracellular
matrix and tissue mechanics

Mechanotransduction, which is the transduction of

mechanical forces to biochemical signals, is an important

mechanism regulating both cellular and matrix mechanics to

control osteoblast maintenance and regeneration (Shih et al.,

2011). In line with this, our most intriguing result was the

reorganization of FN during transdifferentiation of

C2C12 cells (Figure 2) and the role of β1 integrin/

cadherin11 in this process (Figure 8). Our experiments did

not show that the global amount of FN increased in the

presence of BMP-2. This is in contrast to previous studies of
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other cell types and with different experimental conditions (Perez

et al., 2011; Fourel et al., 2016). Instead, our results showed

differences in FN organization. While C2C12 cells elongated FN

fibrils in the absence of BMP-2, FN localized at cell-cell contacts

with short fibrils, in the presence of bBMP-2 (Figure 2 and

Figure 8A) with is associated with the ability to form bone

nodules characterized by cell gathering (Figure 8A). Deletion

of β1 integrin or Cadherin11 disrupt the ability of cells to form

bone nodules (Figure 8A) through different impact of β1 integrin
and Cadherin11 on FN organization. Many data have shown that

β1 integrin plays an important role in osteoblast differentiation

and function (Moursi et al., 1997; Xiao et al., 1998; Wang and

Kirsch, 2006; Hamidouche et al., 2009; Brunner et al., 2011). Mice

expressing a dominant-negative β1 integrin subunit in mature

osteoblasts show reduced bone mass and defective bone

formation (Moursi et al., 1997). The control of β1 integrin

activation has been shown to be crucial in controlling matrix

assembly and osteoblast differentiation (Brunner et al., 2011).

Consistent with this, a study showed that Wnt-induced secreted

protein-1 (WISP-1/CCN4) promotes MSC osteogenic

differentiation in vitro by binding to integrin α5β1 and

enhancing the anabolic effect of BMP-2 (Ono et al., 2011).

WISP-1/CCN4 is a member of the CCN family of proteins,

which are secreted extracellular matrix-associated proteins, that

is highly expressed in skeletal tissues. Our results suggest a

mechanical role of β1 integrin and cadherin11. Even though

substrate stiffness and tethering is mostly known to affect focal

adhesions (Levental et al., 2009; Yu et al., 2010b; Trappmann

et al., 2012; Wen et al., 2014), increasing evidence suggests that it

may also affect cadherin-mediated intercellular adhesion

(Ladoux et al., 2010; Smutny and Yap, 2010). It has been

already shown that cadherin11 and β1 integrin regulate both

the contractile pathway through ROCK signaling to control

extracellular matrix mechanics (Clark et al., 2005; Brunner

et al., 2011; Faurobert et al., 2013; Alimperti et al., 2014). The

question is whether cooperation between β1 and

cadherin11 might affect intercellular stress or the strength of

adhesion to the extracellular matrix as function of bone

differentiation stages. Previous studies have shown

quantitatively that cells exert different traction forces on

pillars covered by fibronectin depending on the type of

cadherins (Jasaitis et al., 2012), and each type of cadherin

might be associated with specific intercellular adhesion

strengths (Chu et al., 2004) (Lai et al., 2006). It has also been

proposed that cadherin 11 regulates the cell-cell tension

necessary for calcified nodule formation by valvular

myofibroblasts (Hutcheson et al., 2013). How cadherin11 and

β1 integrin can work together at the molecular scale is still not

understood. Their unexpected localization may provide a part of

the answer. Surprisingly cadherin 11 has been localized at cell-

extracellular matrix contacts in focal adhesions (Langhe et al.,

2016) and fluorescence cross-correlation spectroscopy has

revealed the presence of the inactive form of α5β1 integrin at

cell-cell contacts, which was under the control of N-cadherin in a

zebrafish model (Julich et al., 2015). Altogether, these data

suggest that BMP-2 might tune interplay between N-cadherin/

Cadherin11 and integrin-dependent signals to control cell fate by

regulating the strength of adhesion to the extracellular matrix,

extracellular matrix remodeling and extracellular matrix

mechanics.
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