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Wnt, a family of secreted signal proteins, serves diverse functions in animal
development, stem cell systems, and carcinogenesis. Although Wnt is generally
considered a morphogen, the mechanism by which Wnt ligands disperse is still
debated. Heparan sulfate proteoglycans (HSPGs) are extracellular regulators involved
in Wnt ligand dispersal. Drosophila genetics have revealed that HSPGs participate in
accumulation and transport of Wnt ligands. Based on these findings, a “restricted
diffusion” model, in which Wnt ligands are gradually transferred by repetitive binding
and dissociation to HSPGs, has been proposed. Nonetheless, we recently found that
HSPGs are not uniformly distributed, but are locally clustered on cell surfaces in Xenopus
embryos. HSPGs with N-sulfo-rich HS chains and those with N-acetyl-rich unmodified
HS chains form different clusters. Furthermore, endogenous Wnt8 ligands are discretely
accumulated in a punctate fashion, colocalized with the N-sulfo-rich clusters. Based on
these lines of evidence, here we reconsider the classical view of morphogen spreading
controlled by HSPGs.

Keywords: HSPG, glypican, HS cluster, N-sulfation, NDST, Wnt, signaling, morphogen gradient

INTRODUCTION

It is generally recognized that functions of secreted signaling proteins, or morphogens, are
affected by heparan sulfate proteoglycans (HSPGs). Some of the greatest contributions to this
view have come from genetic research involving Drosophila (Yan and Lin, 2009). Historically,
genes responsible for segment polarity cuticle phenotypes, which are similar to the phenotypes
of wingless (wg; Drosophila ortholog of Wnt1), and hedgehog mutant embryos, were identified as
genes involved in glycogenesis of heparan sulfate (HS) chains (Binari et al., 1997; Hacker et al.,
1997; Haerry et al., 1997; Lin and Perrimon, 1999). Furthermore, genes encoding core proteins of
HSPGs, such as glypicans (Filmus et al., 2008) and enzymes for glycosaminoglycan (GAG) chains,
such as EXTs (Busse-Wicher et al., 2014), regulate signal transduction and extracellular trafficking
of morphogen proteins. In parallel with genetic research, biochemical studies have shown that HS
chains have high affinity for many kinds of morphogens, including FGF (Esko and Selleck, 2002)
and Wnt (Gao et al., 2016). Based on these studies, interactions between morphogens and HSPGs
have been considered crucial for generation and maintenance of signaling (Sarrazin et al., 2011).

Interestingly, HSPGs show variable GAG chain composition and core protein structure. GAG
chains are especially highly modified by N- and O-sulfation and the extent of these modifications
is variable (Esko and Selleck, 2002). This variation has been recognized for a long time, but it was
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unclear whether modifications of individual HS chains vary
within individual cells. However, our recent studies have revealed
that N-sulfo-rich and N-acetyl-rich HSPGs form different
clusters on individual cells (Mii et al., 2017). This new finding
suggests that distinct clusters of HSPGs regulate Wnt signaling
differently and that distribution of these clusters may govern
dispersal of signaling proteins and may define the signaling range
(distance) of morphogens. In this review, we will first provide a
general understanding of the structural and functional diversity
of HSPGs. Then we will document the clustering of specifically
modified HSPGs and propose a model by which Wnt signaling is
governed via interaction with clusters of HSPGs.

WNT SIGNALING AND INTERCELLULAR
DELIVERY

Wnt ligands activate several distinct cellular signaling pathways,
including the Wnt/β-catenin and Wnt/JNK pathways (Niehrs,
2012). Upon activation of the Wnt/β-catenin pathway, Wnt
ligands promote assembly of signaling complexes called
“signalosomes,” which involve Frizzled (Fz) receptors, Lrp5/6
coreceptors, and cytoplasmic components Dishevelled (Dvl)
and Axin (Bilic et al., 2007; Kikuchi et al., 2009). Formation
of signalosomes results in stabilization of cytosolic β-catenin,
thereby activating Tcf transcription factors and their target genes
(Kikuchi et al., 2009). In contrast, the Wnt/JNK pathway requires
Fz receptors and Dvl, and it activates small GTPases, such as
Rho and Rac, and the protein kinase, JNK (Niehrs, 2012). In
humans and mice, 19 Wnt ligands have been identified, and
some of them, Wnt1, Wnt3a, and Wnt8, preferentially activate
Wnt/β-catenin whereas others, Wnt5a and Wnt11, activate
mainly the Wnt/JNK pathway.

Most Wnt ligands are modified with palmitoleic acid and
delivered to neighboring cells (Takada et al., 2006). A number
of mechanisms have been proposed to explain Wnt delivery
(Takada et al., 2017). For instance, extracellular vesicles, like
exosomes (Gross et al., 2012), lipoprotein particles (Panakova
et al., 2005), and filopodia-like cellular processes called cytonemes
(Stanganello et al., 2015; Stanganello and Scholpp, 2016) have
been shown to mediate Wnt delivery. In contrast, secreted
Wnt does not appear to exist as a monomer, because no
monomeric form was detected in the culture medium of Wnt3a-
expressing mouse L cells (Takada et al., 2018). Rather, Wnt3a
protein forms heteromeric complexes with partner proteins or
assembles itself into high-molecular-weight complexes, which are
less diffusible and which easily dissociate to form complexes with
Fz receptors (Takada et al., 2018). In embryos, some Wnt-binding
proteins facilitate Wnt delivery. Some secreted Frizzled-related
proteins (sFRP), sFRP2 and Frzb, form heteromeric complexes
with Wnt so as to enhance their delivery in Xenopus embryos
(Mii and Taira, 2009; Takada et al., 2018). Similarly, swim,
a member of the Lipocalin family of extracellular transport
proteins, facilitates Wg diffusion in Drosophila imaginal disks
(Mulligan et al., 2012).

In addition to these delivery systems, HSPGs are also involved
in Wnt delivery. Genetic studies in Drosophila suggest that
HSPGs either enhance signaling by Wnt ligands or delivery of

Wnt ligands to neighboring cells in a context-dependent manner
(Han et al., 2004b; Franch-Marro et al., 2005; Yan and Lin, 2009).
It has been proposed that HSPGs mediate Wnt delivery by
a restricted-diffusion mechanism, in which Wnt ligands are
transported in a “bucket brigade” manner by repeated association
and dissociation with HSPGs on cell membranes (Yan and Lin,
2009). The restricted diffusion model has been adopted to explain
the mechanism of delivery of several secreted signal proteins,
including Wnt. However, results of recent quantitative analyses
do not appear to support this model. For instance, Dpp diffuses
freely in Drosophila wing disks (Zhou et al., 2012). Similarly,
freely diffusing forms of Wnt8 have also been detected in Xenopus
embryos (Mii et al., 2020). These examples imply that the
restricted diffusion model should be carefully reconsidered.

CHARACTERISTICS OF CORE
PROTEINS AND SUGAR CHAINS OF
HSPGS

HSPGs are composed of core proteins with attached heparan
sulfate (HS) GAG chains. Approximately 20 core proteins have
been identified and are classified into several families, based
upon their structures (Sarrazin et al., 2011). Proteins of the two
major families, the glypican and syndecan families, are attached
to cell membranes (Bernfield et al., 1999). Glypican family
proteins, including GPC1-6 in vertebrates and Dally and Dally
like protein (Dlp) in Drosophila, are linked to the membrane
by glycerophosphatidylinositide (GPI)-anchors. These glypicans
can be divided into two subgroups based upon amino acid
sequence homology. GPC1/2/4/6 and Dlp form one group, while
GPC3/5 and Dally form the other (Filmus et al., 2008). Evidence
suggests some functional differences among glypicans, but it
remains to be seen whether such differences result from structural
differences between the subfamilies (Han et al., 2004b; Franch-
Marro et al., 2005; Yan and Lin, 2009). Glypican family proteins
commonly have a cysteine-rich domain at their N-termini and
several HS attachment sites close to the membrane anchoring
site. Interestingly, the structure of this cysteine-rich domain is
similar to that of Fz and it mediates Wnt binding (Topczewski
et al., 2001). On the other hand, syndecan family members
(SDC1-4 in vertebrates and a single syndecan in Drosophila)
are transmembrane proteins. Syndecans bear HS chains at
their N-termini and some SDCs also bear chondroitin sulfate
(Gondelaud and Ricard-Blum, 2019). In addition to these two
types of cell surface HSPGs, secreted HSPGs (perlcan, agrin,
and collagen type XVIII in vertebrates and terribly reduced
optic lobes (trol) in Drosophila), have also been identified.
Secreted HSPGs are mainly found in the extracellular matrix
(Sarrazin et al., 2011).

HS chains are linear polysaccharides that contain 20–150
repeating disaccharide units of N-acetylglucosamine (GlcNAc)
and either uronic acid [glucuronic acid (GlcA) or iduronic acid
(IdoA)] (Sarrazin et al., 2011). These chains are synthesized
in the Golgi by sequential actions of glycosyl transferases
and modification enzymes (Esko and Selleck, 2002). HS chain
synthesis is initiated by adding tetrasaccharide linkers to
serine residues in the core proteins. Then, a number of
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disaccharide units are sequentially attached to HS chains by
co-polymerases known as Ext1 and Ext2 [Tout-velu (Ttv) and
Sister of ttv (Sotv) in Drosophila]. Following this polymerization
process, elongated HS chains are extensively modified by
sulfotransferases and an epimerase. For instance, GlcNAc
N-deacetylase/N-sulfotransferase [NDST1-4, or sulfateless (sfl) in
Drosophila] catalyzes GlcNAc N-deacetylation and N-sulfation
(Figure 1A), and C5 epimerase converts GlcA to IdoA. In
addition, 2-O-Sulfotransferase, 6-O-Sulfotransferases, and 3-
O-Sulfotransferases variously catalyze O-sulfation at C2 of
uronic acid, at C6 of N-acetyl- and N-sulfo-glucosamine, and
at C3 of glucosamine, respectively. Notably, these reactions
do not proceed to completion in the Golgi, resulting in
structural diversity of HS chains. Domains rich in N-sulfated
disaccharides and those rich in unmodified disaccharides, that
is, N-acetyl disaccharides, exist on HS chains (NS or NA
domains, respectively, Figure 1B; Gallagher and Walker, 1985;
Maccarana et al., 1996; Bernfield et al., 1999). In the N-sulfated
rich domain, O-sulfation is also frequently detected. Thus,
these modifications appear to occur commonly among adjacent
disaccharides in HS synthesis.

INVOLVEMENT OF GLYPICANS IN WNT
SIGNALING AND DISTRIBUTION

Genetic studies using Drosophila illustrate the importance of
HSPGs in Wnt signaling. For instance, loss-of-function of
glypican, Dally or Dlp, results in reduction of Wg signaling and
extracellular Wg levels in wing disks (Franch-Marro et al., 2005;
Han et al., 2005). Similarly, Wg signaling and the extracellular
distribution of Wg are reduced in cells deficient in genes required
for biosynthesis of HS chains, including sugarless (UDP-glucose
dehydrogenase) (Hacker et al., 1997; Haerry et al., 1997), sfl
(NDST) (Lin and Perrimon, 1999; Baeg et al., 2004), and Ttv
and Sotv (EXTs) (Han et al., 2004a; Takei et al., 2004). Thus,
HSPGs are essential for proper signaling and distribution in
fly development.

In vertebrates, HSPGs may modulate various extracellular
signaling proteins, but several lines of evidence confirm their
involvement in Wnt signaling. For instance, in zebrafish and
Xenopus, disruption of gpc4/knypek function causes defects
in convergent extension movement, which is modulated by
Wnt/JNK signaling, during gastrulation (Topczewski et al.,
2001; Ohkawara et al., 2003). Mouse embryos lacking Gpc3
show reduced Wnt/JNK signaling (Song et al., 2005). Cell
culture studies indicate that glypicans appear to modulate
β-catenin-dependent and -independent pathways in vertebrate
cells, depending on different membrane microdomains (Sakane
et al., 2012). In addition to glypicans, other HSPG core proteins,
syndecan and perlecan, are involved in Wnt signaling, but will
not be considered here.

One of the important issues regarding Wnt binding is
whether HSPG core proteins or GAG chains are required. Since
Gpc3 lacking GAG chains can bind to several Wnt ligands
and can positively regulate canonical Wnt signaling (Capurro
et al., 2005), glypican core protein appears sufficient for Wnt
binding. In contrast, involvement of GAG chains for interaction

with Wnt has also been reported. Wnt8 accumulation upon
overexpression of Gpc4 or Gpc5 appears to be HS chain-
dependent, because 1GAG mutants of these glypicans do not
accumulate Wnt8 (Mii et al., 2017). Furthermore, Drosophila
mutants with impaired HS chains suggest essential roles for HS
chains in Wg binding and regulation (Lin and Perrimon, 1999;
Baeg et al., 2004; Takei et al., 2004). Thus, in addition to core
protein, HS chains appear to be required for Wnt signaling
in vivo.

HS CLUSTERS AND WNT SIGNALING

Assembly of HSPGs With Similarly
Modified HS Chains
For better understanding of HSPG-mediated Wnt signaling
and dispersal, it is important to understand the spatial
distribution of HSPGs in tissues or cells. Given the variability
in core proteins and HS chain composition, it is important
to examine the expression pattern of each core protein
and fine localization patterns of HS chain modifications.
Using two monoclonal antibodies, HepSS-1 (Kure and Yoshie,
1986; van den Born et al., 2005) and NAH46 (Suzuki
et al., 2008), which recognize HS chains of N-sulfated
(GlcA-GlcNS)n and unmodified N-acetylated (GlcA-GlcNAc)n
structures, respectively, distributions of differently modified
HS chains were examined in Xenopus embryos at gastrula
stage. At this stage, Wnt8 is expressed in the ventral and
lateral marginal zone and participates in ventral mesodermal
patterning. Immunostaining with either of these two antibodies
showed that HSPGs that react with these antibodies are not
uniformly distributed on cell surfaces. Instead, they aggregate
locally to form discrete clusters (Figures 1C,D). Increased or
decreased expression of NDST1, which catalyzes N-sulfation of
HS disaccharides, showed that HepSS-1 and NAH46 clusters
actually represent N-sulfo- or N-acetyl-rich clusters, respectively.
These results suggest that HSPGs with N-sulfo-rich or N-acetyl-
rich HS chains form discrete clusters, designated “HS clusters” on
the cell surface (Mii et al., 2017).

Distinct Roles of HS Clusters in Wnt
Signaling and Dispersal
These two types of clusters show different specificities for secreted
signal proteins. First, Wnt ligands are specifically colocalized
with N-sulfo-rich clusters. In Xenopus embryos, endogenous,
as well as overexpressed Wnt8 ligands, are also distributed
in a punctate pattern on cell surfaces. Most of these dots
overlap with N-sulfo-rich clusters (Figure 1E). This interaction
between Wnt8 and N-sulfo-rich HSs is dependent on N-sulfation,
because overexpression of ndst1 increases N-sulfation levels
and Wnt8 accumulation, and vice versa. Thus, N-sulfo-rich
HS clusters serve as major scaffolds where Wnt8 ligands are
trapped in Xenopus embryos (Mii et al., 2017). On the other
hand, N-acetyl-rich HS clusters serve as scaffolds for Frzb (Leyns
et al., 1997; Wang et al., 1997), a member of the secreted
Frizzled-related protein (sFRP) family (Bovolenta et al., 2008;
Mii and Taira, 2011).
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FIGURE 1 | Models explaining the diversity of HS chain modification of HSPGs. (A) N-sulfation of GlcA-GlcNAc units of HS chains by NDST. HS chains are
synthesized by sequential actions of glycosyl transferases and modification enzymes. After polymerization of disaccharide units, elongated HS chains are extensively
modified by sulfotransferases, including GlcNAc N-deacetylase/N-sulfotransferase (NDST), which catalyzes N-sulfation of GlcA-GlcNAc units of HS chains. (B) NA
and NS domain model. Analysis of the oligosaccharides of HS chains obtained by digestion under conditions in which N-sulfated GlcA-GlcNAc units are selectively
attacked, showed that various heparan sulfate samples all contained regions of consecutive N-sulfated GlcA-GlcNAc units, as well as contiguous N-acetylated ones
(Gallagher and Walker, 1985; Maccarana et al., 1996; Bernfield et al., 1999). These findings suggest that modifications occur in clusters of variable length (N-sulfated
or NS domains), which are interspersed among unmodified domains (N-acetylated or NA domains). It has been proposed that these two domains coexist on single
HS chains. (C) N-acetyl-rich and N-sulfo-rich HS cluster model. Recently, Mii et al. found that N-sulfo-rich and N-acetyl-rich HSPGs are clustered independently on
cell membranes of Xenopus embryos and on cultured cells (Mii et al., 2017). This new finding strongly suggests that NS and NA domains do not exist randomly on
individual HS chains. Rather, the extent of N-sulfation appears to vary between HSPG clusters. Although N-sulfo-rich and N-acetyl-rich clusters rarely overlap on the
cell surface, it cannot be excluded that HS chains in N-sulfo-rich and N-acetyl-rich HS clusters may contain some NA and NS domains, respectively.
(D) N-acetyl-rich and N-sulfo-rich HS clusters in a Xenopus embryo. Double color immunostaining with direct-labeled NAH46 (anti-N-acetyl subunits) and HepSS-1
(anti-N-sulfo subunits) antibodies shows clustered distributions of HS chains recognized by these antibodies (Mii et al., 2017). Notably, NAH46 and HepSS-1 staining
do not largely overlap, but rather show distinct distributions. (E) Endogenous Wnt8 colocalized with N-sulfo rich HS clusters. Double color immunostaining with
anti-Wnt8 and HepSS-1 antibodies shows that Wnt8 staining mostly overlaps with HepSS-1 staining. Colocalization is indicated with closed (cell boundary) and
open (inside cells) arrowheads. Scale bars, 20µm.
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Wnt ligands trigger formation of signalosomes (Bilic et al.,
2007), which are subsequently internalized by caveolin-mediated
endocytosis (Yamamoto et al., 2006; Kikuchi et al., 2009). In
signalosomes, Fz receptors, LRP5/6 coreceptors, and cytoplasmic
components, including Dvl and Axin, are assembled to facilitate
phosphorylation of LRP5/6, which is essential for activation
of canonical Wnt signaling (Bilic et al., 2007; Kikuchi et al.,
2009). Notably, N-sulfo-rich HS clusters, but not N-acetyl-rich
HS clusters, are frequently internalized (Mii et al., 2017). In the
presence of Wnt8, phosphorylated LRP6 is preferentially detected
at N-sulfo-rich HS clusters, but NDST1 knockdown reduces LRP6
phosphorylation and also Wnt/β-catenin signaling. Consistent
with these results, NDST1 knockdown inhibits secondary axis
formation caused by ventral injection of wnt8 mRNA in Xenopus
embryos. It was also shown that Wnt3a and signalosome
components are localized with N-sulfo-rich HS in HeLa cells.
These results suggest that N-sulfo-rich HS clusters are required
for Wnt/β-catenin signaling and signalosome formation in
Xenopus embryos and cultured cells. Because N-sulfo-rich HS
clusters form independently of Wnt ligand, it seems probable
that N-sulfo-rich HS clusters serve as pre-existing scaffolds to
assemble signalosomes (Mii et al., 2017).

As described above, Wnt8 associates with N-sulfo-rich
HS clusters in Xenopus embryos. However, when Frzb is
overexpressed, Wnt8 association with N-sulfo-rich HS clusters
decreases, and Wnt8 then associates with N-acetyl-rich clusters
via Frzb (Mii et al., 2017). Given that Wnt8 forms a heteromeric
complex with Frzb (Leyns et al., 1997; Wang et al., 1997), Wnt8
that forms these heteromeric complexes probably associates with
N-acetyl-rich clusters. In contrast, other forms of Wnt8, such
as Wnt8 in extracellular vesicles or in homomeric complexes
(Takada et al., 2018), as indicated above, may associate with
N-sulfo-rich clusters. In Xenopus embryos, ectopically expressed
Wnt8 shows only a short distribution range, but this range can be
expanded if Frzb, which shows a much longer one, is coexpressed
with Wnt8 (Mii and Taira, 2009). Thus, in this context, it seems
probable that N-acetyl-rich HS clusters serve as scaffolds that
enable more long-range delivery of Wnt8/Frzb complexes.

We recently found that some Wnt8 diffuses freely, but that
the majority of it is bound to cell surface scaffolds, probably
HSPG clusters (Mii et al., 2020). Interestingly, Wnt8 molecules
bound to scaffolds seem to be released occasionally, but diffusing
away rather than being trapped on the adjacent cell surface.
Thus, in contrast to predictions by the restricted diffusion
model (Figure 2A), “bucket-brigade”-type transfer of Wnt8 was
not detectable on cell surfaces (Mii et al., 2020). Given that
scaffolds are scattered on cell membranes, Wnt8 molecules,
probably associating with Frzb, are likely to be delivered over long
distances by jumping between the scaffolds, probably provided
by N-acetyl-rich clusters (Figure 2B; Mii and Taira, 2009;
Mii et al., 2017).

Specificity of Glypicans for Distinct HS
Clusters
Evidence suggests that glypicans are the major core proteins of
these HS clusters. PI-PLC treatment and cholesterol removal

with methyl-β-cyclodextran reduced HS clusters, suggesting that
GPI-anchored proteins, most probably glypicans, are involved
in clustering. Among glypicans, Gpc4 and Gpc5 are highly
expressed in Xenopus gastrulae. We demonstrated that Gpc5,
an ortholog of Drosophila Dally, bears mainly N-sulfo-rich HS,
whereas Gpc4, an ortholog of Dlp, bears both N-sulfo-rich and
N-acetyl-rich HS (Mii et al., 2017). Thus, although glypican core
proteins provide a molecular basis for clustering, composition of
core proteins appears to differ between the two cluster types. On
the other hand, it is still uncertain whether other core proteins,
such as syndecans, are involved in formation of HS clusters.

Interestingly, Dally and Dlp appear to modulate Wg signaling
and distribution differently in Drosophila wing disk (Franch-
Marro et al., 2005; Han et al., 2005). Dally enhances Wg
signaling through DFz2 receptors and internalization of receptor
complexes. On the other hand, Dlp exhibits biphasic activity
in Wg signaling and distribution. While Dlp acts as a positive
regulator in regions distal from Wg-producing cells, it also acts
as a negative regulator proximally. This biphasic behavior can
be explained if Dlp delivers captured Wg to Fz receptors on the
same cell or passes it to neighboring cells, depending on the
cellular context. In view of phylogenetic relationships of these
Drosophila glypicans to Gpc5 and Gpc4, as shown above, we
propose that the specificity of the two glypican subfamilies in
Wnt signaling and distribution is consistent among invertebrates
and vertebrates.

Mechanisms by Which Discrete HS
Clusters Are Formed
It remains to be determined how these two distinct types of
clusters are generated. To answer this question, understanding
the regulation of HS modifications in the ER and/or the Golgi
seems to hold the key. Interestingly, it has been suggested that
NDST1 is associated with Ext1 or Ext2 in the Golgi, forming
an HS biosynthesis complex called a GAGosome (Esko and
Selleck, 2002). The stoichiometry and composition of these
enzymes in GAGosomes may affect modifications of HS chains,
such as N-sulfation (Presto et al., 2008). Given that some
types of GAGosomes are localized in particular regions in
the Golgi, this spatial heterogeneity may generate differential
N-sulfation even within a single cell. Consistent with this
idea, sulfateless, Drosophila NDST localizes in a specific sub-
compartment of the Golgi apparatus (Yano et al., 2005). On the
other hand, biosynthesis and transport of 3′-phosphoadenyl 5′-
phosphosulfate (PAPS), a sulfuryl group donor, are required for
proper sulfation reactions (Kurima et al., 1998; Esko and Selleck,
2002; Kamiyama et al., 2003). If local abundance or absence
of PAPS exists in Golgi, this could be a mechanism generating
distinct modifications of HS clusters.

PERSPECTIVES

In this review, we proposed that novel types of HSPGs, N-sulfo-
and N-acetyl-rich HS clusters, provide insight into regulation of
secreted signaling proteins, such as Wnt. HS clusters enable cells
to regulate Wnt8 and its binding protein, Frzb, in a controlled
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FIGURE 2 | Models to control Wnt signaling and dispersal by HSPGs. (A) Restricted diffusion model. Based on genetic studies in Drosophila, it has been proposed
that HSPGs mediate Wnt delivery by a restricted-diffusion mechanism, in which Wnt ligands are transported in a “bucket brigade” manner by repeated association
and dissociation with HSPGs on cell membranes (Yan and Lin, 2009). (B) Model to explain Wnt signaling and delivery by clustering of HSPGs. Wnt8 preferentially
binds to N-sulfo-rich HS clusters and Frzb binds to N-acetyl-rich clusters (upper; Mii et al., 2017). Accumulation of Wnt8 on N-sulfo-rich HS clusters leads to
signalosome formation and internalization of Wnt8, which may contribute to degradation of Wnt8. When Frzb is abundant (lower), Wnt8-Frzb complexes bind to
N-acetyl-rich HS clusters, which may reduce degradation of Wnt8 (Mii et al., 2017). Given that these two clusters are not distributed uniformly on the cell surface, it
seems unlikely that Wnt ligands are transported in a “bucket brigade” manner between these clusters. Since N-sulfo-rich HS clusters are frequently internalized, this
cluster appears to shorten the distribution range of Wnt8 (Mii and Taira, 2009). On the other hand, N-acetyl-rich HS clusters tend to remain on the cell surface,
resulting in long-range distributions of Frzb as well as Wnt8-Frzb complexes (Mii and Taira, 2009). One possible model is that the balance of Wnt interactions
between N-sulfo-rich HS clusters and N-acetyl-rich HS clusters may regulate Wnt signaling range in tissues.
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manner. Although organization of HSPGs is difficult to analyze
by biochemical methods, we assume that various types of HS
clusters could be involved in many aspects of embryogenesis and
homeostasis. Hypothetical HS clusters with various modifications
could serve as specific platforms on cell surfaces for various
secreted proteins, as exemplified by combinations of Wnt8-N-
sulfo-rich HS clusters and Frzb-N-acetyl-rich HS clusters (Mii
et al., 2017). Future studies will focus on the generality of this
finding, especially in other biological systems and with other
modifications of HS chains. Given that HSPGs modulate Wnt
signaling in various diseases (Capurro et al., 2005; Zittermann
et al., 2010; Lund et al., 2020), HS modification and clustering
could influence disease progression.
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Heparanase Promotes Syndecan-1
Expression to Mediate Fibrillar
Collagen and Mammographic
Density in Human Breast Tissue
Cultured ex vivo
Xuan Huang1,2,3, Gina Reye1,2,3, Konstantin I. Momot1,4, Tony Blick1,2,3, Thomas Lloyd5,
Wayne D. Tilley6, Theresa E. Hickey6, Cameron E. Snell7,8, Rachel K. Okolicsanyi1,3,9,
Larisa M. Haupt1,3,9, Vito Ferro10, Erik W. Thompson1,2,3*† and Honor J. Hugo1,2,3*†

1 Institute of Health and Biomedical Innovation, Queensland University of Technology, Kelvin Grove, QLD, Australia,
2 Translational Research Institute, Woolloongabba, QLD, Australia, 3 School of Biomedical Science, Queensland University
of Technology, Brisbane, QLD, Australia, 4 Faculty of Science and Engineering, Queensland University of Technology,
Brisbane, QLD, Australia, 5 Radiology Department, Princess Alexandra Hospital, Woolloongabba, QLD, Australia, 6 Dame
Roma Mitchell Cancer Research Laboratories, Adelaide Medical School, University of Adelaide, Adelaide, SA, Australia,
7 Cancer Pathology Research Group, Mater Research Institute, The University of Queensland, Brisbane, QLD, Australia,
8 Mater Pathology, Mater Hospital Brisbane, South Brisbane, QLD, Australia, 9 Genomics Research Centre, School
of Biomedical Sciences, Institute of Health and Biomedical Innovation, Queensland University of Technology, Kelvin Grove,
QLD, Australia, 10 School of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane, QLD, Australia

Mammographic density (MD) is a strong and independent factor for breast cancer (BC)
risk and is increasingly associated with BC progression. We have previously shown in
mice that high MD, which is characterized by the preponderance of a fibrous stroma,
facilitates BC xenograft growth and metastasis. This stroma is rich in extracellular
matrix (ECM) factors, including heparan sulfate proteoglycans (HSPGs), such as the
BC-associated syndecan-1 (SDC1). These proteoglycans tether growth factors, which
are released by heparanase (HPSE). MD is positively associated with estrogen exposure
and, in cell models, estrogen has been implicated in the upregulation of HPSE, the
activity of which promotes SDC expression. Herein we describe a novel measurement
approach (single-sided NMR) using a patient-derived explant (PDE) model of normal
human (female) mammary tissue cultured ex vivo to investigate the role(s) of HPSE
and SDC1 on MD. Relative HSPG gene and protein analyses determined in patient-
paired high vs. low MD tissues identified SDC1 and SDC4 as potential mediators
of MD. Using the PDE model we demonstrate that HPSE promotes SDC1 rather
than SDC4 expression and cleavage, leading to increased MD. In this model system,
synstatin (SSTN), an SDC1 inhibitory peptide designed to decouple SDC1-ITGαvβ3
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parallel collagen alignment, reduced the abundance of fibrillar collagen as assessed
by picrosirius red viewed under polarized light, and reduced MD. Our results reveal a
potential role for HPSE in maintaining MD via its direct regulation of SDC1, which in
turn physically tethers collagen into aligned fibers characteristic of MD. We propose that
inhibitors of HPSE and/or SDC1 may afford an opportunity to reduce MD in high BC risk
individuals and reduce MD-associated BC progression in conjunction with established
BC therapies.

Keywords: mammographic density, breast cancer, heparanase, syndecan-1, NMR

INTRODUCTION

In Australia, mammographic screening reduces mortality by
around 50% for screening participants (Roder et al., 2008;
Nickson et al., 2012). However, mammographic test sensitivity
is impaired in women who have high mammographic density
(HMD), where the dense area on the mammogram can mask
BC-associated features, contributing to an increase in “interval
cancers” that arise within 1–2 years of a “clear” mammogram, and
an increase in false negative and false positive screens (Nelson
et al., 2016). HMD is therefore an important impediment to
effective screening.

After adjusting for age and body mass index (BMI), on a
population basis HMD is also one of the strongest risk factors
for BC. Breast cancer is currently diagnosed in 1 in 8 Australian
women over their lifetime, and accounts for ∼19,500 cases and
3,000 deaths annually (AIHW, 2019), making BC the major cause
of female cancer-associated death in Australia. HMD is common;
∼43% of women aged between 40 and 74 have heterogeneously
or extremely dense breasts, wherein HMD regions represent
greater than 50% of the total area (Sprague et al., 2014). An
underappreciated fact is that HMD-associated BC risk is more
impactful than other known risk factors, including the BRCA1/2
BC predisposition genes, when considered on a population-
wide basis (Hopper, 2015). In addition to increased BC risk,
evidence is also emerging that HMD is associated with increased
BC recurrence (Hwang et al., 2007; Cil et al., 2009; Shawky
et al., 2015, 2019; Huang et al., 2016) and treatment resistance
(Elsamany et al., 2015). Thus, interventions that reduce MD
may offer new avenues for the prevention, diagnosis and
treatment of BC.

A standout molecular feature of HMD is the preponderance
of extracellular matrix (ECM), largely comprised of collagen
fibers and proteoglycans (PGs), which are carbohydrate-coated
proteins (Huo et al., 2014; Shawky et al., 2015). Abnormalities
in ECM have been implicated in many pathologies, including
cancer (Lu et al., 2012). Importantly, targeting ECM components
has proven efficacious for the treatment of some diseases
(Jarvelainen et al., 2009; Ferro et al., 2012). In the breast,
increased abundance and organization of collagen is associated
with HMD (Boyd et al., 2010; Huo et al., 2015; McConnell
et al., 2016) and our LMD vs HMD “within breast” comparative
data have confirmed that collagen-rich ECM is the most
discriminatory feature of HMD (Lin et al., 2011; Huo et al., 2015).
Accumulation of collagen can influence mammary malignancy

both in vitro (Provenzano et al., 2008; Levental et al., 2009)
and in vivo (Provenzano et al., 2009), and the collagen profile
of HMD predicts poor survival in BC (Conklin et al., 2011).
Although dense collagen is undoubtedly a major feature of HMD-
associated ECM, it forms a scaffold for a wide range of around 350
distinct ECM proteins, collectively called the “Matrisome,” which
includes many PGs (Naba et al., 2012). HMD stroma has many
similarities with BC-associated stroma, where both promote the
progression of malignancy. To date, the specific components of
HMD ECM that promote BC are unknown. One candidate of
interest, SDC1, has been positively associated with both HMD
and BC (Shawky et al., 2015). HMD is ∼60% genetically inherited
(Boyd et al., 2002), and GWAS studies have identified single
nucleotide polymorphisms (SNPs) in several PGs and in PG-
modifying enzymes that correlate with increased BC risk (Shawky
et al., 2015). In particular, we have identified SDC1 and SDC4
SNPs in BC (Okolicsanyi et al., 2015).

The heparan sulfate proteoglycan (HSPG) family of
glycoproteins include membrane bound proteins SDC1 and
SDC4, glypican (GPC 1-6), beta-glycan, neuropilin-1 and
CD44 (hyaluronic acid receptor), secreted extracellular matrix
components (agrin, perlecan, type XVIII collagen), and the
secretory vesicle molecule, serglycin (Sarrazin et al., 2011).
HSPGs are widely involved in biological activities, including
cell signaling, cell adhesion, ECM assembly, and growth factor
storage (reviewed in Nagarajan et al., 2018). HSPGs display
primarily heparan sulfate-containing glycosaminoglycan (GAG)
side chains that bind growth factors, which are in turn released
by the action of HPSE (Shawky et al., 2015). This enzyme trims
HS GAG chains from HSPGs (including SDC1), allowing the
PG core proteins to be cleaved by enzymes such as MMP-9.
For SDC1, this results in release from the cell membrane.
Furthermore, a positive feedback loop occurs whereby SDC1
shedding stimulates its own expression (Ramani et al., 2012).
Shed SDC1 is also taken up by BC cells to promote proliferation
(Su et al., 2007), and has been shown to be important in Wnt
signaling, contributing to tumorigenesis (Alexander et al., 2000).

HPSE expression strongly correlates with poor survival in BC
(Sun et al., 2017) and serum levels of shed SDC1 have been
identified to be informative in regards to progression of several
cancers including breast (Joensuu et al., 2002; Vassilakopoulos
et al., 2005; Szarvas et al., 2016). Shed SDC1 abundance detected
in serum has been associated with BC size (Malek-Hosseini
et al., 2017), and to be a result of chemotherapy (Ramani and
Sanderson, 2014). SDC1 gene expression in BC can be prognostic
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(Cui et al., 2017), with its induction in stromal fibroblasts
identified in invasive BC (Yang et al., 2011; Vlodavsky et al.,
2012). Of relevance to BC, HPSE action to deglycanate SDC1 is
essential for the binding of the core protein of SDC1 with lacritin,
a protein known to be expressed in the breast, enabling mitogenic
signaling (Weigelt et al., 2003; Ma et al., 2006).

Recent data identifying a positive association of HMD with
lifetime exposure to estrogens is also a key finding to our
understanding of MD in BC (Huo et al., 2015). Estrogen
unequivocally promotes MD, as evidenced by data showing
alterations of MD with hormone contraceptives, hormone
replacement therapy (Greendale et al., 1999; Byrne et al.,
2017), menopause (Stone et al., 2009), and treatment with anti-
estrogenic drugs (Chew et al., 2014; Shawky et al., 2017). Estrogen
also influences cells within the tumor microenvironment, causing
immunosuppression (Rothenberger et al., 2018). However, the
mechanistic basis of estrogen promotion of MD is, as yet,
unknown. Crucially, however, estrogen can directly upregulate
HPSE in MCF-7 cells (Elkin et al., 2003; Xu et al., 2007),
and thus the E2/HPSE/SDC1 axis has strong potential as the
mediator of MD effects on BC through autocrine/paracrine pro-
malignant actions.

We hypothesized that estrogen promotes HMD by up-
regulating HPSE and SDC1 as part of its pro-oncogenic effects.
Using anti-estrogens as well as HSPE inhibitors developed for
cancer treatment and in use in clinical trials, and the SDC1
specific inhibitor SSTN, we investigated their effects in patient-
derived explants of normal mammary tissue cultured over a 2
week period. Our data identified that MD change was detectable
and linked to the estrogen-HPSE-SDC1 axis.

MATERIALS AND METHODS

Patient Cohort
Human breast tissue specimens with no evidence of malignancy,
and surplus to pathology needs, were accrued from prophylactic
mastectomy surgeries, primarily in women with high BC risk,
as determined by family history of breast cancer and/or with
contralateral benign or malignant disease. Tissue from patients
on recent (<6 months) hormone-based therapies or patients
who carried BRCA1/2 mutations were excluded from the study.
The demographics of the patients who donated their breast
tissue for this study are detailed in Table 1. The study was
approved by the Metro South Hospital and Health Services,
Queensland (HREC/16/QPAH/107). Resected breast tissue was
placed on ice and taken to the Pathology Department at the
respective hospital, cut into 1–1.5 cm thick slices and checked
for lesions. Up to 3 slices were then obtained and used in this
project. Some tissues were processed for downstream analyses
and some HMD regions were delegated to culture as patient-
derived explants.

RNA Extraction and RT-qPCR
RNA was extracted from human breast tissue after
homogenization into TRIzol (Ambion, Life Technologies)
using Qiagen Tissue Lyser II with metal beads. At the 1:1

TABLE 1 | Patient demographics from which tissue was examined for this study.

Patient ID Age Menopausal status BIRADs density score

GPH008M 30 Pre 3

MPRIV015R 29 Pre 1

MPRIV022M 41 Pre 4

PAH001R 41 Pre 2

PAH005M 41 Pre 2

PAH010M 34 Pre 2

PAH021M 23 Pre 1

PAH025M 34 Pre 1

PAH033M 41 Pre 4

907 – – –

P15800 – – –

MATER004M – – –

UR933036 48 Peri 2

GPH012M 53 Post 2

GPH019M 43 Post 2

PAH032M 48 Post 3

PAH040M 48 Post 4

isopropanol: sample step, the solution was added to a Bioline
RNA extraction column (Catalog no BIO-52075) to purify
RNA according to manufacturer’s instructions. RT-qPCR was
performed as previously described (Hugo et al., 2013). Primer
sequences are detailed in Table 2.

Immunohistochemistry
Cut sections of HMD vs. LMD, were fixed overnight in 4%
paraformaldehyde made up in PBS at 4 degrees, processed to
paraffin, sectioned and stained with various primary antibodies
(detailed in Table 3) on an automated system (Ventana Discovery
Ultra, Roche, Switzerland). “Intensity” (as specified on Y axes in
Figures 1A–E) represents per cent DAB positivity per tissue area,
and was determined using ImageJ, where DAB brown positive
tissue regions were separated using a Color Deconvolution
plugin (H DAB), a threshold applied, and percentage positive
area quantified.

Patient-Derived Explants of Normal
Breast Tissue
Briefly, ∼2 cm3 sized pieces of breast tissue excised from
high, medium or low MD regions, determined from a slice
mammogram by a radiologist (TL), were cut into smaller
pieces of ∼0.5 cm3 in size and placed onto a gelatin sponge
scaffold submerged in media inside a well of a 24-well culture
plate. Viability of this tissue was then maintained for up
to 2 weeks in 24 well plates, submerged in basal media as
previously described (Centenera et al., 2018) to sustain tissue
viability and hormone responsiveness. For HPSE inhibitor
treatment, this basal media comprised of RPMI containing
10% FBS (Thermofisher Scientific, Australia), 1 x penicillin
and streptomycin (Merck, Australia), 100 µg/mL hydrocortisone
(Merck, Australia) and 100 µg/mL insulin (Merck, Australia)
was supplemented either one of the following: 100 µM
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FIGURE 1 | PGs expression in HMD vs. LMD. (A) RT-qPCR for various HSPG proteins and HPSE (HPSE) in HMD vs. LMD paired patient tissue. Fold change
(HMD/LMD) gene expression from 15 patients, plotted on a logarithmic Y-axis. Delta CT values were obtained using L32 as the housekeeper gene, then converted
to ddCT (2CT) for all fold change calculations. Student’s paired t test was used to determine significance, where ∗∗p < 0.001 and ∗∗∗p < 0.0001. Significance was
achieved after adjustment for multiple testing. (B) Assessment of SDC1 and SDC4 protein expression in HMD vs. LMD tissues. Representative IHC images are
displayed with intensity data (% DAB positivity per tissue area) plotted underneath. Lobular epithelium, n = 4 pairs for SDC1, n = 9 pairs for SDC4; (C) Stromal
regions, n = 35 pairs for SDC1, n = 30 for SDC4. (D) Ductal vs. lobular epithelium (HMD only shown) for SDC1 or SDC4, n = 8 pairs for SDC1 and n = 12 for SDC4.
(E) Ductal vs. lobular epithelium (HMD only shown) for HPSE, n = 12 pairs analyzed. Student’s paired T-test was used to determine significance, where p < 0.001 is
indicated by ∗∗ and p < 0.0001 is indicated by ∗∗∗. All images were captured at 10x magnification, scale bar = 50 µM.
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TABLE 2 | Sequences of RT-qPCR primers used in this study.

Gene Sequence

L32 Fwd GATCTTGATGCCCAACATTGGTTATG

L32 Rev GCACTTCCAGCTCCTTGACG

SDC1 Fwd CTGGGCTGGAATCAGGAATATTT

SDC1 Rev CCCATTGGATTAAGTAGAGTTTTGC

SDC2 Fwd AGCTGACAACATCTCGACCACTT

SDC2 Rev GCGTCGTGGTTTCCACTTTT

SDC3 Fwd CTTGGTCACACTGCTCATCTATCG

SDC3 Rev GCATAGAACTCCTCCTGCTTGTC

SDC4 Fwd CCACGTTTCTAGAGGCGTCACT

SDC4 Rev CTGTCCAACAGATGGACATGCT

HPSE Fwd TCACCATTGACGCCAACCT

HPSE Rev CTTTGCAGAACCCAGGAGGAT

GPC1 Fwd GGACATCACCAAGCCGGACAT

GPC1 Rev GTCCACGTCGTTGCCGTTGT

GPC2 Fwd TGATCAGCCCCAACAGAGAAA

GPC2 Rev CCACTTCCAACTTCCTTCAAACC

GPC3 Fwd GATACAGCCAAAAGGCAGCAA

GPC3 Rev GCCCTTCATTTTCAGCTCATG

GPC4 Fwd GGTGAACTCCCAGTACCACTTTACA

GPC4 Rev GCTTCAGCTGCTCCGTATACTTG

GPC6 Fwd CAGCCTGTGTTAAGCTGAGGTTT

GPC6 Rev GATGTGTGTGCGTGGAGGTATGT

MMP2 Fwd CTCCTGACATTGACCTTGGCA

MMP2 Rev ATCAAGGGCATTCAGGAGCTC

MMP9 Fwd GGACGGCAATGCTGATGGGAAA

MMP9 Rev CGCCGCCACGAGGAACAAA

MMP14 Fwd GCAAAGCTGATGCAGACACCATGAA

MMP14 Rev CTCTCCCACACGCGGAAC

TFF-1 Fwd GCAATGGCCACCATGGAGAACAA

TFF-1 Rev GAGGGCGTGACACCAGGAAAA

TABLE 3 | Primary antibodies used in this study for Immunohistochemistry.

Antigen Antibody Dilution Supplier

SDC1 Monoclonal Rabbit
Anti-Human

1:100 Abcam (ab130405)

SDC4 Polyclonal Rabbit
Anti-Human

1:100 Abcam (ab24511)

TFF1 Polyclonal Rabbit
Anti-human

1:1000 Invitrogen
(PA5-31863)

HPSE (Hpa) Monoclonal Mouse
Anti-Human

1:100 ThermoFisher
Scientific
(MA5-16130)

fondaparinux (sourced from Princess Alexandra Hospital
Pharmacy), 100 µM PI-88, 10 µM PG545 control or 10 µM
PG545 (provided by V. Ferro). For estrogen (1nM Estradiol,
Merck, Australia) and tamoxifen (1 µM 4-hydroxy-tamoxifen,
Merck, Australia) treatments, phenol red-free RPMI was
supplemented with 10% charcoal-stripped FBS (Thermofisher
Scientific, Australia), with all other supplements the same as for
the HI experiments. For all treatments, media within 24 well
plates was replenished twice weekly.

NMR Measurements
The individual breast explants were removed from the underlying
sponge and placed in a well within a dry 24 well plate for
Portable NMR measurements. For PG545 and E2 treatments,
NMR T1 values of the samples were measured using saturation-
recovery pulse sequence on a PM5 NMR-MOUSE instrument
(Magritek, Wellington, New Zealand) as previously described
(Tourell et al., 2018; Huang et al., 2019). All saturation-recovery
curves exhibited mono-exponential recovery. The curves were
least-squares fitted with a three-parameter exponential fitting
function, and the time constants of the recovery were taken
as the respective T1 values. For SSTN treated explants,% water
was measured using two approaches: (1) Carr-Purcell-Meiboom-
Gill (CPMG) decay followed by an inverse Laplace transform, as
described in Ali et al. (2019). This approach yielded T2 relaxation
spectra with two peaks (Fat and Water), whose relative areas were
taken as the content of the respective chemical component within
the tissue; (2) Diffusion NMR measurements followed by two-
component least-squares fitting of the diffusion attenuation plot
(Huang et al., 2019). The amplitudes of the two components of
the fit (Fat and Water) were taken as the content of the respective
chemical component within the tissue.

Picrosirius Red (PSR) Staining and
Analysis Under Polarized Light
PSR staining of human breast tissues to detect fibrillar collagen
(collagen I) was performed as previously described (Kiraly et al.,
1997). Quantification of staining was performed using specific
ImageJ macros written to identify and quantify red color in PSR-
stained sections illuminated with polarized light to visualize thick
fibrillar collagens.

ELISA for Shed SDC1 and SDC4 in
Explant Media
SDC1 and SDC4 proteins shed into the conditioned media
surrounding explanted normal mammary tissue at experimental
endpoint (day 14) were quantified using the SDC1 and
SDC4 ELISA kits (Raybiotech, United States) according to
the manufacturer’s instructions, following dilution of the
conditioned media 1:4 with the kit dilution buffer.

Statistics
Pearson’s r coefficients and respective p-values and the Student’s
T-test (used to assess the differences in MD changes and gene
expression levels between the different treatment groups) were
calculated using GraphPad Prism 8.

RESULTS

HMD vs. LMD Pairwise ECM Gene and
Protein Expression Analysis
RT-qPCR Data
As shown in Figure 1, RT-qPCR assessment of a range of HSPGs
showed that mRNA levels of SDC1 and SDC4 were significantly
more abundant, 14 and 7-fold higher, respectively, in HMD
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FIGURE 2 | (A) (i) Morphological comparison of original tissue at t = 0 and following 14 days as explant culture. S denotes position of the sponge, delineated from
the explant tissue by a dotted line. (ii) Viability of explanted tissue up to 14 days as assessed by% activated caspase 3 activity as measured by IHC. C, clear media
(Phenol-red free); r, red media (Phenol-red containing). (B) 1nM Estradiol treatment of PDEs led to a clear upregulation of the E2-signaling pathway protein TFF-1,
images and quantification are typical representative data of 3 individual patients. (C) Mammographic density change (d14–d0) in E2 treated mammary tissue
explants as measured by the change in NMR T1 values. For part (C) only, Student’s paired T-test was used to determine significance, with p-values displayed on
graph, n = 3 individual patient tissue tested. For all images shown, 10x magnification was used, scale bar = 50 µM.

vs. LMD paired tissue from 15 women. In contrast, levels of
GPC3 and GPC6 were significantly decreased by 0.8- and 0.65-
fold, respectively. Significance was achieved after adjustment
for multiple testing. The proteins coded by these mRNAs are
substrates for HPSE. We did not find any difference in HPSE
expression between HMD and LMD. Given that increased stroma
is characteristic of HMD (Huo et al., 2015), postulated in this
study to be driven by HSPG abundance, SDC1 and SDC4 were
thus taken forward for further analysis.

Localization of SDC1 and SDC4 in Normal
Mammary Tissue
Stromal, not epithelial, localization of SDC1 protein has been
implicated in promoting breast density and breast cancer
(Lundstrom et al., 2006). Therefore, we performed a detailed IHC
investigation of SDC1 and SDC4 PGs in epithelial and stromal
compartments of paired HMD vs. LMD tissues (Figures 1B–E).

No significant difference was observed for epithelial SDC1 or
SDC4 protein expression in HMD vs. LMD (Figure 1B), however
SDC1 expression was higher in stromal regions derived from
HMD compared with LMD (Figure 1C). This was not observed
for SDC4, suggesting SDC1 abundance may drive HMD. Both
SDC1 and SDC4 protein levels appeared more abundant in
ductal rather than in lobular epithelia, irrespective of MD status
(Figure 1D). No difference in HMD vs. LMD epithelial vs.
stromal regions were observed for HPSE (data not shown),
however HPSE displayed the same expression pattern as for
SDC1 and SDC4 in that it was higher in ductal vs. lobular
epithelium (Figure 1E).

Establishment of a Patient-Derived
Explant Model to Assess MD Change
All published reports that have examined MD change
have been longitudinal and in human population cohorts
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(Junkermann et al., 2005; Cuzick et al., 2011; Jacobsen et al.,
2017). We sought a means to test the effect of exogenous agents
on MD in a culture setting using intact mammary tissue, and
adopted a whole-tissue explant model (patient-derived explant,
PDE), originally designed for the study of human cancers ex vivo
(Centenera et al., 2018). These original studies describe the
culture of cancer tissue for periods of time measured in days,
however we hypothesized that to observe any measurable change
in density in normal tissue, treatment times would need to be
extended to weeks. Initial concern in adopting this extended
treatment time was that tissue viability would be compromised.
However, as shown in Figure 2Ai, morphology of the PDEs
after 2 weeks was comparable to tissue at day 0, and we found
minimal activated caspase-3 activity in medium MD explant
tissue cultured for 2 weeks, indicating that apoptosis was not a
major event in these tissues during this time (Figure 2Aii).

Increase in MD With Estradiol Treatment of PDEs
We then treated our medium MD PDEs with 1nM estradiol for
14 days, as estrogen is an implicated driver of MD (Greendale
et al., 1999; Byrne et al., 2017). After 14 days, we found the
estrogen receptor signaling pathway mediator TFF-1 protein to
be upregulated in comparison to the control (Figure 2B).

We have demonstrated that NMR T1 (and to a lesser extent,
T2) values correlate strongly with microCT-derived% HMD in
ex vivo explants, such that T1 values may be used as a surrogate
marker for MD (Huang et al., 2019). We therefore chose to
measure T1 as a surrogate marker of MD in our PDE model
at t = 0 and t = 14, to determine MD change. As shown in
Figure 2C, in all three experiments in which tissue from women
was tested, estrogen increased MD change (d14–d0) compared to
control treated (p = 0.04). In another patient, tamoxifen negated
estradiol-mediated MD increases over the experimental period
(14 days, Supplementary Figure S1).

Coupling of HPSE With SDC1 and SDC4 Induction
With ERα Pathway Activation
Since it is known that estrogen upregulates HPSE mRNA (Elkin
et al., 2003), that HPSE is a key modulator of both SDC1
and SDC4 abundance in the breast reviewed in Sarrazin et al.
(2011), and that cleavage of SDC1 leads to SDC1 mRNA
induction (Ramani et al., 2012), we investigated whether the E2-
HPSE-SDC1 axis could be relevant in our human mammary
tissue explants. As shown in Figure 3A, significant correlations
were observed for both SDC1 and SDC4 with HPSE in
E2-treated explants. Each of the data points shown in this
Figure represent the average of 3 explants from 1 patient
(independent biological replicates), and in Figure 3A, data from
8 individual patients was analyzed. The correlation observed in
Figure 3A was lost when tissue explants were either treated
with tamoxifen alone (Figure 3B) or co-treated with E2 and
tamoxifen (Figure 3C), where 6 individual patient’s explant tissue
was examined. Furthermore, HPSE protein was found to be more
abundant in E2-treated PDEs (Supplementary Figure S2A).
These findings suggest a coupling of HPSE with SDC1 and
SDC4 induction where the ERα pathway was activated, however,
further studies with larger numbers are required to confirm

this, including a more thorough examination of in vitro and
in vivo tissues.

Effect of HPSE Inhibition in PDEs
Given that we were able to detect an increase in MD in the PDE
model with estradiol, and that HPSE regulation of SDC may be
implicated in mediating this change, we decided to use the PDE
model to inhibit HPSE specifically and assess the effect on MD
and gene expression outputs.

HPSE Inhibition Reduced MD
We examined the effect of the HS mimetic PG545 (Chhabra
and Ferro, 2020) in the PDEs for the same period of time as
for estradiol (14 days). IHC assessment of HPSE revealed that
it was predominantly located around glandular epithelia, and 10
µM PG545 led to the strongest proportional reduction in peri-
glandular HPSE protein content (Supplementary Figure S1A).
Therefore, 10 µM was used in further studies. As shown
in Figure 4A, in all three experiments in which breast
tissue from women was tested, PG545 decreased MD relative
to the respective control, as indicated by NMR T1 change
(d14–d0, p = 0.02).

Gene Expression Changes Following HPSE Inhibitor
Treatment in PDEs
Analysis of the effects of HPSE inhibition on various HSPG
mRNA levels in explanted tissue at endpoint (14d) by RT-
qPCR revealed a significant reduction in SDC1 expression, but
not in SDC4 or other HSPGs (Figure 4B and Supplementary
Figure S3), again indicating a complex transcriptional interplay
between HSPG and SDC1. Given that HPSE activity has also been
shown to positively influence MMP14 expression (Gomes et al.,
2015) and is associated with MMP9 (Abu El-Asrar et al., 2016) we
also examined MMP expression in the control vs. treated tissues.
Of the MMPs that displayed expression above baseline (MMP-2,
-9 and -14), MMP2 and MMP14 showed a significant increase
after HPSE inhibitor (HI) treatment (Figure 4B).

Effect of HPSE Inhibitor Treatment on Shed SDC1
and SDC4
The abundance of SDC1 or SDC4 protein was examined in the
conditioned media of PDEs at t = 14, as an indicator of HPSE
activity, given that the form of the protein detected by this means
has been shed from the cell membrane (Yang et al., 2007).

As shown in Figure 4C, there was, on average, 2 to 8-fold
more SDC1 than SDC4 protein shed into the media, and only
SDC1 displayed a significant reduction in abundance with HPSE
inhibition (p < 0.05).

SDC1-Specific Inhibition Using SSTN
Reduced Fibrillar Collagen and MD
Given that gene expression and shedding for SDC1 (but not
SDC4) was significantly reduced with heparanase inhibition,
we hypothesized that SDC1 was mediating the observed MD
change shown in Figure 4A. But how could SDC1 mediate
MD? McConnell and colleagues found that peri-ductally aligned
collagen is correlated with MD (McConnell et al., 2016), and
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FIGURE 3 | RT-qPCR data from hormone treated explants: Correlation of HPSE with SDC1 or SDC4 in E2 (A), Tamoxifen (B), and E2 + Tamoxifen (C) treated
explants. Expression data shown is normalized to control-treated explant mRNA control (ddCT). Each data point represents the average expression from 3 explants
from 1 patient, where n = 8 for part (A), n = 6 for parts (B,C). Pearson’s r coefficient is shown and where p-values stated where p < 0.05; ns, not significant.

a direct role for membrane-bound SDC1 in physically aligning
collagen fibers has been described (Yang and Friedl, 2016). We
therefore decided to interrogate the connection between SDC1
and collagen and MD in our PDE model.

SSTN is a peptide designed and validated to block SDC1-
binding to ITGαvβ3, and hence ITGαvβ3 binding to peri-
ductal collagen, but also with Insulin-like growth factor
1 receptor (IGF1R) (Rapraeger, 2013). First, we validated
its effectiveness in our own hands to block MDA-MB-231
breast cancer cell binding to vitronectin, an interaction that

specifically requires SDC1-ITGαvβ3 complexes. As shown in
Supplementary Figure S4, 30 µM of SSTN reduced MDA-MB-
231 cell binding and this concentration was therefore carried
forward into our PDE experiments.

As shown in Figure 5A, SSTN significantly decreased MD
relative to the respective control, as indicated by% water
change determined by NMR (d14–d0, n = 3 individual
patients, p = 0.02). PSR staining enhances the natural
birefringence of collagen bundles. When visualized under
polarized light, PSR-stained collagen I appears red while
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FIGURE 4 | (A) MD change (d14–d0) in PG545 treated mammary tissue explants as measured by the change in NMR T1 values, Student’s paired T-test was used
to determine significance, with p-values displayed on graph, n = 3 individual patient tissue tested. (B) RT-qPCR data from HI treated explants. Dotted line denotes
100 µM PI-88 treated explants, where control is 100 µM Fondaparinux; solid line denotes 10 µM PG545 treatment, where control is media alone. More gene
expression data is found in Supplementary Figure S3. Delta CT values are plotted, determined using using L32 as the housekeeper gene. (C) Inhibition of HPSE
led to a decrease in the abundance of shed SDC1 in explant conditioned media (Student’s paired T-test used to determine significance, ∗denotes p < 0.05). Dotted
line: PI-88, solid line: PG545. For SDC1, n = 8 pairs, for SDC4, n = 6.
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FIGURE 5 | (A) MD change (d14–d0) in SSTN treated mammary tissue explants as measured by the change in % water diffusion values as determined by
single-sided NMR. (B) (i) Picrosirius red staining of PDE tissue microarray and imaging with polarized light to visualize dense collagen fibers; (ii) quantification of dense
collagen represented as the mean intensity of red fibers visualized by polarized light (data from n = 3 patients, 3 explants quantified per patient). Results are the mean
and error bars represent standard error. P-value was determined using Student’s paired T-test. Images captured at 4x magnification, scale bar = 200 mm.
(C) Picrosirius red images, enlarged region of image on left is within red box, then black and white thresholded image to highlight changes to alignment of collagen
adjacent to ductal epithelium after treatment with Synstatin. Images captured at 13.2 × magnification, scale bar = 100 µM, 40 × magnification, scale bar = 20 µM.
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collagen III appears green, and thus PSR staining can be
used to determine collagen I/III content (Vogel et al., 2015).
SSTN led to a visible reduction in dense collagen, or
fibrillar collagen content, as measured by PSR visualized under
polarized light (Figure 5Bi,ii). Upon closer inspection, the
arrangement of collagen adjacent to ductal epithelium in SSTN
treated explants exhibited reduced alignment compared to the
control (Figure 5C).

DISCUSSION

We show for the first time that MD change can be measured
ex vivo. This significant finding has enabled a dissection of
molecules involved in the maintenance of MD. Our studies
illustrate a key role for HPSE in maintaining MD, with
SDC1 and possibly SDC4 implicated in this process. We have
previously shown that stroma is the key differentiator between
high vs. low MD (Huo et al., 2015), and we show in the
current study that SDC1 and -4 are both more abundant
in HMD vs. LMD (Figure 1A), and that SDC1, but not
SDC-4, was more abundant in the HMD stroma (Figure 1C).
Although the E2-HPSE-SDC induction pathway induced SDC1
and 4 in a relatively equal manner (Figure 3A), in HPSE
inhibitor-treated explant tissue, SDC1, but not SDC4, gene
expression was significantly reduced (Figure 4B), and shedding
of SDC1, but not SDC4, was reduced (Figure 4C). Finally,
our results indicate that fibrillar collagen is important in the
maintenance of MD, and that SDC1 plays a direct role in
mediating this effect, as SSTN reduced MD and fibrillar collagen
abundance (Figure 5).

Despite both SDC1 and SDC4 mRNA being more abundant
in HMD vs. LMD (Figure 1A), HPSE modulation had a more
significant, and hence functional effect on SDC1 rather than
SDC4. Interestingly, SDC1 (not SDC4) is implicated in both
MD and BC (reviewed in Shawky et al. (2015) where SDC1
is informative as to BC staging (Cui et al., 2017). Our work
highlights that SDC1 may be a key molecular target in efforts
to reduce mammographic density as a means to reduce the
associated BC risk.

Shed SDC1 has a number of potential effects in promoting
tumorigenesis: growth factors bound to the extracellular domain
can be carried into the nucleus and potentiate proliferation
(Stewart et al., 2015) and also increase wnt signaling (Alexander
et al., 2000). HPSE induces SDC4 shedding, as we observed in
the conditioned medium of our PDEs (Figure 4C), however
the pathological significance of SDC4 shedding is in cardiac
disease (Strand et al., 2015). Given that shed SDC1 in the serum
is a prognostic factor in several cancers (Joensuu et al., 2002;
Vassilakopoulos et al., 2005; Szarvas et al., 2016) it is likely
that there are several other pro-tumorigenic effects of shed
SDC1 into the microenvironment that are yet to be discovered.
SDC1 shedding itself increases SDC1 expression in the cell
(Ramani et al., 2012), but may also increase SDC1 expression in
neighboring cells, such as fibroblasts in the stroma, a mechanism
through which stromal SDC1, particularly in HMD, may be
potentiated, as we have observed (Figure 1C).

We found that SDC1, SDC4, and HPSE were significantly
more abundant in ductal epithelium compared with lobular
epithelium (Figures 1D,E). The basis of this expression pattern
is not clear, however, it may be related to differing mechanical
pressure placed on ductal vs. lobular epithelia. McConnell and
colleagues (McConnell et al., 2016) found significant correlations
between MD and localized PSR enhanced collagen birefringence
located around breast ducts (R2 = 0.86, p < 0.0001), but not
around lobules or within distal stromal regions (R2 = 0.1, p = 0.33;
R2 = 0.24, p = 0.14, respectively). The presence of this restrictive
collagen lining may create a greater force on the cells underlying
it. In the same way that increased load in cartilage due to
exercise leads to an increase in proteoglycan content (Bird et al.,
2000), perhaps this force is responsible for the observed SDC1
and SDC4 expression patterns. Indeed, we see the expression
of all syndecan family members increase in human mammary
epithelial cells cultured on stiff vs. soft 2D surfaces (6 kPa vs. 400
Pa, unpublished observations).

We observed an increase in MMP2 and MMP14 in HPSE
inhibitor treated explants (Figure 4B). Similarly, HPSE knockout
mice have been reported to display an upregulation of MMP2
and MMP14, where these metalloproteinases are thought to
compensate for the loss of HPSE (Zcharia et al., 2009). Although
decreased, SDC1 shedding was not eliminated in HPSE inhibitor-
treated explants (Figure 4C). In light of the Zcharia study
(Zcharia et al., 2009), this suggests that some SDC1 shedding was
possible in the HPSE inhibitor-treated explants due to a MMP2
and -14 compensatory mechanism.

This study has demonstrated that the HPSE inhibitors PG545
and PI-88 are useful to interrogate the mechanistic effects of
HPSE in tissue samples on MD. However, these inhibitors
have undesirable anti-angiogenic and other off-target effects
when used systemically (Chhabra and Ferro, 2020) and thus
are unlikely MD-reducing agents to take forward to clinical
trials. Tamoxifen reduces MD (Shawky et al., 2017), however,
its long-term use is associated with a wide range of potential
side effects, some of which are intolerable (Thorneloe et al.,
2020). Both of these approaches are therefore potentially not
feasible for MD reduction, although their mechanism of action
provides important insight into how MD is governed, as our
work alludes to, via the action of HPSE. We have uncovered a
more targeted approach to MD reduction, discovered by teasing
apart the connection between SDC1 and collagen. We believe
this work will pave the way forward for other kinds of targeted
approaches to be developed with aim to reduce MD and thus
breast cancer risk.
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FIGURE S1 | (A) Dilution series (0–20 µM) of the heparan sulfate mimetic
(heparanase inhibitor) PG545 and its effect on HPSE protein abundance, after
14 days treatment, as determined by IHC. Magnification 10x, scale bar = 50 µM.
(B) Percentage water diffusion change data from 1 patient showing that the
combination of tamoxifen with estrogen ameliorated MD increase over the
treatment period (14 days).

FIGURE S2 | HPSE protein abundance as measured by IHC in A. PI-88 (HPSE
inhibitor) and B. E2 treated explants.% DAB positivity was quantified from at least
5 10x microscope fields. Magnification 10x, scale bar = 50 µM.

FIGURE S3 | (A) RT-qPCR data derived from HI treated explants for the various
other HSPG family members where no change in expression was observed.

FIGURE S4 | MDA MB 231 adherence to two-dimensional, Vitronectin coated
substrates in the presence of increasing concentration of the SDC1 inhibitor
SSTN. (A) Cellular morphology and (B) Percentage adherence calculations from
images shown in (A). Magnification 20x, scale bar = 50 µM.
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Background: Extracellular matrix (ECM) remodeling is essential for skeletal muscle
development and adaption in response to environmental cues such as exercise and
injury. The cell surface proteoglycan syndecan-4 has been reported to be essential for
muscle differentiation, but few molecular mechanisms are known. Syndecan-4−/− mice
are unable to regenerate damaged muscle, and display deficient satellite cell activation,
proliferation, and differentiation. A reduced myofiber basal lamina has also been
reported in syndecan-4−/− muscle, indicating possible defects in ECM production.
To get a better understanding of the underlying molecular mechanisms, we have here
investigated the effects of syndecan-4 genetic ablation on molecules involved in ECM
remodeling and muscle growth, both under steady state conditions and in response
to exercise.

Methods: Tibialis anterior (TA) muscles from sedentary and exercised syndecan-
4−/− and WT mice were analyzed by immunohistochemistry, real-time PCR and
western blotting.

Results: Compared to WT, we found that syndecan-4−/− mice had reduced body
weight, reduced muscle weight, muscle fibers with a smaller cross-sectional area, and
reduced expression of myogenic regulatory transcription factors. Sedentary syndecan-
4−/− had also increased mRNA levels of syndecan-2, decorin, collagens, fibromodulin,
biglycan, and LOX. Some of these latter ECM components were reduced at protein level,
suggesting them to be more susceptible to degradation or less efficiently translated
when syndecan-4 is absent. At the protein level, TRPC7 was reduced, whereas
activation of the Akt/mTOR/S6K1 and Notch/HES-1 pathways were increased. Finally,
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although exercise induced upregulation of several of these components in WT, a further
upregulation of these molecules was not observed in exercised syndecan-4−/− mice.

Conclusion: Altogether our data suggest an important role of syndecan-4 in
muscle development.

Keywords: skeletal muscle, syndecan, exercise, myogenesis, Notch, decorin, Akt, ECM

INTRODUCTION

Skeletal muscle is a highly dynamic tissue, responding to
physiological stimuli during development and exercise. It is
composed of muscle cells (myofibers) collected in bundles.
Both the individual myofibers and the myofiber bundles are
surrounded by extracellular matrix (ECM). It was demonstrated
more than 50 years ago that the satellite cells, the skeletal
muscle stem cells (MuSCs), which are located between the basal
lamina and sarcolemma (plasma membrane) of the skeletal
muscle fibers and normally quiescent in adult muscle, become
activated upon exercise, injury or disease, and are involved in
the skeletal muscle regeneration (Mauro, 1961). More recently,
several reports have identified MuSCs as the primary contributors
to the postnatal growth, maintenance and regeneration of skeletal
muscles. These cells have a remarkable ability to self-renew,
expand, or undergo myogenic differentiation to fuse and restore
damaged muscle (Tsivitse, 2010). The activation, proliferation
and differentiation of MuSCs in adult muscle are mainly
controlled by myogenic regulatory transcription factors (MRFs)
such as myoblast determination protein (MyoD), myogenin,
myogenic factor 5 (myf5) and 6 (myf6/mrf4). MuSCs express
MyoD when they are activated and start to proliferate (Zammit
et al., 2004), whereas myogenin is crucial for later stages of
myogenic differentiation (Sabourin and Rudnicki, 2000).

The ECM, a complex network of collagens, in addition to
glycoproteins and proteoglycans, is the niche of MuSCs and the
myofibers. The small leucine rich proteoglycans (SLRPs) decorin,
fibromodulin and biglycan, regulate collagen fibrillogenesis and
crosslinking (Kalamajski and Oldberg, 2010; Kalamajski et al.,
2014; Christensen et al., 2018). The ECM composition is highly
dynamic and promotes skeletal muscle adaption in response to
environmental forces during, e.g., exercise and regeneration, and
during muscle growth and development. The ECM network also
builds a scaffold for muscle cells to adhere, grow and differentiate,
and functions as a storage and presenter of relevant muscle
tissue growth factors and different cytokines during development
(Thomas et al., 2015).

Previous work has also identified syndecans to be important
for muscle development, maintenance and regeneration (Pisconti
et al., 2012, 2016; Pawlikowski et al., 2017; Velleman and Song,

Abbreviations: Dvl, disheveled; ECM, extracellular matrix; ET: exercised trained;
GAG glycosaminoglycan; IGF1R, insulin-like growth factor I receptor; LOX,
Lysyl oxidase; LRP6, low-density lipoprotein receptor-related protein 6; MRFs,
myogenic regulatory transcription factors; MuSC, skeletal muscle stem cells; Myf,
myogenic factor; MyoD, myoblast determination protein 1; PKC, protein kinase
C; RPS6, ribosomal protein 6; SED, sedentary; SK61, ribosomal protein S6 kinase
1; SLRPs, small leucine-rich proteoglycans; TA, tibialis anterior; TRPC7, Transient
Receptor Potential Cation Channel Subfamily C Member 7; WT, wild type.

2017). The syndecans belong to a group of transmembrane
proteoglycans, which consists of four members in mammals
(Velleman et al., 2012). The syndecans are characterized by
a large diverse extracellular domain with glycosaminoglycan
(GAG) attachment sites, a conserved transmembrane domain
and a short cytoplasmic domain with a unique variable
domain differing between each syndecan. Syndecans have a
wide spectrum of biological functions, and regulate calcium
ion channels, polarization of epithelial cells, cell adhesions,
and migration (Couchman et al., 2015). They also function
as co-receptors of various growth factors and transduce
signals into the cell through their cytoplasmic domains
(Couchman, 2010). All four syndecans are expressed in
developing muscles (Cornelison et al., 2001; Olguin and
Brandan, 2001) and in proliferating myoblasts, but their
expression is progressively lost during myogenesis (Brandan
and Gutierrez, 2013). Syndecan-2 is reported to be highly
expressed in early-differentiated myoblasts (Do et al., 2015).
Syndecan-1 is not detected in postnatal muscle, while syndecan-
3 and syndecan-4 are present and restricted to MuSCs and
vascular cells (Cornelison et al., 2001; Cornelison et al., 2004).
Syndecan-4 as well as syndecan-3 have roles in development
and regeneration. Both are highly expressed in myoblasts
and around early embryonal myotubes but are reduced
around myotubes postnatally and restricted to MuSCs in
young adults (Cornelison et al., 2001). Syndecan-3 regulates
muscle progenitor cell homeostasis by promoting MuSC
self-renewal. Syndecan-3−/− mice show improved muscle
regeneration upon repeated muscle injuries, and reduced
muscle pathology in dystrophic mice (Pisconti et al., 2016).
Syndecan-4−/− mice are unable to regenerate damaged
muscle and display deficient MuSC activation, proliferation,
myoD expression and differentiation (Cornelison et al.,
2004). Interestingly, a reduced myofiber basal lamina has
also been reported in syndecan-4−/− muscle (Cornelison
et al., 2004), indicating possible defects in ECM biosynthesis
and turnover.

Limited knowledge on molecular mechanisms of syndecan-
4 in skeletal muscle exist. To get a better understanding of
the role of syndecan-4 in skeletal muscle and the underlying
molecular mechanisms, we have here investigated the effects
of syndecan-4 genetic ablation in tibialis anterior (TA), and
analyzed molecules involved in ECM remodeling and muscle
growth, both under steady state conditions and in response to
exercise. Reduced muscle growth, changes in multiple signaling
molecules and ECM components were found when syndecan-4
was absent. These molecular changes were mostly not affected
further by exercise.
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MATERIALS AND METHODS

Animal Experiments
All animal experiments were performed in accordance with the
National Regulation on Animal Experimentation in accordance
with an approved protocol (ID#2845 and 7696) and the
Norwegian Animal Welfare Act and conform the NIH guidelines
(2011). Female syndecan-4−/− mice (KO) (Echtermeyer et al.,
2001) were compared to either C57Bl/6j mice or syndecan-4+/+

bred from the same genetic background to study syndecan-4
dependent effects. Up to six mice per cage were housed in a
temperature-regulated room with a 12:12-h light dark cycle, and
access to food and water ad libitum. Animals were sacrificed by
cardiac excision in deep surgical anesthesia.

Exercise Training Protocol
Exercise training was performed on female syndecan-4−/− mice
(KO) and syndecan-4+/+ mice (WT) bred from the same genetic
background with a treadmill for rodents (Columbus Instruments,
OH, United States) with a 30-degree inclination. The mice
were adapted 2 days to the treadmill, before exercise training
was performed for 60 min per day for 14 days (1 day rest
without training) on a treadmill with moderate intensity. All
mice had 3 min of warmup before each running session that
consisted of six times 8 min of running followed by 2 min rest.
Running speed was set to 14–18 m per minute. Mice that were
not able to complete the training protocol were excluded from
the study. Animals were sacrificed by cardiac excision in deep
surgical anesthesia.

Real-Time PCR
Tibialis anterior muscle was collected from WT and syndecan-
4−/− mice, exercised and sedentary mice, and snap-frozen in
liquid nitrogen. Tissue samples were homogenized in lysis RLT-
buffer of RNeasy minikit (#74104, Qiagen, Hilden, Germany)
using a Precellys24 (#74106, Bertin Technologies, Villeurbanne,
France) at 5500 rpm for 2 × 20 s, and RNA further
purified following the manufacturer’s protocol of the RNeasy
minikit including a DNase treatment on column according
to the manufacturer’s protocol. cDNA was generated from
∼400 ng mRNA using TaqMan R© Reverse Transcription Reagents
(Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s protocol. The cDNA was diluted four times before
aliquots (in duplicates) were subjected to real-time PCR analysis
using an ABI Prism 7700 Sequence Detection system (Applied
Biosystem, United Kingdom), and TaqMan R© primer/probe assays
(see Table 1 for primer/probes used) according to manufacturer’s
protocol. The efficiency of each set of primers was always higher
than 96%. Amplification of cDNA by 40 two-step cycles (15 s
at 95◦C for denaturation of DNA, 1 min at 60◦C for primer
annealing and extension) was used, and cycle threshold (Ct)
values were obtained graphically (Applied Biosystem, Sequence
Detection System, Software version 2.2). 1Ct values and 11Ct
values were calculated according to the MIQE guidelines (Bustin
et al., 2010). Comparison of the relative gene expression (fold
change) was derived by using the comparative Ct method. In

short, values were generated by subtracting 1Ct values between
two samples which gives a 11Ct value. The relative gene
expression (fold change) was then calculated by the formula
2−11Ct (Schmittgen and Livak, 2008). Statistical analyses were
performed using the 11Ct-values.

Immunofluorescence
TA muscles (n = 4) were collected from WT and syndecan-4−/−

mice, embedded in OCT compound (Tissue Tek, Sakura Finetek,
CA, United States) and then snap-frozen. Five micrometer-
thick sections were cut on a cryostat and mounted on poly-
L-lysine coated glass slides. The sections were air-dried for
5 min, before fixation using ice-cold acetone for 5 min. The
sections were washed briefly twice in PBS, permeabilized using
0.5% Triton-X in PBS and incubated with 5% non-fat dry milk
for 30 min before incubation with primary antibody for 1 h.
Subsequent incubation with secondary antibodies was performed
for 30 min before mounting using Dako fluorescent mounting
medium (Glostrup, Denmark). Antibodies used were: Rabbit
anti-Collagen 1 (ab34710, Abcam, Cambridge, United Kingdom),
anti-pSer473-Akt (#9271, Cell Signaling, United States) and
Alexa 488-goat anti-rabbit (#A-11078 Thermo Fisher Scientific,
MA, United States). To quantify myofiber number sections were
air-dried for 30 min and incubated with P-Block (5% goat
serum, 1% Triton-X, 0.012% BSA, 0.012% non-fat dry-milk in
PBS) for 1h. The sections were washed briefly four times with
P-Block before incubation with primary antibody over night at
4◦C. Subsequent washing was performed twice with PBS before
incubation with secondary antibody in P-Block for 1 h. The
sections were washed briefly three times with P-Block, twice
with PBS for 5 min each, rinsed in water before mounted using
Dako fluorescent mounting medium. The total number of fibers
in WT and KO TA muscles were quantified based on Laminin
staining, using the ImageJ Cell counter plugin. Antibodies used
were: Rabbit anti-Laminin (PA5-16287, Thermo Fisher Scientific,
MA, United States). DyLight 549 mouse anti-rabbit were from
Jackson Immunoresearch Cambridgeshire, United Kingdom. The
sections were examined by fluorescence microscopy analysis

TABLE 1 | Gene target and TaqMan R© primer/probe assays.

Gene target TaqMan R© primer/probe assays

Decorin Mm00514535_m1

Fibromodulin Mm00491215_m1

Lumican Mm00500510_m1

Biglycan Mm00455918_m1

Collagen 1a2 Mm00483888_m1

Collagen 3a1 Mm00802331_m1

Lox Mm00495386_m1

Syndecan-2 Mm00484718_m1

Syndecan-4 Mm00488527_m1

Syndecan-3 Mm01179833_m1

MyoD Mm01203489_g1

Desmin Mm00802455_m1

Myogenin Mm00446195_g1

Ribosomal protein gene RP132 Mm02528467_g1
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(apotome mode) (ZEISS Axio Observer Z1 microscope, Jena,
Germany), and images were processed using Adobe Photoshop
CS3. If needed, brightness and contrast were adjusted manually
across the entire image. Myofiber cross-sectional area in WT
and KO TA muscles were quantified based on collagen staining.
A minimum of 1,000 myofibers and four sections were analyzed
per biological replica. Hoechst (Hoechst 33342, 10 µg/ml) was
from Thermo Fisher Scientific. For assessment of connective
tissue, sections were incubated with WGA Alexa FluorTM 546
Conjugate (Thermo Fisher Scientific, MA, United States).

Western Blotting
Protein extracts from TA muscle were prepared using ice-
cold lysis buffer (20 mm Hepes, pH 7.5, 150 mm NaCl,
1 mm EDTA, 0.5% Triton) supplemented with Complete
EDTA-free protease inhibitor cocktail (#5056489001, Roche
Applied Science, Merck, Darmstadt, Germany) and PhosSTOP
(#4906837001, Roche Applied Science). Tissue samples were
homogenized three times for 1 min on ice with a Polytron
1200 homogenizer and centrifuged at 14,000 × g for 10 min at
4◦C. Supernatants were collected and stored at −70◦C. Protein
concentrations were determined using the Micro BCA protein
assay kit (#23235, Pierce). An equal amount of protein was
loaded per lane (40 µg/µl). The protein extracts were resolved
on 4–15% CriterionTM Tris-HCl precast gels (#3450029, Bio-
Rad Laboratories, CA, United States) and blotted onto PVDF
membranes (#1704157, Trans-Blot Turbo Transfer Pack, Bio-
Rad) using the Trans-Blot Turbo system (Bio-Rad) or tank
blotting. The PVDF membranes were blocked in 5% non-fat
dry milk, 1% casein or 3% BSA in TBS-T for 60 min at room
temperature, followed by incubation with primary antibodies
overnight at 4◦C. Membranes were washed two times for
10 min each in TBS-T, incubated with a horseradish-peroxidase-
conjugated secondary antibody and thereafter washed two times
for 10 min and one time for 5 min in TBS-T. Blots were
developed using ECL Prime (RPN 2232, GE Healthcare, IL,
United States). The chemiluminescence signals were detected
by Las-4,000 (GE Healthcare). Membranes were re-probed after
stripping using the Restore Western Blot Stripping buffer for
5 min at room temperature (21059, Thermo Fisher Scientific,
MA, United States).

Antibodies and conditions were: anti-pSer235/236-RPS6
(1:1000, 5% BSA, #4858, Cell Signaling, MA, United States),
anti-RPS6 (1:1000, 5% BSA, #2217, Cell Signaling), anti-HES-
1 (1:500, 1% casein, #AB5702, Millipore, Merck, Darmstadt,
Germany), anti-LRP6 (1:1000, 1% casein, #2560, Cell Signaling),
anti-Dvl (1:1000, 1% casein, #3224, Cell Signaling), anti-
β-catenin (1:5000, 1% casein, ab32572, Abcam, Cambridge,
United Kingdom), anti-Frizzled-7 (1:1000, 1% casein, #ab64636,
Abcam), anti-Cleaved Notch1 (1:1000, 5% BSA, #4147, Cell
Signaling), anti-Wnt4 (1:1000, 1% casein, ab91226, Abcam), anti-
TRPC7 (1:500, 1% casein, #SAB5200051, Sigma-Aldrich), anti-
PKC (1:250, 1% casein, sc-208, Santa Cruz, TX, United States),
anti-DSCR1/RCAN1.4 (1:500, 5% milk, #D6694, Sigma-Aldrich),
anti-pSer240/244-RPS6 (1:1000, 5% BSA, #5364 Cell Signaling),
anti-pSer473-Akt (1:500, 5% BSA, #9271, Cell Signaling), anti-
pThr308-Akt (1:500, #5106, 5% BSA, Cell Signaling), anti-Akt

(1:500, 1% casein, #9272, Cell Signaling), anti-fibromodulin
(1:500, 1% casein, sc-33772, Santa Cruz), anti-pSer2448-mTOR
(1:1000, #2971, 5% BSA, Cell Signaling), anti-mTOR (1:1000,
#2983, 5% BSA, Cell Signaling), anti-Pax-7 (1:500, sc-81648,
1:500, 1x casein, Santa Cruz) anti-decorin (1:500, 1% casein,
AF1060, R&D Systems, MN, United States), anti-biglycan (1:500,
1% casein, ab49701, Abcam) and anti-LOX (1:500, 1% casein,
sc-32409, Santa Cruz). Anti-rabbit IgG HRP (NA934V) affinity-
purified polyclonal antibody, anti-mouse IgG HRP (NA931V)
(both from GE Healthcare) and anti-goat IgG HRP (HAF109,
R&D Systems, MI, United States) were used as secondary
antibodies. Since housekeeping genes like vinculin and beta-
tubulin were regulated across the four groups, ProBlueSafeStain
(Coomassie) (#G00PB001, Giotto Biotech, FI, Italy) was used to
verify equal protein loading. Two or three distinct Coomassie
stained bands, mostly in the 75–100 kDa region, was used to show
equal loading of the samples.

Statistics
All data were expressed as mean ± SEM. Comparisons
between two groups were analyzed using Mann–Whitney U test
(GraphPad Prism version 8.0.1, La Jolla, CA, United States).
A p-value of <0.05 was considered statistically significant.
Comparison of fiber area sizes was performed using analysis
of variance where each fiber’s estimated area was used as a
sample, WT/KO was used as a fixed effect (the effect of interest)
and magnification and muscle image number were included as
random effects. The reason for including magnification was that
image generation and fiber identification could be affected by the
magnification. Muscle image was included to separate individual
mouse effects from the true fiber area effects. Analyses were
conducted in MATLAB 2015a, The MathWorks, Inc., Natick,
MA, United States.

RESULTS

Syndecan-4−/− Mice Have Reduced
Body Weight, Smaller Muscle Fibers and
Reduced myoD and Myogenin mRNA
Levels
To investigate the skeletal muscle of syndecan-4−/− mice, we
analyzed the TA muscles from adult female mice of 12–22 weeks.
The syndecan-4−/− mice were viable and showed no obvious
postnatal abnormalities, however, they had a significantly lower
body weight and TA weight compared to WT (Figures 1A,B,
respectively). Closer inspection showed that the syndecan-
4−/− muscle fibers had smaller cross-sectional area compared
with those of the WT mice (Figure 1C). More specifically,
a larger fraction of the syndecan-4−/− muscle fibers scored
less than 2000 µm2 and there were hardly any larger muscle
fibers (6000 µm2 and over) (Figure 1D). Statistical analyses
showed that the average size of the syndecan-4−/− muscle
fibers was 468 µm2 smaller compared to WT (p = 0.0009),
which was not accompanied by a change in total number
of myofiber per muscle section (Figure 1E). As previously
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FIGURE 1 | Syndecan-4−/− mice have reduced body weight, smaller muscle fibers and reduced myoD and myogenin mRNA levels. Bars show (A) bodyweight and
(B) tibialis anterior (TA) wet weight in syndecan-4−/− mice compared to WT. The data are presented as average ± SEM. Asterisks denote significant differences
(***p < 0.001) between syndecan-4−/− and WT using un-paired two-tailed t-test. (C) Cross-sections of TA muscles from WT (left panel) and syndecan-4−/− mice
(right panel) were cryo-sectioned and stained with rabbit-anti collagen 1 (green), followed by Alexa Fluor 488-conjugated goat anti-rabbit before fluorescence
microscopy analysis. (D) Quantification of images in (C) show fiber size distribution with a shift toward more fibers of low cross-sectional area (right panel) in
syndecan-4−/− compared to WT (left panel). Differences were tested using an analysis of variance with random effects. (E) Quantification of number of fibers in WT
and syndecan-4−/−. The data are presented as average ± SEM. Differences were tested using un-paired two-tailed t-test (ns; non-significant). (F) Bars show
relative gene expression levels (fold change) in syndecan-4−/− versus WT (young mice, aged 12–22 weeks, n = 12) ± SEM. The values of the bars are presented as
fold change (in 11CT) of syndecan-4−/− related to WT (the latter is set to 1 and is represented as dotted line). Asterisk indicate significant differences, statistics
assessed for 11CT values by unpaired two-tailed t-test (*p < 0.05, **p < 0.01).
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FIGURE 2 | The syndecan-4−/− muscle has increased mRNA levels of
several ECM components. (A) Bars show tibialis anterior (TA) wet weight from
exercised WT littermates (WT-ET) and syndecan-4−/− mice (KO-ET)
(10–12 weeks at harvest). The data is presented as the average ± SEM.

(Continued)

FIGURE 2 | Continued
Comparisons between the groups were analyzed using Mann–Whitney U test
(∗p < 0.05). Bars show relative mRNA levels in TA muscle from (B) WT-ET
versus WT-SED, (C) KO-SED versus WT-SED and (D) KO-ET versus KO-SED
(10–12 weeks at harvest). The values of the bars are presented as fold change
(11CT) in WT-ET/WT-SED, KO-SED/WT-SED and KO-ET/KO-SED in (B–D),
respectively. WT-SED is set to 1 in (B,C), whereas KO-SED is set to 1 in (D)
(represented as dotted lines). Statistics are based on 11CT values using
unpaired two-tailed t-test (*p < 0.05, **p < 0.01, ***p < 0.001).

reported (Cornelison et al., 2004), the mRNA levels of the muscle
transcriptional activator myoblast determination protein (myoD)
and myogenin (this study) were significantly lower in syndecan-
4−/− compared to WT (Figure 1F). Consistent with the previous
report (Cornelison et al., 2004), we did not observe any centrally
nucleated myofibers in the syndecan-4−/− (Supplementary
Figure 1A), a characteristic often associated with muscle
disorders (Cornelison et al., 2004; Folker and Baylies, 2013) and
impaired maintenance of MuSC quiescence (Pisconti et al., 2016).
We did neither observe any differences in the protein levels of
the paired box transcription factor Pax7, which is a marker of
quiescent MuSCs (Seale et al., 2000) (Supplementary Figure 1B).
This is in line with Cornelison et al. (2004), who demonstrated no
difference in the number of MuSCs in syndecan-4−/− and WT.

The Syndecan-4−/− Muscle Has Several
Changes in the ECM Components
To further investigate the role of syndecan-4, syndecan-4−/−

and age-matched WT littermates were subjected to a 2 weeks-
long treadmill exercise protocol (ET mice) (10–12 weeks at
harvest). Sedentary syndecan-4−/− and WT littermates of same
age were used as controls (SED mice). As shown in Figure 2A,
the syndecan-4−/− TA muscles were still significantly smaller
than those from WT littermates after exercise (WT-ET versus
KO-ET).

To detect possible differences between syndecan-4−/− and
WT at the molecular level, we measured mRNA and protein
levels of different ECM and signaling molecules we hypothesized
could have a role in exercise and syndecan-4-mediated signaling.
The mRNA levels of desmin and the ECM component decorin
were both upregulated in WT after exercise (Figure 2B, WT-
ET versus WT-SED), which is consistent with a role of decorin
and desmin in myoblast differentiation and fusion (Brandan and
Gutierrez, 2013; Hnia et al., 2015). Syndecan-2 was also highly
up-regulated in response to exercise, while no changes were seen
in syndecan-3 and 4 (Figure 2B). Myogenin and fibromodulin
showed a tendency to increase in WT after exercise, whereas
myoD, biglycan, collagen 1, collagen 3 and the collagen cross-
linking enzyme lysyl oxidase (LOX) were unchanged (Figure 2B).
Consistently, although not significant, immunoblotting indicated
a slight increased level of decorin and unchanged levels of
fibromodulin, biglycan and LOX after exercise (Figures 3A–D,
WT-SED versus WT-ET).

Similar to exercise, syndecan-4−/− loss led to increased
mRNA levels of both syndecan-2 and decorin (Figure 2C, KO-
SED versus WT-SED). However, in contrast to WT, exercise
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FIGURE 3 | The syndecan-4−/− muscle has changed protein levels of several ECM components. Immunoblot analyses of (A) decorin, (B) fibromodulin, (C)
biglycan, and (D) LOX in WT-SED, WT-ET, KO-SED and KO-ET. The values are presented in percentage and are normalized to WT-SED (n = 4–10). Comparisons
between the groups were analyzed using Mann–Whitney U test (*p < 0.05, **p < 0.01). ProBlue Safe Stain (Coomassie) was used as loading control.

failed to induce any further upregulation (Figure 2D, KO-
ET versus KO-SED). Interestingly, syndecan-4 loss also led to
increased mRNA levels of ECM components and modifiers
such as fibromodulin, biglycan, collagen 1, collagen 3 and
LOX (Figure 2C, KO-SED versus WT-SED). Consistently with
the mRNA data, immunoblotting showed increased levels
of decorin when syndcan-4 was absent (Figure 3A, KO-
SED versus WT-SED), but surprisingly a reduction in the
fibromodulin, biglycan and LOX protein levels (Figures 3B–
D, KO-SED versus WT-SED). Notably, the biglycan and
LOX protein levels increased in syndecan-4−/− mice in

response to exercise (Figures 3C,D, KO-ET versus KO-
SED), where fibromodulin and biglycan returned to the
level observed in WT sedentary mice (Figures 3B,C, KO-
ET versus WT-SED).

Taken together, the syndecan-4−/− muscle had increased
mRNA levels of syndecan-2, collagen 1 and 3, decorin,
fibromodulin, biglycan, and LOX. These three latter ECM
components were reduced at protein level, suggesting that they
might be more susceptible to degradation or less efficiently
translated when syndecan-4 is absent. Although exercise induced
upregulation of desmin, syndecan-2 and decorin in WT mice,
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a further upregulation was not observed in exercised syndecan-
4−/− mice.

The Syndecan-4−/− Muscle Has
Increased Akt/mTOR/S6K1 and
Notch-HES-1 Pathways
Next, we analyzed activation of the protein kinase Akt,
which transduces decorin-insulin-like growth factor I receptor
(IGF1R) signaling (Suzuki et al., 2013) and regulates muscle
fiber growth and hypertrophy through the Akt/mTOR/S6K1
pathway (Schiaffino et al., 2013). Interestingly, the Akt/mTOR
pathway associates also with syndecan-4 signaling (Elfenbein
and Simons, 2013). Immunofluorescence data showed that
pSer473-Akt localized to the skeletal muscle cell nuclei and to
the ECM perimysium in WT where fibroblasts and resident
immune cells are located (Figure 4A, upper panels). Visual
inspection clearly showed an increased expression of pSer473
in syndecan-4−/− (Figure 4A, lower panels). Consistently,
immunoblotting revealed that the pSer473-Akt levels were
constitutively higher in both sedentary as well as exercised
syndecan-4−/− mice compared to WT mice (Figure 4B, KO-
SED and KO-ET versus WT-SED). Also the levels of pThr308-
Akt/Akt and pSer2448-mTOR/mTOR showed a tendency to be
increased in sedentary syndecan-4−/− mice (Supplementary
Figure 2A and Figure 4C, KO-SED versus WT-SED). We
also analyzed the phosphorylation levels of the 40S ribosomal
protein S6 (RPS6), which is downstream of the Akt/mTOR/S6K1
signaling, and directly links to cell size control and myofiber
growth (Ruvinsky et al., 2009; Meyuhas, 2015). Immunoblotting
revealed that the pSer235/236-RPS6 levels were increased in
WT muscles upon exercise (Figure 4D, WT-ET versus WT-
SED), but also in sedentary and exercised syndecan-4−/−

(Figure 4D, KO-SED and KO-ET versus WT-SED). The levels of
pSer240/244-RPS6 were also slightly increased in syndecan-4−/−

muscles, although the increase was not statistically significant
(Supplementary Figure 2B, KO-SED versus WT-SED). No
difference in the total RPS6 levels was observed between
syndecan-4−/− and WT muscles (Figure 4D, WT-SED versus
KO-SED, lower most panel).

We next analyzed Cleaved Notch, as Notch signaling
associates with increased syndecan-2 levels (Zhao et al., 2012),
and is known to increase upon exercise and be involved in
myogenesis (Arthur and Cooley, 2012). Although our data
indicated no significant changes of Cleaved Notch1 in WT
(Figure 5A, WT-ET versus WT-SED), the Notch target gene
HES-1 was increased in response to exercise (Figure 5B, WT-ET
versus WT-SED). Surprisingly, both the Cleaved Notch and HES-
1 levels were increased in sedentary syndecan-4−/− mice and
did not further increase in response to exercise (Figures 5A,B,
KO-SED versus WT-SED).

Finally, since syndecan-4 has been shown to associate with
Wnt (Pataki et al., 2015), calcineurin-NFAT (Finsen et al., 2011)
and protein kinase C (PKC) – transient receptor potential
canonical 7 (TRPC7) signaling (Gopal et al., 2010), we also
analyzed proteins in these pathways. Immunoblotting showed
that the TRPC7 protein level was reduced in both sedentary

and exercised syndecan-4−/− (Figure 5C, KO-SED and KO-
ET versus WT-SED). However, no differences were detected in
disheveled (Dvl), β-catenin, frizzled-7, low-density lipoprotein
receptor-related protein 6 (LRP6) or Wnt4 in syndecan-
4−/− versus WT, indicating no involvement of canonical
Wnt/β-catenin or non-canonical Wnt signaling (Supplementary
Figures 2C–G). Similarly, no differences in the PKC or RCAN4.1
(regulator of calcineurin and a target for NFAT) levels were
detected (Supplementary Figures 2H,I).

Taken together, our data indicate that the syndecan-4−/−

muscle had increased activation of the Akt/mTOR/S6K1 and
Notch-HES-1 pathways and that these pathways were not
induced any further by exercise. Except for an also reduced
TRPC7 level, few other changes were observed.

DISCUSSION

In this study we have characterized the TA muscle from
syndecan-4−/− mice and analyzed molecules involved in
ECM remodeling and muscle growth, both under steady state
conditions and in response to exercise. Compared to WT, we
found that syndecan-4−/− mice had reduced body weight,
reduced muscle weight, muscle fibers with a smaller cross-
sectional area, and reduced expression of MRFs. The syndecan-
4−/− mice had also increased activation of the Akt/mTOR/S6K1
and Notch-HES-1 pathways, a reduced TRPC7 level, increased
syndecan-2 expression, and altered expression of several ECM
components. These molecular changes were observed under
steady state conditions, and in contrast to WT mice, were mostly
not affected further by exercise.

Closer inspection of the syndecan-4−/− muscle showed that
the muscle fibers were on average smaller than wild type (WT)
fibers, which probably accounts for the reduced TA weight.
Consistent with previous findings (Cornelison et al., 2004), we
found that myoD and myogenin were reduced in syndecan-4−/−

mice of 12–22 weeks. MyoD is required for MuSC activation,
proliferation and differentiation (Asfour et al., 2018). Myogenin
expression is upregulated during differentiation and directs
differentiating myoblasts to become terminally differentiated
(Asfour et al., 2018). Consistent with a role of syndecan-4
in myogenesis, we have previously also demonstrated that the
cytoplasmic part of syndecan-4 plays an important role in the
early fusion process of myoblasts in vitro (Rønning et al., 2015).
Our findings of the reduced body weight, muscle weight, muscle
fibers and MRFs in syndecan-4−/− are illustrated in Figure 6A.

Previous experiments have shown that both syndecan-3 and
syndecan-4 are affected by exercise in humans. Syndecan-4 was
reported up-regulated after acute exercise, whereas syndecan-3
was up-regulated after long-term exercise (Hjorth et al., 2015).
However, in another study using rats, exercise did not change
the syndecan-4 level (Eftestol et al., 2016). In our study using
mice subjected to 2 weeks treadmill running, syndecan-2, but
not syndecan-4 was increased, suggesting a potential involvement
of syndecan-2 in the muscle response to exercise. Interestingly,
we also observed higher levels of syndecan-2 in syndecan-4−/−

compared to WT (illustrated in Figure 6B). Upregulation of
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FIGURE 4 | The syndecan-4−/− muscle has an increased Akt/mTOR/S6K1 pathway. (A) Immunofluorescence of pSer473-Akt (green) in WT and syndecan-4−/−

muscles. The cell nuclei were counterstained with Hoechst (blue). The connective tissue was stained with WGA (red). cn cell nuclei, pm perimysium, indicated with
arrows. Inserts show magnification of boxed areas. Scalebar as indicated. Immunoblot analyses of (B) pSer473-Akt (upper panels) and Akt (middle panels), (C)
pSer2448-mTOR (upper panels) and mTOR (middle panels), and (D) pSer235/236-RPS6 (upper panels) and RPS6 (middle panels) in WT-SED, WT-ET, KO-SED and
KO-ET. The values are presented in percentage and are normalized to WT-SED (n = 6–10). Comparisons between the groups were analyzed using Mann–Whitney U
test (*p < 0.05, **p < 0.01 and ***p < 0.001). ProBlue Safe Stain (Coomassie) was used as loading control (lower panels in B–D).

syndecan-2 has been reported as a compensatory mechanism
during cartilage development in syndecan-4−/− (Bertrand et al.,
2013). However, syndecan-2 was not higher in the left ventricle
from syndecan-4−/− compared to WT (Strand et al., 2013),
suggesting that compensatory upregulation of syndecan-2 is
tissue dependent.

Although the mRNA levels of fibromodulin, decorin, biglycan,
collagen 1, collagen 3 and the collagen cross-linking enzyme
LOX were increased in syndecan-4−/− mice, the protein levels
of fibromodulin, biglycan and LOX were reduced (illustrated
in Figure 6B). This finding might suggest that some ECM
components are more susceptible to degradation or less efficiently
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FIGURE 5 | The syndecan-4−/− muscle has an increased Notch/HES-1 pathway and a reduced TRPC7 level. Immunoblot analyses of (A) Cleaved Notch,
(B) HES-1, and (C) TRPC7 in WT-SED, WT-ET, KO-SED, and KO-ET. The values are presented in percentage and are normalized to WT-SED (n = 6–10).
Comparisons between the groups were analyzed using Mann–Whitney U test (*p < 0.05, **p < 0.01). ProBlue Safe Stain (Coomassie) was used as loading control
(lower panels in A–C).

translated when syndecan-4 is absent. Indeed, proteins involved
in the translational machinery have been identified in the
cardiac syndecan-4 interactome (Mathiesen et al., 2019). It is
also possible that syndecan-4 affects factors involved in post-
transcriptional regulation of these proteins. Decorin is abundant
in adult skeletal muscle and expressed during skeletal muscle
differentiation (Brandan and Gutierrez, 2013), and consistent
with our mice mRNA data, reported to be upregulated in rats
after moderate treadmill running (Xu et al., 2018). Biglycan

expression is reported highly upregulated during injury-induced
regeneration, both in growing myotubes and in activated
precursor cells, then the expression decreases again during
maturation of muscle fibers (Casar et al., 2004; Brandan
and Gutierrez, 2013). The relationship between biglycan and
syndecan-4 in skeletal muscle is not known, however a recent
publication using cultured vascular endothelial cells suggests
biglycan as a regulatory molecule of the ALK5-Smad2/3-TGF-
β1 signaling, with a direct negative impact on syndecan-4
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FIGURE 6 | Illustration of alterations in the syndecan-4−/− mice. (A) The syndecan-4−/− mice had reduced body weight, muscle weight, muscle fibers and
expression of myogenic regulatory transcription factors. (B) The syndecan-4−/− muscle had increased mRNA levels of syndecan-2 and the ECM components
decorin, fibromodulin, biglycan, collagen 1, collagen 3 and the collagen cross-linking enzyme lysyl oxidase (LOX). However, fibromodulin, biglycan and LOX were
reduced at the protein level (denoted with star), suggesting that these ECM components are more susceptible to degradation or less efficiently translated when
syndecan-4 is absent. The syndecan-4−/− muscle had also increased activation of the (C) Akt/mTOR/S6K1 and (D) Cleaved Notch1-HES-1 pathways.

expression (Takato et al., 2017). Further experiments are required
to investigate whether the ALK5-Smad2/3-TGF-β1 pathway
is also involved in the biglycan-syndecan-4 relationship in
skeletal muscle. Fibromodulin is also central in the myogenic
program and plays an important role in tissue repair (Lee et al.,
2016). Specifically, fibromodulin triggers myoblast differentiation
by preventing myostatin binding to its receptor; the activin
receptor type-2B. Fibromodulin, biglycan and decorin are also
suggested to regulate collagen fibrillogenesis and crosslinking,
and thus ECM integrity and function of skeletal muscle
(Kalamajski and Oldberg, 2010). Whether the increased mRNA
expression of these ECM components, including collagens
and LOX, represent a compensatory mechanism to improve
ECM function and trigger myoblast differentiation in the
syndecan-4−/− muscle, has to be determined in future work.
In contrast to our findings, the syndecan-4−/− heart has
rather reduced mRNA levels of collagen 1, collagen 3 and
LOX following pressure overload, leading to an impaired cross-
linking and collagen assembly (Herum et al., 2013, 2015).
Our group has also previously shown that syndecan-4 is
essential for cardiac myoblast differentiation (Herum et al.,
2013) and that the syndecan-4−/− hearts do not develop
concentric hypertrophy, but rather left ventricle dilatation and
dysfunction following pressure overload (Finsen et al., 2011).
Although a syndecan-4-calcineurin-NFAT pathway appeared
essential for these events in the heart (Finsen et al., 2011;
Herum et al., 2013, 2015), we found no changes in the
calcineurin-NFAT pathway in the syndecan-4−/− TA muscle.
Thus, although syndecan-4 is involved in both differentiation and
cell growth of the heart and skeletal muscle, different pathways
seem to be involved.

We also found higher levels of pSer473-Akt and pSer235/236-
RPS6 in syndecan-4−/−. The Akt/mTOR pathway is an
important signaling pathway promoting muscle growth and

fibrosis (Bodine et al., 2001; Li et al., 2013). Akt induces protein
synthesis and hypertrophy by activating the serine/threonine
kinase mTOR and the ribosomal protein S6 kinase 1 (SK61)
(Schiaffino et al., 2013). SK61 is one of the main kinases
phosphorylating ribosomal protein 6 (RPS6) (Meyuhas, 2015).
Although RPS6 is primarily a structural protein of the ribosome,
phosphorylation of RPS6 has been shown to be directly involved
in cell size control (Meyuhas, 2015), and affects both translation
as well as transcription efficiency. Our finding of an increased
pSer235/236-RPS6 level in the syndecan-4−/− mice was quite
surprising, since the smaller cell size and smaller cross-sectional
area of myofibers rather links to a reduced pSer235/236-RPS6
level (Ruvinsky et al., 2009; Meyuhas, 2015). Our finding of
the increased activation of the Akt/mTOR/S6K1 pathway in
syndecan-4−/− is illustrated in Figure 6C. Notably, decorin,
which was also increased in syndecan-4−/−, has been shown to
activate Akt downstream of IGF1R, in addition to increase myoD
and myogenin expression and promote myoblast differentiation
(Suzuki et al., 2013).

Our findings of higher levels of both Cleaved Notch and
HES-1 in syndecan-4−/− mice, strongly suggest an increased
Notch signaling when syndecan-4 is absent. HES-1 signaling
was also higher in exercised compared to sedentary WT
mice. Notch is a regulator of myogenesis and is increased
upon physiological stimuli such as exercise (see review Arthur
and Cooley, 2012; LaFoya et al., 2016). Notch signaling is
indispensable for maintaining quiescence and self-renewal of
MuSCs, and promotes proliferation of MuSCs by keeping low
MyoD levels and prevents differentiation (Buas and Kadesch,
2010; Bi et al., 2016). Upon ligand binding, the intracellular
domain of the Notch receptor is cleaved off (Cleaved Notch) and
translocated to the nucleus where it activates the transcription
factor CLS/RBPJ and induces expression of the transcriptional
repressors of the HES and HEY family (Iso et al., 2003;
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D’Souza et al., 2008). Interestingly, both syndecan-2 and 3
have been linked to Notch signaling pathways (Pisconti et al.,
2010; LaFoya et al., 2016). Syndecan-3 interacts with Notch at
the plasma membrane in the MuSC, and this interaction has
been suggested to be important for Notch cleavage (Pisconti
et al., 2010). Loss of syndecan-3 impairs Notch signaling,
alters MuSC homeostasis and leads to progressively increased
myofiber size, which is especially noticed in repeatedly injured
and dystrophic mice (Pisconti et al., 2010, 2016). Syndecan-
2 is reported highly abundant in early-differentiated myoblasts
(Do et al., 2015). Interestingly, Cleaved Notch has been shown
to induce syndecan-2 expression in smooth muscle cells,
which again interacts with the Notch receptor at the surface
membrane and promotes further Notch signaling (Zhao et al.,
2012). Whether the increased Notch signaling we observed in
syndecan-4−/− is due to the increased syndecan-2 level or vice
versa has to be determined by future experiments (illustrated
in Figure 6D).

Desmin was the only protein in our analyses that was increased
in exercised WT, but neither changed in sedentary or exercised
syndecan-4−/−. Desmin is the most abundant intermediate
filament protein in adult skeletal muscle, expressed at low
levels in MuSCs and increased during myogenic commitment
and differentiation (Hnia et al., 2015). Human heterozygous
desmin mutations link to muscular weakness and different
skeletal and cardiac myopathies. In line with this, the desmin−/−

mouse model is also reported weaker; it fatigued more easily
and showed an impaired performance on endurance tests
(Haubold et al., 2003). Whether the syndecan-4−/− mice also
fatigues more easily must be determined in larger endurance
tests in future.

Conclusively, our data show that key molecular pathways
involved in matrix remodeling and muscle growth were affected
in syndecan-4−/− mice. These molecular changes were observed
under steady state conditions, and in contrast to WT, were mostly
not affected by exercise. Functional studies to elucidate the exact
role of the ECM components in the syndecan-4−/− mice should
be performed in future studies. In particular, compensatory
effects of syndecan-2 and vice-versa is of particular interest in
follow up-studies.
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The ocular surface, which forms the interface between the eye and the external
environment, includes the cornea, corneoscleral limbus, the conjunctiva and the
accessory glands that produce the tear film. Glycosaminoglycans (GAGs) and
proteoglycans (PGs) have been shown to play important roles in the development,
hemostasis and pathology of the ocular surface. Herein we review the current literature
related to the distribution and function of GAGs and PGs within the ocular surface, with
focus on the cornea. The unique organization of ECM components within the cornea is
essential for the maintenance of corneal transparency and function. Many studies have
described the importance of GAGs within the epithelial and stromal compartment, while
very few studies have analyzed the ECM of the endothelial layer. Importantly, GAGs
have been shown to be essential for maintaining corneal homeostasis, epithelial cell
differentiation and wound healing, and, more recently, a role has been suggested for the
ECM in regulating limbal stem cells, corneal innervation, corneal inflammation, corneal
angiogenesis and lymphangiogenesis. Reports have also associated genetic defects of
the ECM to corneal pathologies. Thus, we also highlight the role of different GAGs and
PGs in ocular surface homeostasis, as well as in pathology.

Keywords: cornea, wound healing, lumican, keratan sulfate, decorin

Abbreviations: ALK5, activin linked kinase 5; Asn, asparagines; Cmd, cartilage matrix deficiency; CS, chondroitin
sulfate; CSPGs, chondroitin sulfate proteoglycans; DS, dermatan sulfate; DSPGs, dermatan sulfate proteoglycans;
ECM, extracellular matrix; ERK, extracellular signal-regulated kinase; Ext1, exostosin glycosyltransferase 1; FAK,
focal adhesion kinase; GAGs, glycosaminoglycans; Gal, galactose; GalNAc, N-acetylgalactosamine; GlcA, glucuronic
acid; GlcNAc, N-acetylglucosamine; GlcNAc6ST, N-acetylglucosamine-6-O-sulfotransferase; GPCs, glypicans; GPI,
glycosylphosphatidylinositol; HA, hyaluronan; HAS, hyaluronan synthase; HEP, heparin; HS, heparan sulfate; HSPGs,
heparan sulfate proteoglycans; IdoA, iduronic acid; JNK, c-Jun N-terminal kinase; KS, keratan sulfate; KSPGs, keratan
sulfate proteoglycans; LPS, lipopolysaccharides; MMP, matrix metalloproteinase; NDST, glucosaminyl N-deacetylase/N-
sulfotransferase; PAPS, 3′-phosphoadenosine-5′-phosphosulfate; PGs, proteoglycans; PRG4, proteoglycan 4; Ser, serine;
SLRPs, small leucine-rich proteoglycans; TGF-β, transforming growth factor beta; TGFBIP, TGF beta-induced protein; Thr,
threonine; TLR4, toll-like receptor 4.
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INTRODUCTION

The ECM components are not only space fillers, as believed for
many decades, but are actually physiologically active components
that play an important role in development, homeostasis and
pathology (Badylak et al., 2009; Frantz et al., 2010; Clause and
Barker, 2013). PGs and GAGs are ubiquitous components of the
ECM and are particularly enriched in connective tissues (Varki
et al., 1999). PGs are composed of a core protein covalently
linked to at least one GAG side chain and can be classified
into different groups based on their core protein and/or the
composition of GAG side chains (Hardingham and Fosang,
1992; Iozzo, 1998). GAGs are unbranched polysaccharides with
repeating disaccharide units composed of a hexosamine (D-
GlcNAc or D-GalNAc) and a hexuronic acid (D-GlcA, L-IdoA,
or D-Gal in the case of KS) (Anseth, 1969; Varki et al., 1999;
Mikami and Kitagawa, 2017). Based on the composition of
the repeating disaccharide unit, GAGs are subdivided into CS,
DS, KS, HS/heparin (HEP) and HA (a stick representation of
each GAG is shown in Figure 1) (Anseth, 1969; Varki et al.,
1999). During biosynthesis, GAG chains undergo secondary
modifications by the actions of sulfotransferase and epimerase
enzymes (Mikami and Kitagawa, 2017). The spatiotemporally
controlled expression of these enzymes enables cells to fine-
tune sugar heterogeneity (Varki et al., 1999). Sulfotransferases
use the universal sulfate donor PAPS to add 2-, 6- and 3-
O sulfates to HS/HEP and 2-, 4-, and 6-O sulfates to CS/DS,
while the epimerases convert GlcA to IdoA (Mencio et al.,
2015). Thus, GAG biosynthesis is not template driven, which
means there is significant variation in sulfation patterns and
glucuronic/IdoA content among the synthesized GAGs, which
are essential in determining their physical properties (Varki
et al., 1999; Ohtsubo and Marth, 2006; Afratis et al., 2013). The
presence of carboxylate and sulfate groups provides GAGs with
highly negative charges and means they attract and retain water,
which also directly correlates with their physiological properties
(Rozario and DeSimone, 2010). These water molecules play
an essential role in mediating interactions between GAG and
protein binding sites (Warshel et al., 1986; Sarkar et al., 2016;
Cui et al., 2018). In Figure 1 we demonstrate the calculated
water energy density distributions for the different GAGs,
specifically the force with which each GAG interacts with water
molecules. The representative tetrasaccharide unit of heparin has
the highest solvation energy, while the tetrasaccharide unit in
HA has the lowest. Recent studies have shown that GAG chains
preferentially bind to ligands that will lower their desolvation
energy and water molecules participate in many GAG-protein
interactions within the binding site (Sarkar et al., 2016; Cui
et al., 2018). Figure 1 shows the solvent-solute energies of a
representative tetrasaccharide for each GAG, calculated using
the three-dimensional reference interaction site model (3D-
RISM) theory. These energy maps function as a predictive of
the specificity of the interaction of each GAG with their binding
partners (Sugita et al., 2020).

Glycosaminoglycans and PGs have been shown to participate
and/or regulate various signaling pathways, such as, the TGF-
β, JNK/p38, FAK, and ERK pathways. TGF-β is a family of

FIGURE 1 | Molecular reconstruction of thermodynamic maps of water
entities around a representative tetrasaccharide of the different GAGs.
Molecular reconstruction of thermodynamic maps of water entities were
depicted additively by combining oxygen and hydrogen against a solute.
Solute-solvent interaction description was calculated by 3D-RISM
(three-dimensional reference interaction site model with Universal Correlation,
UC) (Luchko et al., 2010; Nguyen et al., 2019). The displacement of water
molecules favorably modulates the free energy of protein-ligand complex
binding. A cross section at the center of mass is represented in the x-axis for
each tetrasaccharide with a licorice representation of each GAG in an overlay.
The thermodynamic maps of water entities can be directly correlated with the
electrostatic charges of each tetrasaccharide unit and the specificity with
which they bind to their binding partners.

dimeric proteins with three isoforms – TGF-β1, TGF-β2, and
TGF-β3 expressed by corneal and limbal epithelia, conjunctiva
and stromal keratocytes (Saika et al., 2004; Chen et al., 2006).
TGF-β receptor-III (betaglycan) is the most abundant membrane
PG receptor containing HS and CS chains (Cheifetz et al.,
1988; Chen et al., 2006). The HS regulates the binding of
betaglycan to TGF-β and the deficiency or enzymatic removal
of HS in epithelial cells reduces the degradation of TGF-β1
(Chen et al., 2006). TGF-β plays an important role in ocular
surface homeostasis and pathology as it induces the synthesis
and secretion of ECM components, promotes adhesion complex
formation with corneal epithelial cells, increases protease
inhibitor expression and recruits monocytes/neutrophils during
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inflammation (Gassner et al., 1997; Ljubimov and Saghizadeh,
2015). The TGF-β-receptor complex activates the Smad signaling
pathway and other non-Smad pathways involving ras/MEK/ERK,
RhoA, stress kinases (JNK and p38MAPK), and PI3K/AKT
(Bhowmick et al., 2001; Santander and Brandan, 2006). The ERK
signaling pathway requires the HSPG syndecan-4 for Cellular
Communication Network Factor 2 and type I collagen expression
(Leask , 2010; Nourian et al., 2019). TGF-β also induces the
differentiation of fibroblasts to myofibroblasts via the FAK-
MEKK1-JNK pathway (Liu et al., 2007). TGF-β activates FAK,
which induces JNK-dependent actin stress fiber formation and
expression of profibrotic genes in fibroblasts leading to ECM
remodeling (Liu et al., 2007; Leask , 2010).

The ocular surface, including the cornea, corneoscleral limbus,
conjunctiva, tear producing glands and tear film, form the
interface between the external and internal environment of the
eye. The unique organization of ECM components throughout
the ocular surface is essential for maintaining healthy tissue, and
therefore for enabling vision. The ocular surface is protected from
external chemicals and microbes by mucin glycoproteins rich in
O-glycans, which are synthesized by corneal and conjunctival
epithelial cells (Brockhausen et al., 2018). Since the initial
study of GAGs in corneal disorders in 1969 (Anseth, 1969),
a plethora of studies have investigated the role of GAGs and
PGs in the ocular surface of various species including humans.
For example, HSPGs are constituents of cell-cell and cell-
basement membrane junctions that are important for the barrier
function of the corneal epithelium and endothelium, while small
leucine-rich PGs (SLRPs) are necessary for the organization of
collagen fibers within the stroma and are therefore necessary
for maintaining corneal transparency (Varki et al., 1999). More
recently, important roles have been suggested for the ECM
in regulating limbal stem cells, corneal innervation, corneal
inflammation, angiogenesis and lymphangiogenesis (Cursiefen
et al., 2004; Gesteira et al., 2017; Pal-Ghosh et al., 2017; Sun et al.,
2019). Moreover, ECM components have also been shown to be
important constituents of the tear film (Baier et al., 1990; De
Souza et al., 2006). Reports have also associated genetic defects
to abnormalities in the ECM leading to corneal opacity and
blindness (Clause and Barker, 2013). Herein, we will outline the
roles of GAGs and PGs in the different compartments of the
ocular surface and how they correlate with pathology.

KERATAN SULFATE PROTEOGLYCANS
(KSPGs)

Keratan sulfate is composed of a repeating disaccharide unit
made up of GlcNAc and a Gal, more specifically 3Galβ1-
4GlcNAcβ1, and can be sulfated at carbon position 6 (C6)
of the Gal or GlcNAc monosaccharides. Although all GAGs
are bound to PGs via the tetrasaccharide linkage region Xyl-
Gal-Gal-GlcNAc, KS is an exception and has a unique linkage
region which gives rise to different types of KS, namely KS
types I, II, and III (Funderburgh, 2000). More specifically,
KS type I attaches to an Asn residue on the core protein
via a complex N-linked branched oligosaccharide. KS type II

attaches to a serine or threonine (Ser/Thr) amino acid on
the core protein via an O-linked glycan (α-Gal-Ser/Thr). KS
type III attaches to a Ser amino acid on the core protein
via a mannose-Ser linkage (Funderburgh, 2000). The cornea
is the tissue with the highest KS content and is the richest
source of type I KSPGs, which were originally identified in the
cornea in 1939 (Suzuki, 1939; Funderburgh, 2000; Quantock
et al., 2010). Normal human corneas contain 15 µg of KS per
mg dry weight with ∼14 disaccharides per chain consisting
of ∼4% unsulfated, 42% monosulfated, and 54% disulfated
disaccharides (Plaas et al., 2001). The enzymatic sulfation of
KS by GlcNAc-6-O-sulfotransferase (GlcNAc6ST) is required for
normal collagen matrix biosynthesis and organization in the
cornea (Hayashida et al., 2006). Reduced activity of GlcNAc6ST,
which catalyzes the transfer of sulfate to position 6 of terminal
GlcNAc, results in low-sulfated KS synthesis and accumulation
in macular corneal dystrophy (Hasegawa et al., 2000). In normal
human corneas, KS is predominantly found in the central
cornea and gradually decreases toward the limbus–sclera regions
(Borcherding et al., 1975). Loss of KS in corneas of β-1,3-
NAcetylglucosaminyltransferase-7 null mice leads to corneal
thinning (Littlechild et al., 2018). Interestingly, KS deficient
mice significantly up-regulate CS throughout the corneal stroma
through a compensatory mechanism (Littlechild et al., 2018).

The KS in corneas is mostly bound to SLRPs such as
lumican, keratocan, fibromodulin, and osteoglycin/mimecan,
which have been shown to regulate corneal development, corneal
transparency and wound healing. Lumican belongs to the SLRP
family and has four N-linked glycosylation sites which can
contain KS side chains in humans (Chakravarti et al., 1995).
A representation of lumican containing four KS side chains
is shown in Figure 2. The characteristic leucine-rich repeats
in the protein core mediate binding to other extracellular
components like collagen (Danielson et al., 1997; Chakravarti
et al., 1998; Smith and Hassell, 2006). The structure of lumican
is homologous to decorin; a superhelix with a horseshoe or
arch-like structure having β-sheets at the concave surface and
α-helices at the convex surface (Chakravarti et al., 1995; Weber
et al., 1996; Iozzo, 1997). Our group has modeled the structure
of lumican using decorin as a template and the location of
KS attachment sites can be seen on the convex side of the
molecule (Figure 2). This shape allows for accommodation of
a collagen fibril within the concave surface of lumican (and
other SLRPs), and the KS side chains that are bound to the
convex side project outwards. These KS side chains, which due
to their high anionic charge retain water, are important for the
normal assembly and growth of collagen fibrils (Iozzo, 1997;
Chakravarti et al., 1998). Immunostaining of human corneas with
anti-lumican (green) and anti-KS (red) antibodies demonstrates
how the KS side chains project outwards into the “empty” space
(Figure 3). Specifically, a thin line of KS (represented in red)
can be seen lining the outer surfaces of the stromal lamellae
(Figure 3). In adult mouse corneas, immunohistochemistry
shows an increasing concentration of lumican from low levels
of non-specific staining in the epithelium to markedly increased
levels in the posterior third of the stroma (Figure 4) (Chakravarti
et al., 2000; Bouhenni et al., 2013). Studies in chick corneal
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FIGURE 2 | A cartoon representation of the SLRP lumican containing four KS
side chains. The structure of lumican was modeled on the crystalized
structure of decorin and presented as a cartoon representation of human
lumican (green). The KS side chains at the N-glycosilation sites at N88, N127,
N160 and N252 are represented as a sticks (N-acetyl glucosamine in pink,
galactose in blue, oxygen in red and sulfate in yellow).

development have shown that the switch from the glycoprotein
form of lumican (containing polylactosamine – non-sulfated
KS) side chains, at embryonic day 7 (E7) to the PG form of
lumican (with sulfated KS side chains) after E15 is well correlated
with development of corneal transparency (Cornuet et al., 1994;
Dunlevy et al., 2000). Similarly, the switch to lumican containing
KS side chains occurs concomitantly with corneal transparency
and eye opening in mice (Ying et al., 1997). The important role
lumican plays in maintaining corneal transparency came to light
with the generation of lumican null mice (Chakravarti et al.,
1998; Saika et al., 2004). These studies revealed that lumican is
necessary for the correct alignment of collagen fibers and for
maintaining interfibrillar collagen spacing (Chakravarti et al.,
1998, 2000). Lumican null mice have collagen fibers with a larger
fibril diameter, abnormal fibril packing, and irregular lamellar
organization particularly in the posterior stroma (Chakravarti
et al., 1998, 2000).

The role of lumican in corneal wound healing was evidenced
by delayed closure of epithelial defects in lumican-null mice
in vivo and slower scratch closure after addition of an anti-
lumican antibody in vitro (Saika et al., 2000). Lumican expression
during corneal wound healing contributes to important processes
like epithelial cell migration and adhesion (Saika et al., 2000),
neutrophil and macrophage recruitment (Funderburgh et al.,
1997; Vij et al., 2004), proliferation and apoptosis of stromal
keratocytes (Vij et al., 2004). Lumican is expressed by stromal
keratocytes and not by the corneal epithelium in normal corneas;
however, it is expressed transiently and ectopically by mouse
corneal epithelial cells during the process of epithelial wound
healing (Saika et al., 2000). Studies have suggested that the
functions of lumican may be mediated by the interaction of
lumican with Fas/Fas ligand (Vij et al., 2005), TLR4 (Lohr
et al., 2012) or Transforming growth factor-β receptor 1 (ALK5)
(Yamanaka et al., 2013). Recently, the cleavage of lumican, for
example by matrix metalloproteinase 14 (MMP14), has been
shown to generate physiologically active products that have
been named lumikines by the Kao group (Yamanaka et al.,

2013; Gesteira et al., 2017). Thus, upon wound healing, lumican
throughout the cornea could serve as a storage pool of signaling
molecules that are mobilized with the release of certain MMPs.
A representation of MT1-MMP cleavage sites on the lumican
core protein can be seen in Figure 4. Interestingly, a C-terminal
product of lumican, which can be generated for example by MT1-
MMP cleavage (Figure 5), has been shown to bind to ALK5
and promote corneal epithelial wound healing, increasing both
epithelial cell migration and proliferation (Yamanaka et al., 2013;
Gesteira et al., 2017). Although lumican expression is important
during the process of wound healing, persistent up-regulation of
lumican beyond wound closure can lead to reduced adhesion of
corneal epithelial basal cells, as seen in streptozotocin-induced
diabetic rats (Yamamoto et al., 2018).

Keratocan is another member of the SLRP family found
in the corneal stroma, and has a protein sequence that
is similar to lumican, containing putative KS side chains
(Dunlevy et al., 1998). A representative image of keratocan
(green) and KS (red) staining in the human cornea can
be seen in Figure 6. In the cornea, keratocan is solely
expressed by keratocytes, thus it is commonly used as a
phenotypic marker for stromal keratocytes (Figure 4) (Kao and
Liu, 2002). Because the expression of keratocan is restricted
to stromal keratocytes, Keratocan-Cre (Kera-Cre) transgenic
driver mice (not inducible) and, recently, the doxycycline
inducible Keratocan-rtTA (KeraRT) driver mouse line have been
generated to ablate genes specifically in stromal keratocytes
(Kao, 2006; Zhang et al., 2017). Lumican has been shown
to regulate the expression of keratocan. Specifically, lumican-
null mice (in vivo) and lumican knockdown using siRNA
in cells (in vitro) both present reduced keratocan expression
(Carlson et al., 2005). Furthermore, keratocan transcriptional
activity is increased after the expression of lumican is rescued
in lumican-null mice (Carlson et al., 2005), and keratocan
expression is increased at both protein and mRNA levels
when lumican is overexpressed in wild-type mouse corneas
(Carlson et al., 2005). During corneal wound healing, if
keratocytes are activated into a fibroblast or myofibroblast
phenotype by FGF-2/heparin sulfate (HS) or TGF-β1, the
synthesis of keratocan and lumican is downregulated via
activation of the Jun N-terminal kinase-signaling pathway
(Chen et al., 2011). KS biosynthesis, chain length and
sulfation are significantly reduced in these activated fibroblasts
and myofibroblasts when compared to naïve keratocytes
(Funderburgh et al., 2003).

Studies in a mouse model of LPS-induced keratitis have
shown that lumican and keratocan can regulate the innate
immune response. Lumican and keratocan double knockout mice
receiving intrastromal LPS present a less intense increase in
corneal thickness and cloudiness, and reduced stromal neutrophil
invasion when compared to wild-type mice (Carlson et al., 2005).
In contrast to lumican-null mice, keratocan-null mice have thin
but clear corneal stromas with abnormal collagen fibril spacing
(Carlson et al., 2005). Interestingly, mutations in the keratocan
gene leading to a single amino acid substitution or a C-terminal
truncation cause flattening of the anterior corneal curvature in
humans, a condition called cornea plana (Pellegata et al., 2000).
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FIGURE 3 | Representative image of lumican and KS imunolocalized in human corneas. Lumican (green) and KS (red) were immunolocalized in a sagittal section of a
normal human cornea. Lumican was detected with a monoclonal anti-lumican antibody, clone 1F12B10, produced by our group, and KS was detected using
anti-KS clone 5D4, kindly provided by Prof. Bruce Caterson. Scale bar represents 20 µm.

FIGURE 4 | Spatial distribution of SLRPs, HSPGs and HA in the cornea and limbal region. Spatial distribution maps showing the distribution of the SLRPs lumican,
keratocan, decorin, biglycan, and fibromodulin, the HSPGs perlecan and agrin, and HA, all represented in green, in the cornea and limbal region. A frontal view of the
whole cornea and limbal region is shown on the left of each panel, with the inner circle demarcating the cornea/limbus interface. The corresponding image on the
right show a cross-sectional view of the cornea with the limbal regions toward the bottom. The lines demarcate the different layers of the cornea, specifically the
upper line represents the intersection between the epithelium and the stroma, with the other line representing the intersection between the stroma and the
endothelium. The intensity of the green color correlates with expression levels, with the darker color representing higher expression.

Fibromodulin, another SLRP with putative KS side chains,
is also involved in regulating collagen fibrillogenesis in the
peripheral cornea. It is expressed in the central cornea and limbus
during development but becomes restricted to the limbus and
sclera in adult mice (Figure 4) (Chen et al., 2010). This specific
expression pattern during development is correlated with the
change in corneal curvature and change in the axial length of
the eye during the normal emmetropization process (Chen et al.,

2010). Although fibromodulin-null mice have normal eye axial
length, fibromodulin and lumican have synergistic effects during
the emmetropization process in the region-specific regulation of
collagen fibrils as shown in combined lumican/fibromodulin-null
mice (Chakravarti et al., 2003).

Mimecan, another SLRP with putative KS side chains, exists
in the corneal stroma as a KSPG and is mostly found in its
non-sulfated form in other connective tissues (Funderburgh
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FIGURE 5 | A cartoon representation of the lumican core protein with
indicated MT1-MMP cleavage sites. A cartoon representation of human
lumican (green) modeled using the structure of decorin (pdbID 1XDC) as a
scaffold. MT1-MMP cleavage sites are depicted in pink in order to represent
the lumican products that would be produced upon MT1-MMP cleavage. The
c-terminal 13 aas of lumican, which have been shown to promote corneal
wound healing, have been shown in blue.

FIGURE 6 | Representative image of keratocan and KS imunolocalized in
human corneas. Immunolocalization of keratocan (green) and KS (red) in a
sagittal section of normal human cornea. Keratocan was detected with a
monoclonal anti-keratocan antibody and KS was detected using anti-KS
kindly provided by Prof. Bruce Caterson. Scale bar represents 20 µm.

et al., 1997). Unlike other SLRPs, mimecan seems to have
minimal contribution toward the structure and organization
of collagen fibrils in the mouse cornea (Beecher et al., 2005).
Studies using mimecan-null mice found no significant changes
in corneal thickness or clarity, but divergent results were found
regarding the role of mimecan in regulating collagen fibril
thickness (Tasheva et al., 2002; Beecher et al., 2005). On average,
collagen fibrils in corneas of mimecan-null mice were thicker
when compared to wild-type littermates using transmission
electron microscopy ultrastructural analyses (Tasheva et al.,
2002). However, a low-angle synchrotron x-ray diffraction study
showed that the mean collagen fibril diameter, collagen fibril
spacing and collagen fibril organization throughout the cornea
of mimecan-null mice were comparable to those of wt mice
(Beecher et al., 2005).

CHONDROITIN SULFATE
PROTEOGLYCANS (CSPGs)

Chondroitin sulfate is composed of repeating disaccharide
units of GlcA and GalNAc with sulfation at various positions.
Chondroitin sulfate A (chondroitin-4-sulfate) is sulfated
at carbon 4 of the GalNAc sugar, chondroitin sulfate C

(chondroitin-6-sulfate) is sulfated at carbon 6 of the GalNAc
sugar, chondroitin sulfate D (chondroitin-2,6-sulfate) is sulfated
at carbon 2 of the GlcA and 6 of the GalNAc sugar, and
chondroitin sulfate E (chondroitin-4,6-sulfate) is sulfated at
carbons 4 and 6 of the GalNAc sugar (Mikami and Kitagawa,
2013). In the rat cornea, CS expression is high at birth and
decreases with postnatal development (Koga et al., 2005). In
normal human corneas there are 8 µg of CS/DS per mg dry
weight with∼40 disaccharides per chain, which decreases to∼15
disaccharides in corneas affected by macular corneal dystrophies
(Plaas et al., 2001). CSPGs are important ECM components with
diverse functions in tissues, such as regulating cell adhesion,
cell growth, neuronal plasticity, neuronal regeneration and cell
migration, and form the bulk of the majority of connective
tissues (Coulson-Thomas et al., 2008, 2016; Silver et al., 2013;
Silver and Silver, 2014; Smith et al., 2015; Gesteira et al., 2016; Pai
et al., 2018; Pudełko et al., 2019).

Lubricin, also known as proteoglycan 4 (PRG4) or superficial
zone protein, acts as a boundary lubricant anti-adhesive
component in tissues, protecting them against frictional forces
(Bao et al., 2011). The lubricin in human synovial fluid consists
of glycoprotein isoforms that may or may not have CS and/or
KS side chains (Lord et al., 2012). Lubricin is produced by
ocular surface epithelia, including the corneal and conjunctival
epithelia, and the lacrimal and meibomian glands (Cheriyan
et al., 2011; Schmidt et al., 2013). Lubricin reduces friction and
protects the cornea and conjunctiva against significant shear
forces generated by the eyelid during blinking. Hence, lubricin-
null mice present a dry eye phenotype with ocular surface
damage and positive corneal fluorescein staining due to lack
of protective lubrication (Schmidt et al., 2013). A randomized
clinical trial of recombinant human lubricin in moderate dry
eye treatment produced significant improvement in signs and
symptoms when compared to HA (Lambiase et al., 2017). Further
studies with lubricin could provide promising management
options for dry eye disease.

Aggrecan is a large bottlebrush-shaped PG of the lectican
family which forms complexes with HA (Kiani et al., 2002;
Ng et al., 2003). Aggrecan has three highly conserved globular
domains and three less conserved extended domains in different
species (Kiani et al., 2002). Aggrecan contains multiple CS side
chains and few KS side chains in all species except in mice where
aggrecan has a truncated core protein devoid of a KS-rich region
(Watanabe et al., 1995). Because of the highly absorbent and
lubricating properties of aggrecan, it acts as a shock absorber
in cartilage (Chandran and Horkay, 2012). Aggrecan has been
reported to be expressed during development as well as in adult
corneas of Wistar rats (Koga et al., 2005). Similarly, in human
corneas, aggrecan is immunolocalized mostly in the corneal
and conjunctival epithelia, with weak staining in the anterior
corneal stroma and moderate staining in the scleral stroma
(Bouhenni et al., 2013). Although aggrecan is known to be
expressed in the cornea, its function remains to be elucidated.
To further understand the role of aggrecan in the ocular surface,
cmd mice could be used, which are aggrecan knockout mouse
models with a functional null mutation of the aggrecan gene
(Watanabe et al., 1994).
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Versican is another large CSPG of the lectican protein family,
which undergoes alternative splicing and occurs as four isoforms,
namely V0, V1, V2, and V3, where V0 is full length versican
(Zimmermann and Ruoslahti, 1989; Ito et al., 1995). Versican
has an HA-binding region at the N-terminus and several CS
attachment regions where V0 has both CS-α and CS-β, V1 has
CS-β, V2 has CS-α, and V3 does not have any CS attached
(Ito et al., 1995). Versican is a major PG in the dermis and
plays an important role in skin wound healing. In particular,
the V3 isoform promotes normal dermal fibroblast-myofibroblast
transition (Hattori et al., 2011). Studies have suggested that
versican is involved in corneal development: in the rat cornea,
versican isoforms are highly expressed at birth but larger isoforms
(V0) are replaced by smaller isoforms during early postnatal
development (P1–P14) and become undetectable in adulthood,
while the V1 and V2 isoforms remain unchanged (Koga et al.,
2005). Versican has been immunolocalized in the subepithelial
region of the anterior limbus in human corneas (Schlötzer-
Schrehardt et al., 2007). Although many studies have identified
versican in the corneas of multiple species, a function has still
to be attributed to it. Therefore, as is the case for aggrecan,
further studies are needed to unveil the function of versican in
the ocular surface.

DERMATAN SULFATE PROTEOGLYCANS
(DSPGs)

Dermatan sulfate, previously known as chondroitin sulfate B,
has the same basic composition as CS; however, the GlcA is
epimerized to IdoA by glucuronyl C5-epimerase (Malmström
and Fransson, 1975). Thus, similarly to CS, DS is a copolymer
of alternating IdoA-GalNAc(4S) (iA unit), IdoA(2S)-GalNAc(4S)
(iB unit), or IdoA-GalNAc(4S,6S) (iE unit) units (Maccarana
et al., 2009). DS is predominantly present in the skin and plays
an important role in wound healing (Penc et al., 1998). DSPGs
present in the corneal stroma are involved in controlling the
interfibrillar spacing and lamellar adhesion properties of corneal
collagens (Maccarana et al., 2009).

Decorin is a member of the SLRP family with three potential
GAG attachment sites, but generally only one DS/CS chain is
linked to the serine residues in the N-terminal region (Weber
et al., 1996). Interaction of decorin and its side chain with
growth factors and other proteins helps in the regulation of
various processes, such as collagen fibrillogenesis, angiogenesis,
autophagy and wound healing (Gubbiotti et al., 2016). Decorin-
deficient mice exhibit skin fragility, tendon weakness and lower
lung airway resistance due to abnormal collagen fibrillogenesis
(Danielson et al., 1997). Mice lacking decorin DS chains, due to
mutation of the serine residue at the site of DS substitution, do
not exhibit such anomalies (Moffatt et al., 2017). In the cornea,
decorin is abundantly expressed in the stroma (Figure 4) and
accumulation of a truncated form of decorin causes stromal
opacity in congenital stromal corneal dystrophy (Bredrup et al.,
2005, 2010; Rødahl et al., 2006). However, decorin-null mice
present only a few large and irregular fibrils, therefore it has been
proposed that decorin alone does not significantly affect corneal

collagen fibril phenotype (Danielson et al., 1997; Zhang et al.,
2009). Decorin inhibits TGF-β by binding to its core protein
in the latent complex leading to inhibition of myofibroblast
differentiation and scar formation (Ständer et al., 1999; Tandon
et al., 2010). Decorin has been tested as an anti-fibrotic agent
in the cornea significantly reducing corneal opacity in a murine
model of Pseudomonas keratitis (Hill et al., 2018). The Chinnery
group further investigated the use of exogenous decorin to
promote corneal nerve regeneration after a corneal epithelial
abrasion injury and found that human recombinant decorin
promotes corneal nerve regeneration (Wu et al., 2020). It was
hypothesized that decorin promotes corneal nerve regeneration
via the activation of dendritic cells (Wu et al., 2020).

Biglycan is also a PG of the SLRP family with two DS/CS
chains linked to serine residues in the protein core, homologous
to the decorin protein (Fisher et al., 1989). Biglycan binds
various growth factors to modulate cell signaling pathways,
and disruption of the biglycan gene results in osteopenia with
decreased growth and bone mass (Young et al., 2002). Biglycan
is expressed throughout the corneal stroma (Figure 4) with
high expression levels during early developmental stages, which
decrease to very low levels in the mature cornea (Zhang et al.,
2009). However, normal collagen fibrils and stromal structures
are found in biglycan-null mice (Zhang et al., 2009). Since decorin
and biglycan interact with a similar region on collagen when
regulating lateral fibril growth, studies in decorin and biglycan
double knockout mice have shown that decorin and biglycan
have a synergistic effect producing abnormal fibril morphology
resulting in additive deficiency in skin and bone (Young et al.,
2002; Bi et al., 2005). Thus, there is a compensatory effect
between decorin and biglycan with regard to regulating collagen
fibril organization. Decorin and biglycan double knockout
mice also show large irregular collagen fibrils throughout the
corneal stroma, especially in posterior regions (Zhang et al.,
2009), confirming compensatory expression in single decorin-
or biglycan-null mice. Accordingly, in decorin-null mice there
is higher than normal expression of biglycan in the cornea,
although in biglycan-null corneas there is not a significant change
in decorin expression (Zhang et al., 2009). This suggests that
decorin has a primary role in corneal fibrillogenesis with some
contribution from biglycan, which can compensate for the loss of
decorin (Zhang et al., 2009).

HEPARAN SULFATE PROTEOGLYCANS
(HSPGs)

Heparan sulfate and HEP are synthesized as a polymer made up
of repeating disaccharide units composed of GlcA and GlcNAc
polymerized by glycosyltransferase enzymes called exostosins
(Exts). HS/HEP are sequentially modified during and shortly
after biosynthesis. The NDST enzyme creates different degrees
of sulfation by N-deacetylation and N-sulfation of GlcNAc,
which creates domains of unmodified N-acetylated disaccharides
(NA domains), N-sulfated disaccharide units (NS domains),
and alternating N-acetylated and N-sulfated disaccharides
(NS/NA domains) (Esko and Lindahl, 2001). These modifications
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create binding sites for different proteins and also enable
further enzymatic modification of the HS chain, such as C5-
epimerization of GlcA to IdoA and O-sulfation of both residues
(Esko and Lindahl, 2001; Ledin et al., 2004). Abnormalities in
the biosynthesis of HS chains can lead to developmental defects
ranging from embryonic lethality to tumor formation and altered
organ-system development (Poulain and Yost, 2015).

In order to study the role of HS/HEP and HS/HEP sulfation
in vivo and also understand how the various enzymes involved in
HS biosynthesis and modifications are regulated, null and floxed
mice have been generated for many of the biosynthetic enzymes.
Many of these mice have been used in eye related studies. HS
was ablated from corneal epithelial cells using a cytokeratin 14-
rtTA (K14RtTA diver mouse);TetO-cre to remove exostosin 1
gene (Ext1), which resulted in defective corneal stratification and
delayed wound healing due to loss of tight junctions (Coulson-
Thomas et al., 2015). A similar phenotype was also observed in
extracellular endosulfatase Sulf1-null mice (Maltseva et al., 2013).
Studies have shown that the number and sulfation pattern of HS
on HSPGs, such as syndecans, GPCs, perlecan and agrin, can
modify their function (Mertens et al., 1996; Langford et al., 1998;
Poulain, 2015).

Syndecans are a family of type-I transmembrane proteins that
consists of syndecan-1, syndecan-2, syndecan-3 and syndecan-
4. They are cell surface PGs that can carry three to five HS
chains or CS chains and are involved in cell proliferation,
migration and cell-matrix interactions (Bernfield et al., 1999).
Syndecan-1 and syndecan-3 have GAG binding sites at both
ends of the ectodomain, whereas syndecan-2 and syndecan-
4 have them at the distal region only (Elenius and Jalkanen,
1994). Syndecan-1 is mostly expressed in the epithelium and
syndecan-2 (fibroglycan) is expressed in vascular endothelium
mediating angiogenic sprouting during development. Syndecan-
3 (N-syndecan) is expressed in Schwann cells and on axons
in neurons migrating along nerve bundles (Toba et al., 2002;
Hienola et al., 2006). Syndecan-4 is expressed ubiquitously and
plays a role in fibroblast migration, angiogenesis and wound
healing (Morgan et al., 2007). In the cornea, syndecan-1 has
been shown to play a role in corneal epithelial homeostasis,
wound healing, and more recently, reinnervation (Pal-Ghosh
et al., 2017). Syndecan-1-null mice with a BALB/c background
are viable and fertile, with transparent corneas but altered
intraepithelial corneal nerve morphology (Stepp et al., 2002).
Loss of syndecan-1 causes delayed wound healing in skin and
cornea due to defective migration and integrin expression in
epithelial cells (Stepp et al., 2002). Altered integrin activity and
TGFβ1 signaling makes epithelial cells isolated from syndecan-
1-null mice more adhesive than wild-type cells (Stepp et al.,
2010). The syndecan-1-null corneal epithelial cells assemble
an abnormal ECM which can affect their interaction with
intraepithelial nerves, resulting in altered morphology and
regeneration after injury (Pal-Ghosh et al., 2017). Syndecan-1
deficient mice also present increased corneal neovascularization
and adhesion of leukocytes to endothelial cells after alkali burn
injury, indicating that syndecan-1 negatively regulates leukocyte-
mediated angiogenesis (Götte et al., 2002). Interestingly, the
overexpression of syndecan-1 in transgenic mice also delays

wound closure and re-epithelialization due to shedding of soluble
syndecan-1 ectodomains and inhibition of cell proliferation at
wound edges (Elenius et al., 2004). Syndecan-4 is ubiquitous
and necessary for focal adhesion formation by the interaction of
fibronectin, integrin and intracellular components (Echtermeyer
et al., 2001). After skin injury, syndecan-4 is upregulated in
fibroblasts and endothelial cells within granulation tissue, and
syndecan-4-deficient mice present delayed wound healing and
reduced vessel size within granulation tissue of the wound bed
(Echtermeyer et al., 2001), indicating that syndecan-4 regulates
fibroblast migration, wound contraction and angiogenesis.
However, a similar role for syndecan-4 in corneal wound healing
has not been demonstrated.

Glypicans are a family of HS PGs linked to the cell
surface by GPI-anchors. Studies have shown that GPCs
influence growth factor activity in signaling pathways associated
with developmental morphogenesis and disease processes in
Drosophila, zebrafish, Xenopus, and mammals. The location of
the HS chain insertion site in the C-terminus is conserved
in all GPCs (Veugelers et al., 1999). In Drosophila, the GPC
genes are called division abnormally delayed (dally) and dally-
like protein (dlp). Mutation studies in the dally gene indicate
that it is necessary for G2-M progression in the cell cycle during
eye development (Nakato et al., 1995; Jackson et al., 1997).
Ten GPC genes have been identified in zebrafish (Gupta and
Brand, 2013) and six (GPC1-6) in mammals, which have all been
shown to be important in embryonic development (Brown and
Waneck, 1992). The expression and function of GPCs in the
ocular surface remains to be established, and further research in
this area is needed.

Perlecan is a major basement membrane-specific HS PG
2 (HSPG2) with four potential sites for HS/CS side chain
attachment (Iozzo, 2005). Constitutive loss of perlecan is
embryonic lethal due to heart and brain defects with a few
animals developing chondrodysplasia after birth (Arikawa-
Hirasawa et al., 1999; Costell et al., 1999). In order to study the
role of perlecan in adult mice, researchers have used mutant
mice lacking exon 3 of the perlecan gene, which have smaller
eyes (microphthalmia) and develop lens degeneration (congenital
cataract) (Rossi et al., 2003). In the human cornea, perlecan
was detected by immunofluorescence in the entire corneal
and conjunctival epithelial basement membrane (Figure 4),
and also between the endothelium and Descemet’s membrane
(Ljubimov et al., 1995; Torricelli et al., 2015). Hspg2−/−-Tg
are perinatal lethality rescued mice produced in a perlecan-
null (Hspg2−/−) genetic background that express recombinant
perlecan specifically in the cartilage and not in other tissues
(Ishijima et al., 2012). Hspg2−/−-Tg mice have small eyes
with thinner corneal epithelial wing cell layers and significantly
reduced expression of corneal epithelial differentiation markers
(Inomata et al., 2012). Similarly, thin and poorly organized
epidermis was formed in engineered human skin when perlecan
expression was disrupted in keratinocytes (Sher et al., 2006).
The HS side chains of perlecan have also been suggested
to play a role in corneal epithelial homeostasis and wound
healing since transgenic mice lacking the Ext1 gene in epithelial
cells have an increased rate of epithelial cells sloughing off
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due to disrupted tight junctions and a reduced number of
cell-basement membrane adhesion complexes (Coulson-Thomas
et al., 2015). If the basement membrane of the mouse cornea
is exposed, perlecan can act as a binding site for Pseudomonas
aeruginosa; however, when the HS side chains are removed by
heparanase, bacterial binding decreases (Chen and Hazlett, 2000).
The regeneration of normal basement membrane relies on the
production of perlecan during corneal wound healing, which is
modulated by IL-1 and TGF-β (Saikia et al., 2018). Perlecan has
also been shown to be expressed by stromal keratocytes and is
upregulated after epithelial injury (Torricelli et al., 2015).

Agrin is a multidomain HSPG expressed as an alternatively
spliced protein, with the different isoforms playing important
roles during embryonic development, especially of the nervous
system (Stetefeld et al., 2004). In zebrafish, agrin morphants
that were generated using antisense morpholino oligonucleotides
show that agrin is important for neurite outgrowth during retina
development (Kim et al., 2007; Liu et al., 2008). Since the
disruption of this neuromuscular development process causes
perinatal mortality in agrin-deficient mice, the role of agrin has
been studied in transgenic mice by tissue-specific inactivation
of agrin (Gautam et al., 1996) and overexpression of agrin
(Fuerst et al., 2007). Alteration of agrin expression presents
highly variable developmental defects in the eye including
anophthalmia, microphthalmia, optic nerve hypoplasia, optic
stalk coloboma, vitreous vessel persistence, and adhesion of
iris and lens to the cornea (Fuerst et al., 2007). In the
ocular surface, agrin is highly expressed in the limbal regions
partially colocalized with limbal stem cells (ABCG2 and p63-
positive cells), and the expression of agrin decreases toward
the conjunctiva (weakly expressed) and central cornea (absent
or weakly expressed) (Figure 4) (Schlötzer-Schrehardt et al.,
2007). A recent report has shown that agrin promotes limbal
stem cell proliferation and corneal wound healing via the
Hippo-Yap signaling pathway (Hou et al., 2020). Conditional
knockout of agrin in the cornea could potentially help further our
understanding of the role of agrin in supporting limbal stem cells.

Collagen XVIII is a basement membrane collagen/PG
with HS side chains that is abundant in the eye, skin,
muscles, kidney, lungs and blood vessels (Halfter et al.,
1998). In the posterior segment of the eye, collagen XVIII
immunolabeling is present in the retinal inner limiting
membrane, retinal pigmented epithelium and Bruch’s membrane
(Halfter et al., 1998; Zatterstrom et al., 2000; Fukai et al., 2002).
Collagen XVIII anchors collagen fibrils to the inner limiting
membrane, and the inactivation of collagen XVIII in mice causes
vitreous separation from the retina. In humans, a collagen
XVIII loss-of-function mutation causes Knobloch syndrome,
characterized by high myopia, vitreoretinal degeneration and
retinal detachment in humans (Fukai et al., 2002). When cleaved,
the C-terminal fragment of collagen XVIII generates endostatin,
an angiogenesis inhibitor (O’Reilly et al., 1997). Mice lacking
collagen XVIII and endostatin show abnormal retinal vessel
outgrowth and delayed hyaloid vessel regression after birth
(Zatterstrom et al., 2000; Lin et al., 2001). These findings
indicate that collagen XVIII can be targeted for the regulation
of angiogenesis in the eye. In the anterior segment of the

eye, collagen XVIII has been immunolocalized in the corneal
epithelium, conjunctival epithelial basement membrane, corneal
nerve basement membrane, Descemet’s membrane, limbal and
conjunctival capillaries, ciliary epithelium and lens capsule
(Zatterstrom et al., 2000; Fukai et al., 2002; Sakimoto et al.,
2008). The expression of collagen XVIII and endostatin is
altered in different types of corneal injuries and pathologies. The
immunolabeling of collagen XVIII and endostatin is irregular
in the epithelial basement membrane of keratoconic corneas
and highly increased in the stroma of scarred corneas (Määttä
et al., 2006). Similarly, collagen XVIII expression increases in the
stroma and epithelial basement membrane after linear corneal
incision (Kato et al., 2003). Following excimer laser keratectomy,
collagen XVIII immunoreactivity is absent in the epithelial
basement membrane in wild-type mice (Kato et al., 2003), and
corneal reinnervation is impaired in collagen XVIII knockout
mice (col18a1−/−) with decreased corneal neurite extension
(Sakimoto et al., 2008).

HEPARIN

Heparin is a heavily sulfated GAG synthesized upon a serglycin
core protein found only in mast cells and some hematopoietic
cells (Kolset and Gallagher, 1990). It has the highest negative
charge density among all biological macromolecules due to the
fact that it contains trisulfated disaccharides (Figure 1) (Capila
and Linhardt, 2002). During biosynthesis, heparin is released
from serglycin by tissue proteases followed by endoglucuronidase
(Kolset and Gallagher, 1990; Capila and Linhardt, 2002).
Although HS and HEP have the same core structure and most
HS-binding proteins can also bind to heparin, they have different
levels of sulfation and epimerization (Kolset and Gallagher,
1990). Heparin is widely used for its anticoagulant effects but
recent experimental and clinical evidence shows that it also
has anti-viral, anti-inflammatory and wound healing properties
(Galvan, 1996; Olczyk et al., 2015; He et al., 2019; Çevirme
et al., 2020; Gavioli et al., 2020; Magro, 2020; Zheng et al.,
2020). Heparin exhibits anti-inflammatory activities and has an
effect on the hemostatic phase of wound healing by various
mechanisms such as inhibition of leukocyte recruitment, reduced
vascular permeability, neutralization of cationic mediators, and
inhibition of heparanase (Olczyk et al., 2015). The wound healing
effect of heparin is mostly through binding and regulating
the activity of enzymes and growth factors such as heparin-
binding EGF-like growth factor (HB-EGF), which is known
to promote re-epithelialization of murine partial-thickness
burns, increase keratinocyte proliferation and heal intestinal
anastomotic wounds (Cribbs et al., 1998; Radulescu et al., 2011).
Topical application of heparin in rabbit tracheal autografts has
also shown effective tissue repair after surgery (Sen et al., 2009).
In eyes, polymer pellets impregnated with heparin and cortisone
inhibit corneal vascularization in rabbit models of corneal injury
and transplantation (Nikolic et al., 1986). Heparin eye drops
have also been shown to reduce the occurrence of conjunctival
pseudomembrane in the ocular surface after a chemical injury
with paraquat (Jian-Wei et al., 2017).
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HYALURONAN

Hyaluronan is composed of alternating residues of β-D-
(1 → 3)GlcA and β-D-(1 → 4)-GlcNAc and is neither sulfated
nor covalently attached to a protein core. It is synthesized by
HAS enzymes, namely HAS1, HAS2, and HAS3, and is directly
extruded into the ECM without epimerization or sulfation
(Itano et al., 1999; Hascall and Esko, 2015). It has a very high
negative charge that can attract sodium and retain water. HA is
ubiquitous and serves a variety of functions in vertebrate tissues
such as providing cushioning and lubrication in synovial joints
(Balazs et al., 1967), forming hydrated complexes in skin and
cartilage (Hardingham and Fosang, 1992), binding proteins and
growth factors involved in cell signaling important in regulating
homeostasis, tissue repair, inflammation, and cancer (Fraser et al.,
1997; Schwertfeger et al., 2015).

Studies have used biotinylated-HA binding protein to detect
HA in various tissues of the eye. In the posterior segment
of the eye, HA has been detected in the vitreous humor,
neurosensory retina, retinal pigmented epithelium, Bruch’s
membrane and choroid (Clark et al., 2011). In the anterior
segment of normal eyes, HA has been detected in the aqueous
humor, trabecular meshwork, iris stroma, lens capsule, corneal
endothelium, conjunctival epithelium and limbal epithelium
(Figure 4) (Härfstrand et al., 1992; Gong et al., 1994; Lerner
et al., 1998; Gartaganis et al., 2001; Gesteira et al., 2017). Although
studies have shown that the biological function of HA is dictated
by its molecular weight, the molecular size of HA in these tissues
have not been determined.

The spatial and temporal expression pattern of HA has been
shown to play important roles in development, homeostasis,
and diseases of the ocular surface. During development, HA is
present throughout the cornea and facilitates the movement of
mesenchymal cells and lymphatic vessel growth into the cornea
(Toole and Trelstad, 1971; Hart, 1978; Sun et al., 2019). HA
is cleared from the central cornea by hyaluronidase enzyme
digestion during later stages of development accompanied by
regression of lymphatic vessels (Toole and Trelstad, 1971; Sun
et al., 2019). To date, HA is the only GAG that has been identified
to be decreased in aged human corneas when compared to
corneas from younger individuals (Pacella et al., 2015). In adult
eyes, HA is highly expressed in the limbal epithelium, especially
in the basal layer (Gesteira et al., 2017). HA is also expressed in
the conjunctival epithelium and very low expression levels are
detected in the corneal epithelium of murine (Gesteira et al., 2017;
Sun et al., 2019), bovine (Gong et al., 1994), and human (Lerner
et al., 1998) corneas. This HA specific matrix in the limbus is
important for the limbal stem cell niche and the disruption of this
HA matrix leads to altered LSC phenotype (Gesteira et al., 2017).
HA is significantly increased in the cornea after corneal injuries
like penetrating wounds, excimer laser surgeries and alkali burns
(Hassell et al., 1983; Fagerholm et al., 1992; Fitzsimmons et al.,
1997; Gesteira et al., 2017; Sun et al., 2019). This increase in HA
is believed to be necessary for binding provisional fibronectin
and stimulating corneal epithelial migration for corneal wound
healing (Nakamura et al., 1992; Camillieri et al., 2004). HA
expression in the cornea after alkali burn also regulates corneal

lymphangiogenesis by acting as a substrate for lymphatic vessel
growth (Sun et al., 2019). The precise mechanism of action of
HA and involvement in cell signaling pathways in the ocular
surface remain elusive. Although HA is currently widely used
in ophthalmic products, the actual mechanism of action and
long-term effects of HA in the eye are not clearly understood.

INVOLVEMENT OF PROTEOGLYCANS
AND GLYCOSAMINOGLYCANS IN
CORNEAL PATHOLOGY

Glycosaminoglycans and PGs have been associated with
numerous diseases of the ocular surface. Changes in the levels
of GAGs and PGs can be the primary cause of a disease, such
as in mucopolysaccharidosis (MPS), cornea plana and macular
corneal dystrophy, or secondary to the disease, such as in corneal
scarring and keratoconus. MPS is a family of lysosomal disorders
caused by a mutation in a gene encoding enzymes involved
in the sequential degradation of GAGs, which leads to their
gradual build-up in cells and tissues (Cantz and Gehler, 1976;
Freeze et al., 2015). MPS patients suffer from numerous ocular
manifestations, such as corneal clouding, retinal dystrophy
and retinal degeneration (Javed et al., 2017). In more severe
cases flat and thickened corneas have been noted using anterior
segment optical coherence tomography (Matoba et al., 2020).
The current treatment modalities for MPS include enzyme
replacement therapy and bone marrow transplantation, which
significantly delay progression of the disease but are not effective
in preventing corneal clouding (Vogler et al., 1996; Rohrbach
and Clarke, 2007; Clarke, 2008; Papadia et al., 2011; Beck, 2018).
Ultimately, patients with severe corneal clouding require corneal
transplantation in order to regain vision, thus, there is an unmet
need to develop treatment options to prevent the build-up of
GAG products within the cornea. Importantly, research is also
warranted to explore ocular manifestations early in the disease
since ophthalmologists and optometrists are often the first to
suspect a MPS diagnosis (Del Longo et al., 2018). In the cornea,
the accumulation of GAGs is primarily evident in keratocytes,
which over time causes them to swell and lose their fibroblast-
like shape (Young et al., 2007; Quantock and Young, 2008;
Coulson-Thomas et al., 2014). Granules, containing primarily
partially degraded GAGs, are gradually deposited throughout
all corneal layers disrupting the orthogonal arrangement of
the collagen fibrils as the disease progresses (Fahnehjelm et al.,
2012). The use of gene therapy for treating MPS has been
tested in the corneas of human cadavers, mice, rabbits and dogs
(Thomas et al., 2012; Vance et al., 2016; Miyadera et al., 2020).
Strikingly, AAV-opt-IDUA administered via a single intrastromal
injection in a spontaneous MPS I canine model significantly
cleared the accumulated GAGs within the corneal tissue and
prevented further accumulation (Miyadera et al., 2020). Cell
therapy has also been explored for treating the corneal defects
associated with MPS. Umbilical cord mesenchymal stem cells
have been shown to significantly decrease the accumulation
of GAGs throughout the corneal tissue and within keratocytes
(Coulson-Thomas et al., 2013).
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Macular corneal dystrophy is a rare condition characterized
by the build-up of poorly sulfated or non-sulfated KS chains
(poly-lactosamine chains) within keratocytes and the corneal
endothelium (Funderburgh et al., 1990; Lewis et al., 2000).
Clinical manifestations can resemble certain MPS subtypes, and
include corneal clouding (Funderburgh et al., 1990; Lewis et al.,
2000). Macular corneal dystrophy has mostly been correlated
with mutations in the carbohydrate sulfotransferase 6 (CHST6)
gene, which encodes the enzyme carbohydrate sulfotransferase
6, which catalyzes the transfer of a sulfate group to the GlcNAc
residue of KS (Hasegawa et al., 2000). To date, over 130 mutations
have been reported in the CHST6 gene and linked to macular
corneal dystrophy (Hasegawa et al., 2000; El-Ashry et al., 2002;
Sultana et al., 2005; Patel et al., 2011; Nejat et al., 2018).

Cornea plana is a rare disorder that is characterized by small
flat corneas, hypermetropia, haze in the corneal limbal region
and corneal clouding (Ebenezer et al., 2005; Khan et al., 2006a,b).
To date 15 different mutations in the keratocan (KERA) gene
have been reported in families with cornea plana (Khan et al.,
2004, 2005, 2006a,b; Liskova et al., 2007; Huang et al., 2019).
In fact, mutations in the KERA gene have been associated with
the more severe forms of cornea plana (Pellegata et al., 2000).
Interestingly, keratocan knock-out mice present narrow anterior
chamber angles and thin corneal stroma, clinical features that
resemble cornea plana (Huang et al., 2019). Changes in GAG
and PG levels, and also changes in GAG processing enzymes,
have also been reported in other ocular pathologies, such as
reduced levels of sulfated KS in pellucid marginal degeneration
and ocular autoimmune diseases (Funderburgh et al., 1990;
Woodward et al., 2019).

As mentioned, changes in the expression of GAGs and PGs
can also occur secondary to many diseases. These changes can
often play a role in the pathogenesis of the disease and, therefore,
can often serve as a pharmaceutical target. Keratoconus is a
common progressive corneal ectasia that drastically impairs
vision due to the bulging, thinning and scarring of the cornea
(Rabinowitz, 1998). Although the etiology of keratoconus is
poorly understood and research indicates it is a multifactorial
degenerative disease, changes to the ECM are believed to play
a key role in its pathogenesis. There are limited treatments
available for keratoconus, primarily due to the fact that so little
is known about the disease itself; however, collagen cross-linking
has emerged as a ground breaking treatment option to slow the
progression of corneal distortions (Kobashi and Rong, 2017).
Studies have indicated that the expression of GAGs and PGs,
such as sulfated KS, decorin, lumican, and fibromodulin, are
down-regulated in keratoconus corneas compared to healthy
controls (Funderburgh et al., 1990; García et al., 2016; Foster
et al., 2018). Further research is needed to understand the role
GAGs and PGs play in keratoconus and also to understand
their involvement in collagen cross-linking therapy. Importantly,
riboflavin and ultraviolet-A collagen cross-linking has been
shown to cross-link certain PG core proteins culminating in the
formation of higher molecular weight macromolecules (Zhang
et al., 2011). Specifically, mimecan and decorin form cross-
links with collagen both in vitro and ex vivo, and keratocan
and lumican core proteins strongly inhibit collagen cross-linking

in vitro, while glycosylated keratocan and lumican form cross-
links with collagen ex vivo (Zhang et al., 2011).

Another disease that has been shown to cause secondary
changes to GAG and PG expression is Marfan syndrome. Marfan
syndrome is a disease that affects the ECM of connective tissues
due to mutations in the gene that encodes fibrillin-1, necessary for
the formation of elastic fibers (Feneck et al., 2020). Patients suffer
many ocular manifestations, including thinned and flattened
corneas. Decorin expression has been shown to be significantly
decreased in the corneas of a mouse model of Marfan syndrome
and fibroblasts from a patient with Marfan syndrome (Superti-
Furga et al., 1992; Feneck et al., 2020). The Meek group speculate
the decrease in decorin expression could be a consequence of
the increased levels of TGF-β expression found in the corneas of
individuals with Marfan disease (Feneck et al., 2020). However,
whether the loss of decorin could further contribute to the
pathogenesis of Marfan syndrome remains to be established.

Pterygium is a benign fibrovascular hyperplasia of the
conjunctiva that gradually grows into the cornea. Although the
cause of pterygium remains unknown, studies have suggested UV
exposure as a major cause. KS (stroma), HS (epithelial layer of
blood vessels) and DS (stroma) have been shown to be increased
in pterygium tissue when compared to normal conjunctiva
and have been speculated to potentially be involved in the
hyperplastic process of pterygium (Georgakopoulos et al., 2019).

Dry eye is a common condition that is caused by an insufficient
and/or unstable tear film that leads to an itchy feeling in the eye,
foreign object sensation, stinging and/or burning sensation, red
eyes, sensitivity to light, blurry vision, fatigue, and, ultimately,
inflammation, corneal erosions and compromised vision (Craig
et al., 2017). Dry eye can be caused by reduced or altered
secretion from lacrimal glands, which produce the aqueous layer
of the tear film, Meibomian glands, which produce the lipid
layer of the tear film, or conjunctival cells, which produce the
mucin layer (Bron et al., 2017). Unfortunately, the etiology of
dry eye remains unknown and treatment options are limited
to palliative care (Bron et al., 2017; Jones et al., 2017). Given
the basic characteristics of GAGs, which are highly hydrophilic,
and have high viscosity and low compressibility, they have
emerged as powerful lubricating agents in artificial tears. The
anti-inflammatory characteristics that have been attributed to
GAGs and PGs, such as high molecular weight HA (HMWHA),
makes them even more attractive candidates for use in treating
dry eye. The number of studies using HA, chemically modified
HA and HA analogs has increased exponentially over the past
few years (Salwowska et al., 2016; Ang et al., 2017; Pinto-Fraga
et al., 2017). Lubricin is also emerging as a powerful agent in
treating dry eye (Lambiase et al., 2017; Regmi et al., 2017).
Despite the countless studies dedicated toward establishing the
therapeutic benefits of using HA and lubricin for treating ocular
conditions, such as dry eye, and also the fact that eye drops
containing HA are widely sold around the world, limited studies
have investigated the long-term effects of continuous exposure of
the ocular surface to HA and lubricin. We have recently shown
that alterations in HA expression in keratin 14 positive cells
leads to Meibomian gland and conjunctival hyperplasia (Sun
et al., 2018). Also, increased expression of HA throughout the
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FIGURE 7 | Representation of the major GAGs and PGs in the cornea and limbal region. Diagram of a cross-sectional view of the cornea and limbal region showing
the distribution of major GAGs and PGs in the cornea. The different layers of the cornea and limbus are represented, specifically the epithelium (stratified squamous
epithelium), stroma (ECM with sparse keratocytes) and endothelium. The basement membrane can be seen as a line (represented in green in the limbal region and
red in the cornea) between the epithelium and the stroma.

cornea leads to lymphangiogenesis (Sun et al., 2019). This work
supports the need for more research focused on understanding
the long-term effects of the topical administration of GAGs/PGs
to the ocular surface. Some interesting studies have suggested that
changes in HS and HA expression can lead to changes within
lacrimal glands and Meibomian glands, and the expression of
HS glycosyltransferases, such as HS2ST, HS3ST, and EXTL2, have
been shown to be significantly downregulated in dry eye (Pan
et al., 2008; Mantelli et al., 2009; Qu et al., 2011; Patel et al., 2017;
Sun et al., 2018).

For many years the cornea has been a valuable tool for
studying the processes of wound healing and scarring due to the
fact it is transparent, easily accessible and has an anatomy that is
highly conserved inter- and intraspecies. Corneal injury leads to a
cascade of events that are aimed at rapidly repairing the damaged
tissue and preventing infection. Although a similar cascade of
events is triggered upon corneal injury, the wound healing
response varies significantly based on the insult, specifically,
damage and/or perforation of the basement membrane, damage
to the stroma, delayed epithelial wound closure and infection can
all lead to an exacerbated inflammatory response (Ishizaki et al.,
1993; Wilson et al., 2001; Torricelli and Wilson, 2014). Upon
injury, corneal epithelial cells migrate toward the injured area to
rapidly resurface the wound, there is increased proliferation of
peripheral epithelial cells and limbal stem cells to enable wound
closure and stratification, and a subset of keratocytes differentiate
into myofibroblasts (Wilson, 2020). These myofibroblasts play
a pivotal role in corneal wound healing and scarring since
they deposit a significant amount of ECM components that
form a “provisional matrix,” which is needed during the
wound healing process (Xue and Jackson, 2015). Excessive
deposition of ECM components and/or failure to replace this
“provisional matrix” and regenerate the stromal matrix leads
to fibrosis/scarring and loss of vision (Jester et al., 1999;
Hassell and Birk, 2010). Essentially, corneal scarring is caused by

excessive disorganized stromal matrix remodeling that occurs
after injury. These fibrotic changes have been shown to primarily
take place following damage to the corneal epithelial basement
membrane (Torricelli et al., 2016). Epithelium-derived growth
factors such as TGF-β and platelet-derived growth factor (PDGF)
along with inflammatory cytokines like interleukin-1 released
from epithelial cells trigger apoptosis or transdifferentiation of
keratocytes to myofibroblasts (Wilson et al., 2001; Torricelli et al.,
2016). These myofibroblasts express CS/DS with longer chains
and increased sulfation and KS with shorter chains and decreased
sulfation when compared to normal keratocytes (Funderburgh
et al., 2003). The change in structure of these GAG chains
leads to modification of the PG profile in the stroma during
stromal scar formation (Funderburgh et al., 2003; Saikia et al.,
2018). During corneal epithelial wound healing, the loss of
HA was shown to delay wound healing (Gesteira et al., 2017),
while an increase in HA leads to corneal lymphangiogenesis
and corneal scarring (Sun et al., 2019). The intensity of the
inflammatory response and transdifferentiation of keratocytes
into myofibroblasts, which together up-regulate the expression
GAGs and PGs during the wound healing process, ultimately
determine whether the corneal injury will result in restoration of
transparency or fibrosis/scarring. Further studies are warranted
to elucidate the role of these ECM components in corneal
regeneration and to determine methods of intervention that
could limit excessive ECM deposition and scarring.

SUMMARY

Significant progress has been made in understanding the
distribution and function of different types of GAGs and PGs
in the development, homeostasis and pathology of the ocular
surface. A schematic of the cornea and limbal region with the
distribution of the major corneal PGs and GAGs is shown in
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TABLE 1 | Summary of studies characterizing the expression profiles of the different GAGs and PGs in the cornea.

GAGs Gene Expression in ocular surface Function/deficiency References

Keratan sulfate Lumican Primarily expressed in the stroma.
Expressed by stromal keratocytes and corneal epithelial
cells (during wound healing).

Deficiency causes corneal opacity and thinning due to
abnormal collagen fibril structure, and delayed corneal
wound healing.

Chakravarti et al., 1998, 2000;
Saika et al., 2000

Keratocan Expressed throughout the corneal stroma by
keratocytes only.

Deficiency causes corneal thinning and abnormal collagen
fibril spacing.
Mutation causes cornea plana congenital.

Pellegata et al., 2000; Kao and Liu,
2002; Carlson et al., 2005

Fibromodulin Expressed in the stroma of the peripheral cornea,
limbus and sclera.

Deficiency causes a change in corneal curvature and the
axial length of the eye.

Chen et al., 2010

Mimecan Expressed in the corneal stroma. Deficiency causes an increase in collagen fiber diameter in
the cornea.

Beecher et al., 2005

Heparan sulfate Syndecan-1 Expressed in the corneal epithelium. Deficiency causes delayed wound healing and abnormal
intraepithelial nerve terminals in the cornea, as well as
increased corneal neovascularization after alkali burn.
Overexpression inhibits cell proliferation at the wound edge.

Götte et al., 2002; Stepp et al., 2002,
2010; Elenius et al., 2004; Pal-Ghosh
et al., 2017

Perlecan Expressed in the entire corneal and conjunctival
epithelial basement membrane and also between the
endothelium and Descemet’s membrane.
Expressed by corneal epithelial cells and keratocytes.

Deficiency causes a thinner corneal epithelium with
decreased expression of epithelial differentiation markers.

Ljubimov et al., 1995; Inomata et al.,
2012; Torricelli et al., 2015

Agrin High expression at the limbus decreasing toward the
central cornea and conjunctiva.

Deficiency can cause anophthalmia, microphthalmia, or iris
adhesion to the cornea.

Fuerst et al., 2007;
Schlötzer-Schrehardt et al., 2007

Collagen XVIII Expressed in the corneal epithelium, corneal and
conjunctival epithelial basement membrane, corneal
nerve, Descemet’s membrane, and limbal and
conjunctival capillaries.
Increased expression in the stroma after injury.

Deficiency causes impaired corneal reinnervation after injury. Zatterstrom et al., 2000; Fukai et al.,
2002; Kato et al., 2003; Määttä et al.,
2006; Sakimoto et al., 2008

Exostosin
glycosyltransferase 1 (Ext1)
enzymes

Primarily expressed in the corneal epithelium. Deletion of Ext1 in the corneal epithelium causes defective
corneal stratification and delayed wound healing due to loss
of tight junctions.

Coulson-Thomas et al., 2015

Chondroitin sulfate Lubricin Expressed in corneal and conjunctival epithelia. Functions as a boundary lubricant.
Deficiency causes the dry eye phenotype.

Cheriyan et al., 2011;
Schmidt et al., 2013

Aggrecan Expressed in corneal and conjunctival epithelia, low
expression in the anterior corneal stroma and moderate
expression in the scleral stroma.

Increased expression in the stroma of sclerocornea. Bouhenni et al., 2013

Versican Expressed in the subepithelial region of the anterior
limbus.

Schlötzer-Schrehardt et al., 2007

Dermatan sulfate Decorin Expressed throughout the corneal stroma. Plays a role in corneal fibrillogenesis.
Mutation causes congenital stromal dystrophy of the
cornea.

Danielson et al., 1997; Bredrup et al.,
2005; Rødahl et al., 2006;
Zhang et al., 2009

Biglycan Expressed throughout the corneal stroma. Plays a role in corneal fibrillogenesis. Zhang et al., 2009

Hyaluronan Hyaluronan synthases 1, 2,
and 3

Highly expressed in the limbus and to some point in the
conjunctiva.

Regulates limbal stem cell differentiation.
Facilitates corneal epithelial wound healing.
Regulates corneal lymphangiogenesis.

Gong et al., 1994; Lerner et al., 1998;
Gesteira et al., 2017; Sun et al., 2019
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Figure 7. A summary of the studies characterizing the expression
profiles of the different GAGs and PGs has been provided in
Table 1. Even though significant progress has been made in
characterizing the distribution of GAGs and PGs throughout the
ocular surface, the potential therapeutic uses of these molecules
in ocular health and diseases are still largely unexplored and/or
poorly understood.
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Circulating tumor cells (CTCs) are accessible by liquid biopsies via an easy blood draw.
They represent not only the primary tumor site, but also potential metastatic lesions, and
could thus be an attractive supplement for cancer diagnostics. However, the analysis
of rare CTCs in billions of normal blood cells is still technically challenging and novel
specific CTC markers are needed. The formation of metastasis is a complex process
supported by numerous molecular alterations, and thus novel CTC markers might be
found by focusing on this process. One example of this is specific changes in the
cancer cell glycocalyx, which is a network on the cell surface composed of carbohydrate
structures. Proteoglycans are important glycocalyx components and consist of a protein
core and covalently attached long glycosaminoglycan chains. A few CTC assays have
already utilized proteoglycans for both enrichment and analysis of CTCs. Nonetheless,
the biological function of proteoglycans on clinical CTCs has not been studied in
detail so far. Therefore, the present review describes proteoglycan functions during
the metastatic cascade to highlight their importance to CTCs. We also outline current
approaches for CTC assays based on targeting proteoglycans by their protein cores or
their glycosaminoglycan chains. Lastly, we briefly discuss important technical aspects,
which should be considered for studying proteoglycans.

Keywords: cancer, circulating tumor cells, diagnostic, glycosaminoglycan, liquid biopsy, metastasis,
proteoglycan, VAR2CSA

INTRODUCTION

During cancer progression, metastatic spread occurs when cancer cells disseminate from the
primary tumor and travel to a distant site to form a metastasis (Micalizzi et al., 2017). This can
emerge through three major routes: the blood circulation, the lymphatic system, or via serosal or
mucosal surfaces (Fidler, 1978). However, cancer cell dissemination through the blood is thought
to be the main route of metastasis (Lambert et al., 2017), and the subset of cancer cells that have
entered the blood circulation is named circulating tumor cells (CTCs). Intravasation of CTCs
into the blood stream is believed to be one of the rate-limiting steps for metastasis formation
and can occur through either an active invasion or passive shedding of cells from the tumor
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(Cavallaro and Christofori, 2001; Bockhorn et al., 2007; van
Zijl et al., 2011). Only a minority of cancer cells reaching the
blood circulation manages to survive shear stress, escape immune
surveillance, avoid detachment-induced cell death, extravasate at
the distant site, and finally establish a metastasis (Massague and
Obenauf, 2016). Thus, the process of metastasis is both a complex
and inefficient process (van Zijl et al., 2011; Reymond et al., 2013).

In addition to representing the primary tumor, CTCs have
also been shown to exit from metastatic lesions (Kim et al.,
2009). Such cells have the potential to travel back to the
primary tumor site (called tumor self-seeding) or create another
metastasis (Mentis et al., 2020). Therefore, CTCs could represent
both the primary tumor and potential metastatic lesions (Kim
et al., 2009), making CTC analyses highly relevant even years
after surgical removal of the primary tumor. Hence, CTC
analyses could provide important information about disease
progression and relapse. Furthermore, molecular analyses of
CTCs including mutational profiling, could provide the basis for
personalized therapies in the future (Greene et al., 2012). Thus,
CTCs are currently evaluated for clinical diagnostics. However,
CTC analysis remains technically challenging, not only due to
the rarity of CTCs among billions of normal blood cells, but
also due to their inherent high degree of cellular plasticity
complicating the choice of detection markers (Alix-Panabieres
et al., 2017). Accordingly, CTC enrichment and detection
strategies must be based on highly specific biomarkers to
achieve the necessary assay specificity and sensitivity. Moreover,
targeting a broader CTC population would be beneficial to ensure
that the liquid biopsy better reflects the heterogenic cancer
cell population.

As a part of discovering novel CTC targets, many strategies
focus on proteins known to play an active role in metastatic
seeding. Although solid tumors differ in their metastatic
patterns, they share certain mechanistic similarities for metastasis
formation, which are summarized as the metastatic cascade
(Figure 1) (de Groot et al., 2017; Lambert et al., 2017; Riggi et al.,
2018). Notably, the majority of steps in this process concerns
the interaction between the cancer cells and the surrounding
extracellular matrix (ECM). Therefore, novel clinically relevant
CTC targets may be discovered within the pericellular layer called
the glycocalyx.

The glycocalyx is a thick network of carbohydrates bound
to glycoproteins, glycolipids, and proteoglycans (Figure 2A;
reused from Okada et al., 2017). It is present on cell surfaces
throughout the entire human body and constitutes a physical
barrier between the cell and the surrounding microenvironment
(Tarbell and Cancel, 2016). The glycocalyx plays a crucial
role for receptor–ligand interactions of cancer cells and
their surroundings, enabling migration as well as intra- and
extravasation. Furthermore, the composition of the glycocalyx
is thought to influence the transportation and survival of
CTCs in the bloodstream (Mitchell and King, 2014). However,
very few studies have investigated the glycocalyx of CTCs.
At present, it is best studied in endothelial cells, where it
serves as a physical and electrostatic barrier as well as a
mechanotransducer toward other cells, the extracellular matrix
(ECM), or shear forces of the blood (Reitsma et al., 2007;

Butler and Bhatnagar, 2019). To convey signaling, growth
factors, chemokines, and other interaction partners have to
navigate through this dense structure. The glycocalyx, which
extends beyond the length of most surface receptors, has a
dual role in signaling by creating a physical hindrance for
ligand receptor interactions or by promoting binding once
interaction partners are in close proximity to each other (Kuo
et al., 2018). Moreover, certain glycocalyx components are
involved in chemokine storage and oligomerization, which
strongly modulates their signaling strength (Salanga and Handel,
2011). Therefore, glycocalyx changes can have various effects on
cellular behavior and, not surprisingly, cancer cells show specific
alterations in their glycocalyx.

The cancer cell glycocalyx is a highly dynamic structure
from which most of the components have been linked to
the acquisition of oncogenic phenotypes (Daniotti et al., 2015;
Buffone and Weaver, 2020). For instance, aberrant glycosylations
including hypersialylation support immune evasion mechanisms
(Pearce and Läubli, 2016). Moreover, increased expression of
bulky glycoproteins like mucin-1 has been linked to aggressive
cancers (Paszek et al., 2014; Barnes et al., 2018) and associated
with poor survival outcome in patients (Kufe, 2009). This might
be explained by the bulkiness of the mucin-1 ectodomain shaped
by numerous glycosylations, which facilitates integrin clustering,
cell signaling, and cell proliferation (Paszek et al., 2014; Woods
et al., 2017; Kuo et al., 2018). Naturally, mucin-1 is of interest as a
target for therapy (Pillai et al., 2015), due to its high involvement
in cancer. Likewise, CTCs were found to express high mucin-1
levels (Paszek et al., 2014), and mucin-1 has also been explored
for CTC capture and detection (Muller et al., 2012; Strati et al.,
2013; Schehr et al., 2016).

Another important component of the glycocalyx are
proteoglycans (Figure 2B) with multiple implications in
metastatic dissemination of cancer cells and tumor cell growth
(Iozzo and Sanderson, 2011; Vitale et al., 2019). Proteoglycans
can be secreted into the ECM or located intracellularly as well
as on the cell surface either directly embedded in the plasma
membrane or anchored by a glycosylphosphatidylinositol
(GPI)-linker (Iozzo and Schaefer, 2015). Proteoglycans consist
of two functional units: protein core and glycosaminoglycan
(GAG) chains (Walimbe and Panitch, 2019). Most commonly,
the assembly of GAG chains occur from a tetrasaccharide linker
region covalently attached to serine residues within the protein
core (Esko and Zhang, 1996). The GAG family is classified by
their chemical composition and includes chondroitin sulfate
(CS), dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate
(HS), and hyaluronic acid (HA) (Figures 2C,D) (Toole, 2004;
Bulow and Hobert, 2006). In general, GAGs consist of long
linear repeats of disaccharide units consisting of hexuronic
acids and hexosamines. The hexuronic acid epimers comprise
D-glucuronic acid (GlcA) for CS/HA and L-iduronic acid
(IdoA) for DS, whereas the hexosamine units consist of an
N-acetyl-D-glucosamine (GlcNAc) for HS/KS/HA, and an
N-acetyl-D-galactosamine (GalNAc) for CS/DS (Schaefer and
Schaefer, 2010; Ghiselli and Maccarana, 2016; Pomin and
Mulloy, 2018). The structures of GAGs are extremely diverse, as
their synthesis in the Golgi apparatus is not based on a precise
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FIGURE 1 | Schematic overview of the metastatic cascade. (1) Cancer cells start to proliferate uncontrolled and (2) tumor angiogenesis is mandatory to support
continued tumor growth, already early during carcinogenesis. (3) The process of epithelial-mesenchymal transition increases the migration and invasion capacity of
cancer cells. (4) Cancer cells intravasate into the blood circulation and (5) are then called circulating tumor cells (CTCs). CTCs are easily accessible by liquid biopsies
and are currently investigated as tool for cancer diagnostics and surveillance. (6) A subpopulation of these CTCs has the potential to extravasate and (7) form
metastasis in secondary organs. Clearly, the metastatic process is very complex and many of these steps are interconnected. Please refer to the main text for details
and references.

template, but on a redundant network of enzymes that seems
to be regulated based on tissue and cell types (Dick et al., 2012;
Mikami and Kitagawa, 2013; Chen Y. H. et al., 2018).

Besides the variation in the monosaccharide composition,
the molecular diversity of GAGs also results from varying
polymer lengths and extensive post-translational modifications
such as sulfations and epimerizations along the chain (Bulow
and Hobert, 2006). GAG sulfation patterns often determine their
biological function and serve as specific recognition motifs for
a wide variety of growth factors, cytokines, chemokines, and
pathogens (Xu and Esko, 2014; Mizumoto et al., 2015; Pinho and
Reis, 2015). Therefore, alterations in the GAG composition of
proteoglycans in cancers have received a lot of interest (Sweet
et al., 1976; Chandrasekaran and Davidson, 1979; De Klerk
et al., 1984). A well-studied example is the change in sulfation
patterns of GAGs, which likely depends on the specific cancer
type. Some studies have reported high expression of CS 4-O-
sulfotransferases in both ovarian and breast cancers, while a
study on cancerous lung tissues found elevated 6-O-sulfated
CS, compared to nonmalignant tissue (Cooney et al., 2011;
Oliveira-Ferrer et al., 2015; Li et al., 2017). Similarly, various
HS sulfotransferases have been found upregulated in different
cancers. These include 6-O-sulfotransferases in ovarian and
colorectal cancer; 3-O-sulfotransferases in breast and pancreatic

cancer; along with N-deacetylase and N-sulfotransferases in
hepatocellular carcinomas (Tatrai et al., 2010; Song et al., 2011;
Hatabe et al., 2013; Cole et al., 2014; Vijaya Kumar et al., 2014).
Moreover, several studies have reported increases in CS quantity
or in expression of CS polymerization genes in malignant tissues,
suggesting that CS polymers are pro-tumorigenic (Momose et al.,
2016; Li et al., 2017; Hou et al., 2019).

Interestingly, some proteoglycans may be modified with
different GAG types simultaneously, as seen for syndecans, which
can carry both CS/DS and HS, dependent on the structure
of the ectodomain (Kokenyesi and Bernfield, 1994; Iozzo
and Schaefer, 2015). Similarly, the HA-binding proteoglycan,
versican, undergoes alternative splicing of exons encoding
the GAG-attachment region resulting in altered GAG display.
Notably, expression of distinct versican isotypes was shown to
facilitate cancer progression in multiple cancer types (Dours-
Zimmermann and Zimmermann, 1994; Theocharis et al., 2015;
Zhangyuan et al., 2020). The protein cores of proteoglycans
are, however, not just scaffolds for GAG extension, since they
also directly bind ligands and mediate intracellular signaling in
GAG-independent manners.

In contrast to the rest of the GAGs, HA stands out by not
being covalently attached to a protein core (Figures 2B,D).
Instead, HA is synthesized as an unmodified polysaccharide
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FIGURE 2 | Schematic overview of proteoglycans in the glycocalyx. (A) The glycocalyx is a dense network of carbohydrates on the cell surface, here exemplified on
top of the endothelium. This transmission electron microscopic image with lanthanum nitrate staining was reused from Okada et al. (2017) under CC BY 4.0 license.
(B) The thick carbohydrate layer on the cell surface extends beyond the length of membrane proteins like integrins. One important glycocalyx component are
proteoglycans, which consist of a protein core (blue) and covalently attached glycosaminoglycans such as heparan sulfate (HS; in red) or chondroitin sulfate (CS; in
yellow). Depicted are some proteoglycans, which are mentioned and discussed throughout the review like chondroitin sulfate proteoglycan 4 (CSPG4). Hyaluronic
acid (HA; in green) is another important glycosaminoglycan component in the glycocalyx, but is distinct through the lack of a protein core. Hyaluronic acid is attached
to the cell surface via interactions with its receptors like CD44, which is itself a proteoglycan. Other glycocalyx components like glycoproteins are not shown due to
abstractification. Depiction of the disaccharides units for (C) glycosaminoglycans attached to proteoglycans (keratan sulfate/KS, heparan sulfate/HS, dermatan
sulfate/DS, and chondroitin sulfate/CS) and (D) of hyaluronic acid (HA), which is non-covalently attached to its receptors. Glycosaminoglycans can be subjected to
further modifications, such as sulfation or epimerization, which is not shown for simplicity. Please refer to the main text for details and references.

at the plasma membrane, where it is extruded from the cell
surface and cleaved off into the ECM (Weigel and DeAngelis,
2007; Itano, 2008). In most cells, HA is an abundant structural
component of the glycocalyx, where it interacts with receptors
and surface proteoglycans via their hyaluronan-binding motifs

and regulates the viscosity of the glycocalyx by its ability to
retain water (Toole, 2001, 2004). Upon binding, HA triggers
activation of a range of signaling pathways involved in cell
proliferation, differentiation, motility, and adhesion, thereby
influencing processes such as development, tissue homeostasis,
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and carcinogenesis (Turley et al., 2002; Toole, 2004; Liu et al.,
2019). Although HA is extensively involved in cancer, it will
not be discussed in detail throughout this review, as it is not
considered a proteoglycan due to its lack of a protein core.

Altogether, proteoglycans compose a highly heterogeneous
group of proteins that diverge by structural alterations of the
protein core as well as by differences in their GAGs with regard to
chain number, type, length, and post-translational modifications.
Notably, proteoglycans are important integrators for cell
signaling events with direct implications for carcinogenesis and
cancer progression (Iozzo and Sanderson, 2011; Pinho and Reis,
2015; Nikitovic et al., 2018). In spite of this, the functions
of proteoglycans and their GAGs in relation to CTCs are
currently understudied. Therefore, this review will highlight
examples of proteoglycans involved in the metastatic cascade
with potential links to CTC biology. More specifically, we
will discuss how proteoglycans play active roles in cancer
cell proliferation, migration, survival, plasticity, and invasion
with a dedicated focus on the function of both the protein
core and the GAG chains. Finally, we provide an overview of
proteoglycans that are currently evaluated for CTC technologies
and briefly highlight some of the technical aspects to consider
when studying proteoglycans.

PROTEOGLYCANS IN THE METASTATIC
CASCADE

Cancer Cell Proliferation
Cancers show deregulation of their cell proliferation by
various mechanisms. Proteoglycans can influence cell growth by
interacting with growth factors, either via their core proteins or
through their GAG chains, as observed for HS chains of heparan
sulfate proteoglycans (HSPGs) (Knelson et al., 2014). Enzymes
modifying GAGs may hence influence tumor growth (Morla,
2019) as demonstrated by sulfatases interfering with growth
factor signaling through HS desulfation (Ai et al., 2003; Peterson
et al., 2010; Vicente et al., 2015).

However, proteoglycans also influence tumor growth
by GAG–independent mechanisms. The transmembrane
chondroitin sulfate proteoglycan 4 (CSPG4) has been shown
to positively regulate cancer cell proliferation in various cancer
entities (Wang et al., 2011; Jamil et al., 2016; Hsu et al., 2018)
and is currently under investigation for CTC capture and
identification, as described in detail later. Studies have found that
CSPG4 is involved in growth signaling by interaction through
both its cytoplasmic domain and ectodomain (Yang et al.,
2009; Stallcup, 2017). Through the extracellular part, CSPG4
potentiates the mitogen-activated protein kinase (MAPK)
cascade by high-affinity, largely GAG-independent binding
of growth factors, which are thus likely presented to their
cognate receptors by CSPG4 (Nishiyama et al., 1996; Goretzki
et al., 1999; Stallcup, 2002; Price et al., 2011). In glioma cell
models, phosphorylation of the cytoplasmic CSPG4 domain
induced proliferation, which was mediated by interaction with
integrins (Makagiansar et al., 2007; Stallcup, 2017). Furthermore,
CSPG4-mediated activation of one of the same integrins induced

chemoresistance and survival in tumor cells (Chekenya et al.,
2008). Thus, CSPG4 is an example of a proteoglycan positively
regulating growth and survival via its protein domain.

The proteoglycan glypican-3 (GPC3) has also been shown
to increase cell proliferation. GPC3 influence several central
signaling pathways in hepatocellular carcinoma (Kolluri and Ho,
2019) and is also evaluated for CTC capture as described later.
GPC3 and other glypicans are GPI-anchored and known to carry
HS chains (Filmus et al., 2008; Yoneda et al., 2012), but were
also demonstrated to carry CS chains (Chen and Lander, 2001;
Toledo et al., 2020). Their GAG chains are located close to
the cell membrane due to their proximity to the C-terminus,
which is thought to be critical for their interaction with surface
receptors (Filmus et al., 2008). GPC3 overexpression increased
cell proliferation in vitro and in vivo for liver cancer cells by
enhancing Wnt signaling (Figure 3) (Capurro et al., 2005).
Mutagenesis of the GAG attachment site in GPC3 revealed that

FIGURE 3 | Glypican-3 signaling supports Wnt signaling and hepatocellular
proliferation. Glypican-3 (shown in blue) can carry two glycosaminoglycan
chains of heparan sulfate (HS; in red) or chondroitin sulfate (CS; not shown). It
has been determined that these glycosaminoglycan chains are essential for
interaction with Frizzled proteins, the Wnt receptors, but not for Wnt ligand
binding. The ternary complex of glypican-3, Frizzled, and Wnt ligand becomes
endocytosed as part of canonical Wnt signaling. This leads to nuclear
accumulation of β-catenin and subsequent gene expression changes,
stimulating cell proliferation. Details and references are given in the main text.
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the HS GAGs were not essential for binding of Wnt ligands
(Capurro et al., 2005). Supporting this, the Wnt binding site on
GPC3 has recently been located to a hydrophobic groove, which
works independently of GAG chains (Li et al., 2019). However,
the GAG chains of GPC3 are essential for direct interaction
with the Wnt receptors, the Frizzled proteins (Capurro et al.,
2014). Upon Wnt stimulation a ternary complex is formed and
endocytosed (Capurro et al., 2014). Generally, endocytosis of
Wnt signaling complexes seems to be important for canonical
Wnt signaling with final stabilization and nuclear accumulation
of β-catenin and subsequent gene expression changes (Brunt
and Scholpp, 2018). In addition, this signaling axis could
be a potential therapeutic target for hepatocellular carcinoma
based on a monoclonal antibody recognizing the HS chains of
GPC3 (Gao et al., 2014). Overall, it was suggested that GPC3
works as a bridging protein between Wnt and its receptor
thereby inducing cell proliferation (Li et al., 2019). The exact
interaction dependencies could rely on the expression levels
of all three partners (Wnt ligands, Wnt receptors, and GPC3)
(Li et al., 2019).

However, proteoglycans can also act as negative regulators of
cancer biology. One example for this is decorin, which is modified
with a single CS or DS side chain. Decorin can act as an inhibitor
of cell proliferation by hampering growth signaling. This
repression is thought to occur through growth factor sequestering
as well as receptor internalization and degradation, mediated by
binding to the decorin core protein (Jarvinen and Prince, 2015).
For example, de novo expression of decorin in breast cancer
cell lines suppressed proliferation and anchorage-independent
growth (Santra et al., 2000). Consistently, 30% of decorin-
knockout mice formed spontaneous intestinal tumors (Bi et al.,
2008), highlighting its potential role as tumor suppressor.

To sum up, proteoglycans appear to have a multi-facetted and
important role in cancer cell proliferation by diverse mechanisms,
which can vary across different cancer types. When CTCs reach
the metastatic site, they often go into an inactive dormancy
state (Sosa et al., 2014). Reactivation of cell proliferation is
therefore an important factor for establishment of clinically
relevant metastatic lesions, in which proteoglycans are actively
involved (Elgundi et al., 2019) and which will also be discussed
later in more detail.

Angiogenesis in Cancer
Oxygen supply is essential for cells and their metabolism. Ex vivo
measurement on xenografts revealed that oxygen perfuses only
to around 100 µm deep into the tumor tissue (Olive et al., 1992).
Therefore, cancer cells must secure sustained blood supply at an
early stage, which can happen by different mechanisms (Xu et al.,
2016; Lugano et al., 2020). Several proteoglycans are involved
in the complex process of tumor angiogenesis (Iozzo and
Sanderson, 2011; Chiodelli et al., 2015). Interestingly, increased
vascularization could be observed already in premalignant lesions
(Menakuru et al., 2008), possibly explaining how CTCs can
be shed already from early stage cancers (Husemann et al.,
2008; Stott et al., 2010; Rhim et al., 2012; Zhang et al., 2014;
Tsai et al., 2016; Murlidhar et al., 2017). Studies on early
cancer cell dissemination are of high clinical importance as

it enables the use of CTCs in screening programs for early
cancer detection.

One central molecule for angiogenesis is the vascular
endothelial growth factor (VEGF) (Ferrara et al., 2003), which has
been linked to different proteoglycans as for example biglycan.
Cancer cells have been shown to overexpress biglycan (Zhu et al.,
2013; Hu et al., 2014; Andrlova et al., 2017; Jacobsen et al., 2017),
which has two potential GAG attachment sites carrying either CS
or DS chains (Valiyaveettil et al., 2004). Interestingly, biglycan is a
homolog of decorin (Fisher et al., 1989), but seems to have tumor
promoting capacities by angiogenesis induction in contrast to
decorin (Schaefer et al., 2017). Indeed, elevated biglycan levels
induced higher density of blood vessels and increased tumor
growth in vivo of colorectal cancer xenografts via induction of
VEGF expression (Hu et al., 2016). In endothelial cells, biglycan
binds to Toll-like receptor 2 (TLR2) and TLR4 with activation
of the transcription factor family nuclear factor-κB (NFκB).
This subsequently leads to increased levels of hypoxia-inducible
factor 1-alpha (HIF1α), which drives VEGF expression (Hu
et al., 2016) and could finally lead to tumor angiogenesis. VEGF
can potentially regulate expression of another proteoglycan
linked to cancer and angiogenesis, namely endocan (Grigoriu
et al., 2006; Rennel et al., 2007; Roudnicky et al., 2013).
Indeed, endocan was detected in the tumor vasculature (Maurage
et al., 2009; Roudnicky et al., 2013) as well as in cancer cells
(Rennel et al., 2007; Maurage et al., 2009; Xu et al., 2019).
Interestingly, it was suggested by Rocha et al. (2014) that endocan
binding replaced VEGF from fibronectin in the ECM, creating
a positive feedback loop. In head and neck cancer, endocan
was strongly co-expressed with angiopoietin-2 (Xu et al., 2019),
which can regulate vascular permeability during intra- and
extravasation processes (Garcia-Roman and Zentella-Dehesa,
2013) and potentially affect the dissemination of CTCs during
metastasis. Importantly, endocan expression is associated with
poor survival rate and might also be used as serum biomarker in
cancer patients (Grigoriu et al., 2006; Roudnicky et al., 2013; Kim
et al., 2018). Biglycan and endocan are important proteoglycans
in angiogenesis and thus tumor progression. However, they
might not be ideal candidates for CTC technologies as secreted
proteoglycans might not be stable targets for cell analysis.

The neuropilins is another proteoglycan family involved in
angiogenesis (Ellis, 2006; Niland and Eble, 2019). Neuropilin-
1 helps to bind VEGF to the cell surface and forms a trimeric
complex together with VEGF receptor 2 (VEGFR2), which was
suggested to act as a potential bridge between cancer cells and
endothelial cells (Soker et al., 1998, 2002). Indeed, neuropilin-1
was detected in tumor cells of different cancer entities as well as
in endothelial cells of the tumor vasculature (Jubb et al., 2012).
Overexpression of neuropilin-1 increased xenograft growth
(Miao et al., 2000; Hu et al., 2007). Neuropilin-1 carries a single
GAG chain of HS or CS, dependent on the cell type (Shintani
et al., 2006; Frankel et al., 2008). However, the exact role of the
GAG chain is not fully understood. Mutagenesis of the GAG
attachment site in neuropilin-1 increased glioma cell invasion
(Frankel et al., 2008). Interestingly, global removal of CS by
chondroitinase ABC enzyme treatment led to decreased invasion
in the same cells. Neuropilin-1 is also physiologically expressed
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as a GAG-deficient splice variant (namely NRP1-17), which
attributes to 10–30% of total neuropilin-1 transcripts depending
on cell type or tissue (Hendricks et al., 2016). Importantly, NRP1-
17 acted anti-tumorigenic and diminished tumor vascularization
in prostate cancer xenografts in vivo (Hendricks et al., 2016).
Moreover, soluble neuropilin-1 isoforms with anti-tumorigenic
functions have been described, which block VEGFR signaling
(Gagnon et al., 2000; Cackowski et al., 2004). Overexpression
of soluble neuropilin-1 in cancer cells led to disturbed tumor
vascularization and cancer cell apoptosis in xenografts (Gagnon
et al., 2000). Overall, proteoglycans are connected to tumor
angiogenesis and to VEGF signaling with various effects.

Epithelial-to-Mesenchymal Transition,
Migration, and Intravasation
Another important milestone for cancer cells is to gain
migratory capacities to leave the primary tumor and invade
the surrounding tissue. During the gastrulation phase of
embryogenesis, epithelial-to-mesenchymal transition (EMT)
causes stationary epithelial cells to undergo major changes
into motile mesenchymal-like cells in order to form new
germ layers. Molecular changes in transcription factor networks
and gene expression facilitate the loss of cell polarity and
cytoskeletal reorganization, resulting in an increased migratory
capacity (Lim and Thiery, 2012; Lamouille et al., 2014). Cancer
cells imitate this developmental EMT program and several
studies suggest that proteoglycans are actively involved in this
part of cancer progression, thus supporting the relevance of
proteoglycans as targets for CTC capture. Situated in the
glycocalyx of cancer cells, proteoglycans provide a contact link
between the cell membrane and the surrounding ECM, thereby
playing a central role in regulating cancer cell adhesion and
migration. Some proteoglycans are downregulated in order to
enable detachment from the basement membrane facilitating
invasion, others are shed from the surface as a different mode
of regulation, and some maintain their function throughout
the invasive phase. Importantly, the current standard for
CTC isolation is based on antibodies against epithelial cell
adhesion molecule (EpCAM), which is often downregulated
during EMT (Gorges et al., 2012; Hyun et al., 2016). Thus,
understanding the process of EMT in terms of proteoglycan
regulation is important for their evaluation as alternative CTC-
target candidates.

One important modulator of EMT processes is transforming
growth factor β (TGFβ), which is known to drive progression
of late state malignancies by promoting invasion (Akhurst
and Derynck, 2001; Xu et al., 2009). Indeed, TGFβ regulates
a multitude of genes with potential cancer-specific effects
(Ranganathan et al., 2007; Kowli et al., 2013). Several
proteoglycans are connected to TGFβ-signaling. An example
of this is the expression of HS-carrying syndecan-4, which was
positively regulated by TGFβ in lung cancer A549 cells (Toba-
Ichihashi et al., 2016). Expression of this proteoglycan further
induced upregulation of the EMT transcription factor zinc finger
protein SNAI1 (sometimes referred to as snail) (Toba-Ichihashi
et al., 2016), thereby fueling the migratory behavior. This is

somewhat surprising, since syndecan-4 plays a well-established
role in focal adhesion sites together with integrins, thereby
promoting the adhesive phenotype of cancer cells (Echtermeyer
et al., 1999; Saoncella et al., 1999).

Syndecan-1 can also be affected by TGFβ and was suggested as
a poor prognostic factor in breast cancer (Hayashida et al., 2006;
Nikitovic et al., 2014). Incubation of mouse mammary epithelial
cells with TGFβ changed the GAG composition of syndecan-1
from being mainly HS modified to carry nearly equal amounts of
HS and CS (Rapraeger, 1989). Notably, increased CS display was
not only mediated by attachment of more GAG chains, but also
by increased length of individual CS chains (Figure 4). This is
in line with a later study showing that TGFβ induced expression
of CS synthase 1, a key enzyme involved in the elongation
of CS and DS GAG chains (Hu et al., 2015). In addition,
other GAG polymer-modifying enzymes have been shown to
be transcriptionally affected by TGFβ treatment (Tiedemann
et al., 2005; Mohamed et al., 2019), suggesting a role of specific
GAG modifications on proteoglycans in regulating the cellular
response toward this cytokine.

TGFβ signaling is mediated through heteromeric complex
formation of type I and type II receptors (Weiss and Attisano,
2013). However, co-receptors like type III TGFβ receptor, also
known as betaglycan, can modulate ligand presentation to the
type II receptor (Figure 4). Betaglycan is a cell membrane
proteoglycan which may carry both CS and HS GAG chains
(Cheifetz et al., 1988). Sulfated HS-modifications on betaglycan
have been proven to sequester the Wnt3a ligand and thereby
inhibiting proliferation by dampening Wnt signaling (Jenkins
et al., 2016). In contrast, TGFβ binding is mediated by the protein
core of the proteoglycan, and is therefore insensitive to point
mutations disrupting the GAG-attachment sites (Lopez-Casillas
et al., 1994). As any other membrane proteoglycan, betaglycan
can undergo ectodomain shedding (Weiss and Attisano, 2013).
A soluble form of the receptor was shown to result in reduced
ligand availability due to its high-affinity interaction with TGFβ

and thus decreased TGFβ signaling (Elderbroom et al., 2014).
In line with this, it was shown that increased betaglycan
expression decreased the invasive behavior of breast cancer cells
in vitro in response to TGFβ stimulation and that this effect
was abrogated when betaglycan was expressed in a shedding-
impaired mutant form (Elderbroom et al., 2014). Importantly,
metastatic lesions showed lower betaglycan expression compared
to matched primary tumors (Hempel et al., 2007). In ovarian
cancer cell lines this seems to be mediated through epigenetic
silencing, as expression was restored upon epigenetic-acting
drugs (Hempel et al., 2007). This indicates that betaglycan
might be involved in the dissemination processes and thus the
investigation of its biological function in CTCs and metastasis
formation would be interesting.

In addition, proteoglycans might affect cancer cell migration
independently of TGFβ signaling. For example, a number of
studies have demonstrated a role of serglycin in malignant
transformation as described below. Serglycin can carry up to
eight CS or HS chains (Kolset and Tveit, 2008) and is widely
expressed by hematopoietic cells as well as embryonic stem cells,
where it serves functions in storage of intracellular granules and
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FIGURE 4 | Interplay of proteoglycans and transforming growth factor beta (TGFβ) signaling. The proteoglycan betaglycan is a co-receptor for TGFβ and brings it to
the TGFβ receptor (heterodimer of TGFβRI and TGFβRII). However, ectodomain shedding of betaglycan might attenuate TGFβ signaling. Furthermore, betaglycan
also dampens Wnt signaling by sequestering Wnt ligands with its heparan sulfate (HS) side chains (in red). Active TGFβ signaling can affect the expression of many
different genes such as SDC1 or CHSY1. Upregulation of the enzyme chondroitin sulfate synthase 1 (CHSY1) can potentially lead to elongation of chondroitin sulfate
(CS) chains on proteoglycans. Indeed, TGFβ can also upregulate one potential CHSY1 targets, namely syndecan-1, which can carry both chondroitin sulfate (CS; in
yellow) or heparan sulfate (HS; in red). Details and references are provided in the main text.

secretion of inflammatory mediators (Toyama-Sorimachi et al.,
1995; Schick et al., 2001; Abrink et al., 2004). Elevated serglycin
expression was reported for cancer cells in patient tissues and
has been linked to aggressive cancer cell phenotypes in vitro
(Korpetinou et al., 2015). Further, serglycin was identified as
an unfavorable prognostic factor in patients suffering from a
range of cancers, including glioblastoma (Roy et al., 2017), liver
(He et al., 2013), lung (Guo et al., 2017), and nasopharynx (Li
et al., 2011). Secreted serglycin from cancer cells was shown to
be primarily CS-modified, and transgenic expression of serglycin
lacking the GAG attachment site led to decreased migratory
capacity of breast cancer cells in vitro (Korpetinou et al.,
2013). This observed GAG-dependency was further supported
by another study focused on lung cancer cells (Guo et al., 2017).
Here it was demonstrated that serglycin exerts its functional role
during migration by binding to the cluster of differentiation 44
antigen (CD44) with downstream activation of EMT (Figure 5).
Blocking of the post-translational CS modification on serglycin
abrogated the effect on motility (Guo et al., 2020). CD44 itself
is a transmembrane proteoglycan expressed by various cell types
(Goodison et al., 1999; Gronthos et al., 2001; Domev et al., 2012)
and is normally involved in hematopoiesis, inflammation, and
wound healing (Johnson et al., 2000; Dimitroff et al., 2001b; Cichy
and Puré, 2003). CD44 is also involved in several important steps
during metastasis formation and has been explored as a CTC
target in several studies as described later.

When cells gain migratory and invasive capacity, this is
often associated with increased remodeling and breakdown of

the ECM, which finally enables breaching of the endothelial
basement membrane and intravasation into the blood circulation
(Eccles, 1999). One contributing factor is the secretion of
different proteases by cancer cells, including for example matrix
metalloproteinases (MMPs) (Lynch and Matrisian, 2002). MMPs
are produced in a catalytically inactive form, which requires
proteolytic cleavage for activation. Interestingly, CSPG4 has been
shown to facilitate assembly of a ternary complex consisting
of pro-MMP2, MMP-cleaving enzyme (MT3-MMP), and the
proteoglycan itself at the cell surface of melanoma cells, leading
to cleavage and thus activation of MMP2 (Iida et al., 2007).
While the interaction with MT3-MMP was shown to be mediated
through the core protein of CSPG4, the association with pro-
MMP2 was depending on the CS-modification (Iida et al., 2007).

Another enzyme playing an important role in accessing
the blood circulation is heparanase, which cleaves HS
polysaccharides located in the basement membrane and on
the cancer cell surface, leading to increased invasive behavior of
cancers (Sanderson et al., 2017; Masola et al., 2018; Elgundi et al.,
2019). Several studies have provided evidence that heparanase
plays a major role in progression of a variety of cancers including
liver cancer (Koliopanos et al., 2001), sarcomas (Cassinelli
and Lanzi, 2020), ovarian cancer (Zhang et al., 2013), breast
cancer (Maxhimer et al., 2005), and colon cancer (Nobuhisa
et al., 2005). In addition to this, it has recently been shown
that overexpression of heparanase promotes the formation of
cell clusters in MDA-MB-231 breast cancer cells, most likely
by modulating the level of intercellular adhesion molecule 1
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FIGURE 5 | CD44 is connected to several mechanisms of circulating tumor cell (CTC) survival and plasticity. The protein core of CD44 can carry chondroitin sulfate
(CS; in yellow), heparan sulfate (HS; in red), or dermatan sulfate (DS; not shown). Homophilic CD44 interactions allow clustering of CTCs, which supports seeding
and colonization at the metastatic site in mice. Moreover, expression of the standard CD44 protein form (CD44s) can be switched to expression of CD44 variants
(CD44v), which include additional exons via alternative splicing (depicted in green). Those CD44v forms may carry additional glycosaminoglycan chains in
dependency of the included exons and promote binding of cancer-related cytokines with downstream signaling for cell survival. The proteoglycan serglycin can carry
eight glycosaminoglycan chains of heparan sulfate (HS; in red) or chondroitin sulfate (CS; in yellow) and binds to CD44. Serglycin binding to CD44 induces
epithelial-mesenchymal transition (EMT) as well as cell motility and has been proven to be dependent on its CS chains. Moreover, the serglycin-CD44 interaction
prevents the induction of anoikis, a specialized form of apoptosis. For this, serglycin competes with hyaluronic acid, which has the same survival promoting effect.
Please refer to the specific subsections for details and references.

(ICAM-1) and phosphorylation status of downstream kinases
(Wei et al., 2018). Furthermore, the enhanced ability to form
clusters correlated with increased number of metastatic foci
in the lungs upon tail-vein injection into mice (Wei et al.,
2018). Together this data strongly suggests that invasion and
intravasation are mediated through HS degradation in the ECM
and possibly at the cell surface, leaving behind HS-associated
core proteins without this modification.

Surviving the Journey Through
Circulation
For normal cells, detachment from the extracellular matrix
leads to cell death through a mechanism of detachment-
induced apoptosis, called anoikis (Strilic and Offermanns, 2017).
Therefore, CTCs must overcome this major challenge in order
to survive in circulation. Studies have pointed toward several
cellular strategies to circumvent apoptotic signaling, some
involving proteoglycans as important players.

Increased syndecan-4 and heparanase expression have
been reported in anoikis-resistant rat endothelial cells

(Carneiro et al., 2014). Studying these cell lines, Carneiro
et al. (2014) also detected increased level of HS in the culture
medium, whereas cell lysates contained increased levels of CS.
As another example of proteoglycan involvement in anoikis
resistance, overexpression of serglycin in a lung cancer cell line
led to increased survival in an anchorage-independent growth
assay (Guo et al., 2017). This effect was dependent on CD44
expression. In line with this, increased CD44 expression caused
by EMT induction also led to anoikis resistance in immortalized
human mammary epithelial cells (Cieply et al., 2015). However,
in this study the ability of anchorage-independent growth relied
on the hyaluronan-binding capacity of CD44. Interestingly,
an early study indicated that serglycin and hyaluronan were
competing for the binding to CD44 (Figure 5) (Toyama-
Sorimachi et al., 1995). The prominent role of CD44 in escaping
anoikis was further strengthened by a study linking the CD44-
expressing subsets of two hepatocellular carcinoma cell lines to
anoikis resistance (Okabe et al., 2014). Importantly, this study
also observed increased CD44 expression in CTCs compared to
patient-matched primary tumor biopsies, again highlighting a
potential role of CD44 in CTC analysis.
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The ability of the cancer cells to establish an
immunosuppressive microenvironment, and thereby escape
elimination by the immune system, is considered one of the
hallmarks of cancer (Hanahan and Weinberg, 2011). Leaving the
primary tumor site and entering the hostile environment of the
blood circulation further elevate the requirement for immune cell
evasion. One specific strategy for suppressing an immune attack
is upregulation of CD47, which constitutes an anti-phagocytotic
“do-not-eat-me”-signal on the surface of cancer cells (Jaiswal
et al., 2009). CD47 is a proteoglycan carrying both CS and HS,
and is widely expressed on white blood cells, where it functions
as a receptor for thrombospondin-1 in a GAG-dependent
manner (Kaur et al., 2011). Interestingly, CD47 expression was
upregulated in colorectal CTCs compared to corresponding
primary tumor tissue (Steinert et al., 2014). In addition, Baccelli
et al. (2013) characterized the metastasis-initiating subpopulation
of breast cancer CTCs as positive for EpCAM, tyrosine-protein
kinase Met (cMet), CD44, and CD47 (Baccelli et al., 2013).
Another study found that blocking of CD47 on 4T1 mouse breast
cancer cells prior to tail vein injection significantly reduced the
number of lung metastases in mice (Lian et al., 2019).

Another proteoglycan-based mechanism was shown to
provide a strategy to avoid the secretion of lytic granules from
NK cells, which would be lethal to the cancer cells. Baccelli
et al. (2013) demonstrated that expression of telomeric repeat-
binding factor 2 (TRF2) controlled a cell-extrinsic pathway,
involving upregulation of HS glucosamine 3-O-sulfotransferase
4 (HS3ST4), thereby dampening immune surveillance by NK
cells (Biroccio et al., 2013). Further, it was revealed that
TRF2 overexpression led to upregulated expression of two HS-
carrying proteoglycans, glypican-6 and versican, both of which
were shown to decrease NK cell degranulation (Cherfils-Vicini
et al., 2019). However, whether TRF2 and associated changes
in HSPGs play a role for CTC survival in the circulation still
needs to be shown.

Extravasation and Colonization at the
Metastatic Site
To form metastatic lesions, CTCs must extravasate and enter
the distal tissue. This crucial step in the metastatic cascade
is highly inefficient, as the vast majority of CTCs undergo
apoptosis, and only a small fraction of the surviving cells succeed
in forming metastatic colonies (Massague and Obenauf, 2016;
Rejniak, 2016). During extravasation, CTCs adhere to and cross
the vascular endothelium in the process of transendothelial
migration (TEM) (Reymond et al., 2013). Indeed, multiple factors
influence cancer cell extravasation. For instance, capillaries lined
with fenestrated endothelial cells and a discontinuous basal
membrane in the liver and bone marrow facilitate CTC invasion
(Aird, 2007; Strilic and Offermanns, 2017) and contribute to the
high incidence of bone and liver metastases (Nguyen et al., 2009;
Budczies et al., 2015).

There is ample evidence that CTCs exert what has
become known as “leukocyte mimicry,” since many of the
adhesion and TEM mechanisms are shared with leukocytes
(Strell and Entschladen, 2008). Especially, the selectin family of

adhesion molecules, important for hematopoietic progenitor cell
homing to the bone marrow, have been implicated in cancer
cell extravasation (Dimitroff et al., 2001a, 2004). This is mainly
mediated by sialofucosylated carbohydrate ligands, particularly
the sialyl Lewis (sLeX) structures, which are primarily found
on leukocytes (Fukuda et al., 1999) as well as on various cancer
cells (Majuri et al., 1995; Renkonen et al., 1997). A particular
sialofucosylated glycoform of the proteoglycan CD44 termed
hematopoietic cell E-/L-selectin ligand (HCELL) mediates
selectin tethering (Sackstein, 2004). E-selectin is highly expressed
on endothelial cells in the bone marrow (Burdick et al., 2012). In
cooperation with carcinoembryonic antigen, HCELL facilitates
cancer cell rolling through binding to E-selectin (Hanley et al.,
2006; Thomas et al., 2008), strongly supporting the hypothesis
of HCELL-mediated CTC arrest in the vasculature, a crucial
step in CTC extravasation (Lee et al., 2014). Interestingly,
studies have investigated the presence of over-sulfated GAGs
as alternative ligands for selectins in cancer extravasation
mechanisms (Martinez et al., 2013), highlighting the importance
of altered display of GAGs.

Besides robust adhesion of CTCs to the endothelial wall,
CTC clusters also seem to be important for metastatic seeding
and outgrowth. In the circulation, CTCs can exist as single
cancer cells or as clusters of cancer cells. The prevalence
of polyclonal CTC clusters correlates with poor prognosis in
patients, and is believed to be an important component for
metastatic success (Aceto et al., 2014; Gundem et al., 2015;
Cheung et al., 2016). In a recent study, CD44 was identified as
a key component in clustering of cancer cells both in patient-
derived xenograft (PDX) models in mice and in metastatic breast
cancer patients (Liu et al., 2019). Mechanistically, CD44 formed
homophilic interactions independent of HA on the cancer cell
surface (Figure 5), which in turn triggered activation of a
serine/threonine-protein kinase 2 (PAK2) and focal adhesion
kinase (FAK) dependent signaling cascade. Knockout of CD44
resulted in loss of CTC cluster formation and reduced lung
colonization and metastasis in PDX models.

CD44 is a multi-functional proteoglycan for colonization and
priming of the metastatic niche (Zoller, 2011). The standard
CD44 (CD44s) comprises exons 1–5 and 16–20, while the splice
variants (CD44v) also include various combinations of exons 7–
15, whereas exon 6 is missing in humans (Naor et al., 2002).
In several cancers isoform switching via alternative splicing of
CD44 is frequently observed (Johnson et al., 2000). For example,
CD44v3, CD44v6, and CD44v10 have been implicated in cancer
and are the only CD44 isoforms that contain binding sites for
cancer-related cytokines and chemokines (Chen C. et al., 2018;
Wang Z. et al., 2018). In colorectal cancer, CD44v6 positive cells
are able to form metastatic lesions in the liver and lung through
interaction with osteopontin (Huang et al., 2012). Importantly,
the CD44 protein core can carry HS, CS, KS, or DS, but the GAG
content is highly dependent on the isoform and exons involved
(Bennett et al., 1995; Greenfield et al., 1999; Clark et al., 2004).
Furthermore, cytokines secreted in the tumor microenvironment
(e.g., hepatocyte growth factor and stromal-derived factor 1a),
increased CD44v6 expression, and assisted colorectal cancer
stem cells in colonization and survival through activation of
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the phosphatidylinositol 3-kinase-protein kinase B (PI3K-AKT)
pathway (Todaro et al., 2014).

Once the CTCs have managed to extravasate into the tissue,
the nature of the ECM at the secondary site dictates whether the
disseminated cancer cells will proliferate into overt metastases,
enter a dormant state, or undergo apoptosis (Ghajar et al., 2013;
Sosa et al., 2014; Peinado et al., 2017; Goddard et al., 2018). One
way in which cancers prime the pre-metastatic niche is through
exosome secretion, which facilitates organ-specific engraftment
of cancer cells (Simons and Raposo, 2009; Peinado et al., 2012;
Hoshino et al., 2015). Interestingly, HS has been shown to play
a role in the syndecan-1 mediated formation of the syntenin-
ALG2-interacting protein X (ALIX) complex (Baietti et al.,
2012; Thompson et al., 2013; Roucourt et al., 2015). Following
vesicular release, HSPGs also take part in exosome docking and
delivery of vesicular cargo to the recipient cell. This dual role of
HSPGs in exosome-mediated crosstalk between cells is fostered
by fibronectin that interacts with HS displayed on the surface of
exosomes and functions as a heparan sulfate/HS-binding ligand
on target cells (Purushothaman et al., 2016; Colombo et al., 2019).
Another study reported a correlation between the expression
of glypican-1 on the exosomal surface and the tumor burden
in pancreatic cancer patients (Melo et al., 2015), supporting
a prognostic value of proteoglycans associated with exosomes
in carcinogenesis.

At the metastatic site, proteoglycans also contribute by
promoting cancer cell engraftment and colonization (Fares
et al., 2020). The potential role of serglycin in metastatic
dissemination has been investigated in a mouse model of breast
cancer, where knockout of serglycin resulted in CTCs unable
to establish metastatic tumors although not affecting primary
tumor formation (Roy et al., 2016). Correspondingly, increased
serglycin expression was shown to facilitate liver colonization by
cancer cells in a patient-derived xenograft model of non-small-
cell lung cancer (NSCLC) (Guo et al., 2017) as well as to promote
hepatocellular carcinoma metastasis to the bone (He et al., 2014).

In summary, proteoglycans are connected to all steps of
the metastatic cascade. Notably, some proteoglycans appear
to play active roles in several aspects of cancer progression,
highlighting these as potential key players of the cancer cell
surface. One such proteoglycan is CD44, which is highly involved
in EMT, helps to prevent anoikis due to its HA-receptor
function, and furthermore takes actions in generating CTC
clusters and extravasation, thereby enabling a successful arrival
at the metastatic site (Figure 5). Another key proteoglycan
seems to be CSPG4, with important roles for the regulation
of cancer cell growth and invasion. Furthermore, the studies
on CSPG4 presented here demonstrate how transmembrane
proteoglycans possess multiple modes of action by engaging
with other receptors or signaling molecules through either their
cytoplasmic domain, ectodomains, or their GAG chains. With
this central role in metastasis and CTC biology, proteoglycans
could be an interesting target for CTC technologies. Indeed,
proteoglycans are already studied and partly utilized for
CTC identification and capture by different technologies. The
following section will hence provide a detailed overview on
proteoglycans as CTC targets.

PROTEOGLYCANS IN CIRCULATING
TUMOR CELL DIAGNOSTICS

Circulating tumor cell detection assays have spurred increasing
clinical interest since the prognostic value in progression-free
and overall survival was established in patients with metastatic
colorectal (Cohen et al., 2009), breast (Cristofanilli et al., 2004),
prostate (de Bono et al., 2008), and lung (Krebs et al., 2011)
cancer. CTC enumeration from patient blood samples has also
demonstrated clinical relevance for several other cancer types
such as pancreatic cancer (Kurihara et al., 2008; Bidard et al.,
2013; Effenberger et al., 2018) or hepatocellular carcinoma
(Schulze et al., 2013; Qi et al., 2018). The presence of detectable
levels of CTCs in the peripheral blood is associated with the
metastatic capacity of the disease (Allard et al., 2004; Cristofanilli
et al., 2004). However, low levels of CTCs have been reported
in non-metastatic disease for several cancer indications before
and after surgery (Thorsteinsson et al., 2011; Franken et al.,
2012; Gazzaniga et al., 2013). Additional studies suggest that
CTCs are even shed from premalignant lesions and this opens
the possibility for using CTC detection for early diagnosis
of cancer (Husemann et al., 2008; Stott et al., 2010; Rhim
et al., 2012; Zhang et al., 2014; Tsai et al., 2016; Murlidhar
et al., 2017). CTC assays might also have potential as a
tool for predicting treatment efficacy and monitoring disease
(Schochter et al., 2019; Yang et al., 2019), thereby providing
real-time, non-invasive information about the disease by liquid
biopsies. Furthermore, many CTC assays do not only enable
enumeration but also downstream analyses such as genomic,
transcriptomic, proteomic, or phenotypic characterization of
cancer cells. Therefore, studying CTCs can also bring novel
insight into aspects of metastasis formation, which are still
not fully understood (Chaffer and Weinberg, 2011). Despite
the interest and potential in analyzing CTCs, the methods are
rarely implemented in the clinical setting, as CTC identification
requires highly specific markers and an extreme assay sensitivity.
Many CTC methods struggle to reach the needed sensitivity, as
it is a technical challenge to detect few cancer cells in billions of
normal blood cells.

Several CTC enrichment technologies ranging in complexity
have been developed (Kowalik et al., 2017; Dianat-Moghadam
et al., 2020). From whole blood, CTCs can be enriched along
with leukocytes by density fractionation or a simple lysis of
the erythrocytes. The crude cell enrichment can be analyzed
by direct antibody staining and examined by, e.g., microscopy
(Hillig et al., 2015; Werner et al., 2015) or flow cytometry
(Hristozova et al., 2012; Watanabe et al., 2014; Lopresti et al.,
2019). Because of the rarity of the CTCs, an additional cancer
cell-specific enrichment step is, however, often preferred. CTCs
can be enriched from the leukocytes based on distinct biophysical
properties such as size, density, deformability, or charge (Liu
et al., 2015; Mitchell et al., 2015; Shaw Bagnall et al., 2015).
Following CTC enrichment, the detection of CTCs will still rely
on a staining step, distinguishing for example cytokeratin (CK)-
positive CTCs from the remaining CD45-positive leukocytes.
Other systems for CTC isolation use cancer- or tissue-specific
antibodies to enrich for CTCs (Coumans and Terstappen, 2015)
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or even leukocyte cell surface proteins like CD45 to deplete
for leukocytes (Ozkumur et al., 2013; Karabacak et al., 2014).
The positive selection of CTCs is evidently very dependent on
highly specific cancer or tissue markers. In order to demonstrate
high potential for clinical application, extensive validation of
CTC capture platforms must reveal robust clinical sensitivity
and specificity (Parkinson et al., 2012). Most pilot studies
do not present large-scale clinical data and should hence be
interpreted with caution. Inclusion of healthy controls becomes
crucial to demonstrate the specificity of the capture and/or
detection strategy. Alternatively, some studies apply downstream
molecular analyses to verify the tumor origin of detected CTCs,
e.g., by mutation detection, which supports the reliability of the
CTC assay (Gasch et al., 2013; Muller et al., 2014). From a more
technical perspective, pre-analytical conditions such as blood
tubes, storage time, and temperature as well as choice of antibody
clones can have a huge effect on assay performance (Qin et al.,
2014; Ilie et al., 2018; Wu et al., 2020), making comparisons
across studies difficult. Furthermore, in the light of exploring
proteoglycans as potential CTC targets, the consideration of
technical assay parameters become crucial for, e.g., sustaining
the GAG stability.

The current clinical standard for CTC enumeration is the
CellSearch R© platform, which is approved by the American Food
and Drug Administration (FDA) for monitoring patients with
metastatic breast, colorectal, and prostate cancer. CellSearch R©

relies on cell enrichment using anti-EpCAM antibody-coated
ferrofluid and CTC detection via fluorescent anti-CK antibody
labeling (Liberti et al., 2001; Allard et al., 2004; Coumans
and Terstappen, 2015). EpCAM-based capture approaches
are, however, rarely efficient for epithelial cancers with
downregulated EpCAM expression, likely due to EMT, or
cancers of mesenchymal origin. Therefore, several studies have
been focusing on finding novel markers, which can distinguish
EpCAM-low or -negative CTCs from normal blood cells with
high specificity and sensitivity to broaden the spectrum of
detectable CTC subpopulations (Lampignano et al., 2017;
Nicolazzo et al., 2019). As a part of this, multiple strategies using
proteoglycans for CTC enrichment or identification are currently
under investigation. See Table 1 for an overview on the most
used proteoglycans and their applications. Some of them are
highlighted in the following.

A well-known example is the CellSearch R© Circulating
Endothelial Cell Kit, which can be used for the enrichment
of circulating melanoma cells that are EpCAM-negative by
nature (Rao et al., 2011; Khoja et al., 2013). After capture
using ferrofluid coupled with antibodies against melanoma
cell adhesion molecule (MCAM), circulating melanoma
cells are identified by staining with antibodies against high
molecular weight melanoma-associated antigen (HMW-MAA),
also known as CSPG4.

As described earlier, CSPG4 has been linked to many aspects of
the metastatic cascade, including proliferation, migration, as well
as ECM-remodeling and is expressed across many cancer types
(Ilieva et al., 2018). Moreover, CSPG4 is expressed in a majority
of melanoma lesions (Real et al., 1985) and is a well-characterized
surface marker for melanoma (Ilieva et al., 2018). Multiple

retrospective studies using the MCAM/CSPG4 CellSearch R© Kit
have found that CTC levels detected at baseline correlates with
overall survival in late-stage melanoma (Rao et al., 2011; Khoja
et al., 2013; Bidard et al., 2014) (Table 1). Recently, two large
prospective studies also evaluated the prognostic significance
of MCAM/CSPG4-positive CTCs in cutaneous melanoma. In a
study of 93 stage IV patients, Hall et al. (2018) found that presence
of CTCs at baseline was associated with shorter progression-
free survival after 6 months compared to CTC-negative patients.
Later, the same research group showed that CTC-positivity at
baseline for stage III patients (n = 243) was an independent
predictor of relapse-free survival within 6 and 54 months (Lucci
et al., 2020). The CTC levels in these studies were not associated
with primary tumor characteristics, such as ulcerations, tumor
thickness, and mutational status. Therefore, MCAM/CSPG4-
positive CTC numbers may add additional information on top
of clinicopathological characteristics for clinicians to foresee the
disease course in the future.

Interestingly, CTC-negative melanoma patients have been
found to have better progression-free or relapse-free survival
compared to CTC-positive patients (Hall et al., 2018; Lucci et al.,
2020). However, a significant proportion of late-stage melanoma
patients still appear to have no CTCs detectable by CellSearch R©

(Rao et al., 2011; Roland et al., 2015; Hall et al., 2018). This
has also been reported for other CSPG4-based methods (Ulmer
et al., 2004; Ruiz et al., 2015) as well as for CSPG4-independent
isolation methods (Khoja et al., 2014; Aya-Bonilla et al., 2019).
This may simply be due to the rare nature of CTCs. However,
there could be CSPG4-negative CTC subpopulations, which are
not captured by CSPG4-dependent strategies. In fact, one study
found that of 31 melanoma patients with CTCs detectable by
other markers, only 42% had CSPG4-positive CTCs (Gray et al.,
2015), suggesting a need for multi-marker approaches.

During the past decade, multiple other studies investigated
the potential of CSPG4 for CTC capture and/or identification in
melanoma (Table 1). Up to 4 CTCs per mL blood was found using
CSPG4 immunomagnetic capture (Sakaizawa et al., 2012), which
is similar to the reported CTC numbers using the MCAM/CSPG4
CellSearch R© kit (Khoja et al., 2013). However, a study by Ruiz et al.
(2015) using a CSPG4-based immunofluorescent microscopy
approach without prior enrichment step identified a mean of
14.9 CTCs per 1 mL blood samples from melanoma patients
(n = 40), without potential CTC hits in healthy control samples
(n = 10). These variations in CSPG4-positive CTCs can be
explained to some extent by the use of different CTC enrichment
strategies, varying markers for CTC identification or other
technical differences in the assays.

Commonly mutated genes in melanoma, such as BRAF
and NRAS (Colombino et al., 2012), are upstream activators
of ERK signaling (Savoia et al., 2019). As CSPG4 expression
has been connected to ERK signaling (Ampofo et al., 2017),
these mutations might be particularly important in CSPG4-
positive CTCs. Indeed, a recent study found that CTCs
enriched by CSPG4-based method presented more RAS/RAF
mutated cells compared to CTCs isolated only by physical
properties (Gorges et al., 2019). Since some therapeutic
approaches target the serine/threonine-protein kinase B-raf
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TABLE 1 | Proteoglycans used for isolation or identification of clinical circulating tumor cells.

Indication Used for Finding References

Carbonic anhydrase 9
(CA9)

RCC Immunomagnetic capture Combined approach with CD147, captured
CTCs in 94% of patients. CTC amount
correlated with disease stage.

Liu et al. (2016)

CTC detection (On−chip
Sort R©)

CTCs were detected in 46% of patients
(combined CA9 and EpCAM staining).

Naoe et al. (2019)

CD44 BC/TNBC CTC detection (flow
cytometry)

NACT caused significant changes in the
quantity of the CTC subsets present in
patient blood samples.

Kaigorodova et al. (2018)

CTC detection (ns) CTC clusters were associated with poor
OS. CTC clusters showed higher CD44
expression.

Liu et al. (2019)

CRC CTC detection (flow
cytometry

CD133+CD54+CD44+ CTC subset was
significantly associated with liver metastasis
and had a prognostic value in CRC
patients.

Fang et al. (2017)

Gastric cancer CTC detection (FACS) The amount of EpCAM+CD44+ CTCs, but
not EpCAM+CD44− CTCs, correlated with
disease progression and venous invasion.

Watanabe et al. (2017)

Negative immunomagnetic
enrichment (anti-CD45)

CD44 was a marker for tumorigenic CTCs. Toyoshima et al. (2015)

NSCLC Immunomagnetic capture CD44+ CTCs were associated with
lymphatic invasion and tumor size. CD44+
CTCs were more sensitive to
TRAIL-induced apoptosis.

Yan-Bin et al. (2020)

OSCC Immunomagnetic capture CD44+ CTCs showed increased
self-renewal capability and
chemotherapy-resistance. Clinical
correlation between increased CD44v6 and
loco-regional aggressiveness and
recurrence.

Patel et al. (2016)

Chondroitin sulfate
proteoglycan 4
(CSPG4)

Melanoma Immunomagnetic capture Analysis of RNA suggested that CSPG4+
CTCs were distinct from CTCs enriched by
another melanoma marker, ABCB5.

Aya-Bonilla et al. (2019)

Immunomagnetic capture Significant difference between CTC
numbers in healthy controls, stage I/II and
stage III/IV, using multiple markers.
Decrease in CTC numbers during
treatments was associated with longer OS
and shorter response to treatment.

Freeman et al. (2012),
Klinac et al. (2014)

Immunomagnetic capture
(with subsequent depletion
of CD45+ cells)

1–20 CTCs found per 5 mL blood and
BRAF genetic heterogeneity was detected
among CTCs.

Sakaizawa et al. (2012)

Immunomagnetic capture ≥2 CTCs correlated with OS for stage III
and IV patients. CTC-positivity correlated
with stage.

Ulmer et al. (2004)

Immunomagnetic capture
and IF

MCAM/CSPG4-positive CTCs and
RAS/RAF mutational status were
associated.

Gorges et al. (2019)

CellSearch R© Melanoma Kit CTC positivity in early-stage disease
correlated with OS at 24 months.

Anand et al. (2019)

Strong correlation between CTC positivity
and PFS and OS; and between CTC
numbers and ctDNA-levels.

Bidard et al. (2014)

Prospective study of stage IV patients.
Baseline CTC-positivity independently
predicted poorer PFS after 180 days.

Hall et al. (2018)

≥2 CTCs at baseline was an independent
prognostic factor for poor OS.

Khoja et al. (2013)

(Continued)
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TABLE 1 | Continued

Indication Used for Finding References

CellSearch R© Melanoma Kit Prospective study of 243 stage III patients.
CTC-positivity at baseline independently
predicted poorer relapse-free survival within
6 and 54 months.

Lucci et al. (2020)

Retrospective study; baseline ≥ 2 CTCs
correlated with OS in stage III/IV patients.
95% of healthy subjects had no CTCs.

Rao et al. (2011)

Difference in CTC positivity for stage I/II vs.
IV. Only 2.9% of healthy subject had CTCs.

Roland et al. (2015)

CTC detection (flow
cytometry)

Early-stage CTCs expressed mainly one
marker, late-stage CTCs expressed more.
42% of CTCs expressed CSPG4.

Gray et al. (2015)

CTC detection (flow
cytometry)

CTCs were found in 14/22 patients. Liu et al. (2011)

CTC detection (IF) 5% of patients had ≥100 CTCs/mL. In
these, unique clonal populations were
identified.

Ruiz et al. (2015)

Characterization by
Surface-enhanced Raman
spectroscopy with αCSPG4

CTC surface marker levels, including
CSPG4, were altered during treatment.

Tsao et al. (2018)

C-X-C chemokine
receptor type 4
(CXCR4)

HCC CTC detection (RISH) CTCs were detected in 89.9% of all
patients and CXCR4 expression was
associated with different CTC subsets.

Bai et al. (2020)

NSCLC CTC detection (flow
cytometry)

CXCR4 expression was increased on
EpCAM- CTCs.

Yin et al. (2015)

CTC detection (flow
cytometry)

CXCR4+ CTCs showed potential as a
predictive marker for OS in NSCLC
patients.

Reckamp et al. (2009)

Glypican-3 (GPC3) HCC Immunomagnetic capture
and CTC detection (flow
cytometry)

High GPC3+ CTC amount correlated with
shortened disease-free survival in
non-metastatic HCC patients.

Hamaoka et al. (2019)

Immunomagnetic capture Capture cocktail (together with
anti-ASGPR, anti-EpCAM) found higher
CTC numbers than each antibody alone.

Court et al. (2018)

CTC detection
(ImageStream R©)

12.5% of all found CTCs were GPC3+. Ogle et al. (2016)

HCC/CCA CTC detection (IHC) 1 out of 14 patients with CTCs had GPC3+
CTCs.

Nam et al. (2016)

Syndican-1
(SDC1/CD138)

MM Immunomagnetic capture CD138+ CTCs strongly correlated with
disease burden and treatment response.

Wang et al. (2019)

MM Immunomagnetic capture 20–184 CD138+ CTCs detected in patient
blood/mL (2–5/mL healthy blood). Patients
in remission had fewer CTCs than other
patients.

Qasaimeh et al. (2017)

+, positive; ABCB5, ATP-binding cassette sub-family B member 5; ASGPR, asialoglycoprotein receptor; BC, breast cancer; CA9, carbonic anhydrase 9; CCA,
cholangiocarcinoma; CD, cluster of differentiation; CK, cytokeratin; CRC, colorectal cancer; CSPG4, chondroitin sulfate proteoglycan 4; CTC, circulating tumor cell;
ctDNA, circulating tumor DNA; CXCR4, C-X-C chemokine receptor type 4; EpCAM, epithelial cell adhesion molecule; FACS, fluorescence-activated cell sorting; GPC3,
glypican-3; HCC, hepatocellular carcinoma; IF, immunofluorescence; IHC, immunohistochemistry; ISET, isolation by size of epithelial tumor cells; MCAM, melanoma
cell adhesion molecule; MM, multiple myeloma; NACT, neoadjuvant chemotherapy; ns, not specified; OSCC, oral squamous cell carcinoma; OS, overall survival; PFS,
progression-free survival; RBC, red blood cell; RCC, renal cell carcinoma; RISH: RNA in situ hybridization; SDC1, syndican-1; TNBC, triple-negative breast cancer; TRAIL,
TNF-related apoptosis-inducing ligand.

(BRAF) (Holderfield et al., 2014), it is possible that the CSPG4
expression might also decrease in response to this form of
treatment, which could affect the prospect of using CSPG4 alone
to monitor CTC numbers. Indeed, initial longitudinal study of
CTC heterogeneity in 10 stage IV melanoma patients suggested
that expression of CSPG4 on CTCs may be downregulated in
response to BRAF and mitogen-activated protein kinase kinase
(MEK)-inhibiting therapy (Tsao et al., 2018). However, to our

knowledge, none of the major studies on CSPG4-positive CTCs
in cutaneous melanoma have yet found any correlation between
CTC levels and BRAF-mutational status or adjuvant therapy.

Another recent study revealed that the transcriptomic profile
of CSPG4-enriched CTC populations from six patients was
dominated by up-regulation of tumor necrosis factor alpha
(TNFα)/nuclear factor kappa B (NF-κB) as well as signal
transducer and activator of transcription (STAT) pathways
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(Aya-Bonilla et al., 2019). Both signaling pathways have central
roles for cell proliferation as well as cell survival (Wu and
Zhou, 2010; Igelmann et al., 2019). Furthermore, in silico
analysis found other genes upregulated in the CSPG4-enriched
population to be connected to metastasis, tumor growth, and
melanoma biology (Aya-Bonilla et al., 2019), which indicates
an interesting biological role of CSPG4-positive CTCs for
melanoma progression.

Overall, CSPG4 is a relevant surface marker for melanoma
CTCs and is hence evaluated in many studies. Although little is
still known about the biological role of CSPG4-positive CTCs,
they might represent a specific subpopulation. This potential bias
should be considered when using only CSPG4 for CTC capture
or CTC identification.

CD44 has also been explored for CTC analysis. CD44 is
widely expressed (Goodison et al., 1999), and as previously
described it acts as a receptor for a variety of ligands. Particularly
well-described is the interaction with HA, which constitutes
a major part of the glycocalyx and ECM (Banerjee et al.,
2016). Upregulation of CD44 confers tumorigenicity, metastatic
capacity, and drug resistance to primary tumor cells as well
as CTCs (Naor et al., 2002; Fitzgerald and McCubrey, 2014).
The abnormal expression of CD44 splice variants is associated
with treatment refractoriness, recurrence, and prognosis (Katoh
et al., 2015), and overexpression of both CD44s and variants
serves a long list of biological functions across many cancer types
(Chen C. et al., 2018). Since isoform switching introduces new
cancer-related antigens, development of both anti-CD44s and
anti-CD44v antibodies has attracted much interest.

As a CTC isolation tool, anti-CD44 antibodies have been used
to capture CTCs from cancer patient blood (see Table 1). Yan-Bin
et al. (2020) investigated the CD44-positive CTC abundance in
NSCLC patients by immunomagnetic enrichment and evaluated
the correlation to clinical characteristics. None or very few
CD44-positive cells were detected in the 30 controls in contrast
to frequent CTC observations in the 128 patient samples.
Detected CTCs associated negatively with serum TNF-related
apoptosis-inducing ligand (TRAIL) levels, suggesting that CD44-
positive CTCs could be more vulnerable to TRAIL-induced
apoptosis through death receptor 4 and 5 signaling (Yan-Bin
et al., 2020). A small study on gastric cancer patients (n = 26)
and healthy controls (n = 10) associated increased prevalence
of EpCAM- and CD44-positive CTCs in patients with tumor
depth, disease progression, and venous invasion (Watanabe
et al., 2017). Consequently, CD44-based CTC detection was
suggested to reflect the malignant potential of the tumor. The
authors, however, disregard EpCAM-positive cells found in
all healthy controls and the few double positive cells found
in 2 healthy controls as either non-specific immunological
reactions or contaminating skin cells. Again, this discrepancy
highlights the demand for CTC validation, as for example
via genomics. Another study analyzed CD44-positive CTCs
isolated by immunomagnetic enrichment from 30 oral squamous
cell carcinoma (OSCC) patients and 15 healthy controls
(Patel et al., 2016). Self-renewal and proliferation capability of
the CD44-positive cells were observed by increased sphere-
forming capacity unlike the CD44-negative sorted population.

Moreover, cisplatin resistance assays confirmed a drug-resistant
phenotype associated with the CD44-positive population. This
was specifically associated with high transcript levels of CD44v6,
as opposed to CD44s, as well as elevated levels of the
stemness marker NANOG. Furthermore, the different expression
levels strongly correlated with the primary tumor profile and,
importantly, clinicopathological parameters such as late-stage,
loco-regional aggressiveness, and relapse. The findings suggest
that detection of CD44v6-positive CTCs could be used to predict
disease progression, therapy outcome, and recurrence.

In addition, CD44 is being evaluated for novel therapeutic
approaches against CTCs. For instance, in vivo homophilic
CD44-mediated CTC clustering of metastatic breast cancer cells
in mice was largely inhibited by the administration of anti-CD44
neutralizing antibody, leading to decreased metastatic capacity
(Liu et al., 2019). In summary, numerous studies of applications
to target CD44-positive CTCs underline its potential in therapy
and as a valuable marker for prognosis and treatment response.

Another interesting proteoglycan for clinical purposes is
glypican-3 (GPC3), which is upregulated amongst several
cancer entities with highest positive case rates in hepatocellular
carcinoma (HCC). Importantly, GPC3 has been reported to
discriminate between HCC and non-malignant lesions (Zhu
et al., 2001; Wang et al., 2008) or other liver-associated cancers
like cholangiocarcinoma (CCA) (Man et al., 2005). Nowadays
GPC3 is included in a diagnostic HCC panel together with
glutamine synthetase and heat shock protein 70, according
to guidelines of the European Society for Medical Oncology
(ESMO) (Vogel et al., 2019) and the American Association for
the Study of Liver Diseases (AASLD) (Marrero et al., 2018).
Furthermore, GPC3 might also be used as a serum biomarker
(Capurro et al., 2003; Hippo et al., 2004) and is exploited for
different targeted cancer therapy approaches (Sawada et al., 2012;
Feng et al., 2013).

Several studies have been utilizing GPC3 for analysis of
CTCs in HCC patients (Table 1). Anti-GPC3 antibodies have
been used for positive immunomagnetic enrichment of CTCs
(Court et al., 2018; Hamaoka et al., 2019). Hamaoka et al.
(2019) found in a prospective, single-institution study that most
of the 85 examined HCC patients had GPC3-positive CTCs
with a median of 3 CTCs in 8 mL blood samples, whereas
negative controls (in total n = 27) such as healthy individuals
(n = 12) or individuals with inflammatory diseases (n = 4),
only had a median of 1 GPC3-positive cell in the blood
samples (Hamaoka et al., 2019). Moreover, patients with 5 or
more CTCs showed shorter disease-free survival compared to
patients with fewer GPC3-positive CTCs. Another study by
Court et al. (2018) analyzed GPC3 in a capture cocktail together
with antibodies against asialoglycoprotein receptor (ASGPR) and
EpCAM. Importantly, the combined capture approach with all
three targets, isolated higher CTC numbers in patients than
each antibody alone. This approach detected CTCs in 96.7%
of all HCC patients (n = 61) with a median of 6 CTCs
per 4 mL blood. In contrast, in healthy controls (n = 8)
maximum one potential CTC hit was found. Moreover, CTC
numbers were increased in more advanced stages compared
to early stages. This effect was even more pronounced for the
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subfraction of vimentin-positive CTCs, which presumably are
generated by EMT processes. This highlights the importance
of CTC capture strategies independent of potential EMT
target proteins like EpCAM, which are often downregulated
during EMT. Indeed, varying or low EpCAM expression has
already been reported for CTCs originating from other cancer
entities (Hyun et al., 2016; de Wit et al., 2018) and should
be taken into consideration when designing or interpreting
CTC capture assays.

In summary, GPC3 is currently evaluated as a therapeutic
target, serum biomarker, and importantly for CTC analyses,
where it has been used both for capture (Court et al., 2018;
Hamaoka et al., 2019) and identification (Ogle et al., 2016) of
CTCs in HCC. Since only few studies have been performed,
further studies are needed to prove the feasibility of GPC3
for clinical CTC analyses. Although GPC3 is a well-established
diagnostic marker for HCC, further characterization or validation
of the potential GPC3-positive CTC hits, for example via
molecular analyses, is to our knowledge missing so far.

As described, there is a great diversity among the
proteoglycans associated with different cancer types. The
different proteoglycans facilitate distinctive processes in the
metastatic cascade and their universal expression suggests
that proteoglycans are an essential feature for all cancers. The
complexity is further expanded when considering the GAG
composition. An increasing number of studies indicate that at
least some of the functions of proteoglycans are exerted through
specific GAG chains. However, only a few studies focused on
targeting the GAG part or GAG composition of proteoglycans
when isolating CTCs.

A wide variety of qualitative and quantitative methods has
been developed for studying glycocalyx components. As the
biosynthesis of glycans is non-template driven and complex,
their analysis may often be challenging. Several approaches take
advantage of the large repertoire of glycan-binding proteins
and antibodies to distinguish between different glycan classes.
For large screenings, glycan microarrays have been developed
that may probe for different glycan classes or subclasses. This
approach has been used to screen breast CTCs for glycan
markers, which identified a specific O-glycan epitope as a
potential target (Wang et al., 2015). Microarrays and cell-
based libraries have also been developed to screen for GAG-
binding proteins (Rogers and Hsieh-Wilson, 2012) and these may
be useful for identifying GAG-based CTC targeting reagents.
However, microarrays for detection of cell-surface GAGs, which
could be useful for identifying GAG biomarkers on CTCs,
have not been constructed. CS and HS-specific antibodies, such
as CS56 and 10E4, and GAG-binding proteins, like fibroblast
growth factor, are also commonly used in flow cytometry
and microscopy-based assays (Figure 6A). These may assess
the relative levels of GAGs, however, they do not convey
specific structural information due to their low specificity or
affinity toward their targets (Yamagata et al., 1987; Smetsers
et al., 2004; ten Dam et al., 2007). For this, GAGs will have
to be isolated and analyzed, often by chromatography, mass
spectrometry, or nuclear magnetic resonance. The structural
characterization of GAGs is challenging due to heterogeneity of

the polymers. Hence, analysis is often limited to disaccharide
analysis, which does not allow for sequencing of intact GAG
chains. This is even more technical challenging for CTCs
because of the limited input material due to their low
abundance. Similarly, while different proteoglycan core proteins
can be probed with antibodies, fine structural analysis of their
GAG attachment sites is only achieved by glycoproteomic
methods. While these analyses may be laborious, they are
highly descriptive and may provide novel insight into structural
alterations on cancer cells, both on the protein and GAG
level. For example, one study found that several major
ECM proteoglycans had elevated levels of N-glycosylation in
pancreatic cancer tissues (Pan et al., 2014). In addition, another
study identified novel CS linkage region modifications in CS
glycopeptides from the inter-α-trypsin inhibitor complex, which
is abundant in plasma from cancer patients (Gomez Toledo
et al., 2015). To our knowledge, glycoproteomics has not
been used for analysis of CTCs, and could potentially help
identify novel targets.

If succeeding in finding specific binding moieties, the GAG
chains would be an alternative novel approach for CTC
enrichment or detection. We have previously shown the use
of the recombinant VAR2CSA malaria protein (rVAR2) as a
novel CTC-targeting reagent (Figures 6A, 7) (Agerbaek et al.,
2018; Bang-Christensen et al., 2019; Sand et al., 2020). rVAR2
binds to a distinct type of CS, termed oncofetal CS, expressed
by placental as well as cancer cells (Salanti et al., 2015). The
native VAR2CSA binds to a specific CS oligosaccharide motif
in the placenta during normal physiological conditions (Gowda,
2006; Ayres Pereira et al., 2016; Toledo et al., 2020). A study
using a library of cells with knockouts of GAG biosynthesis
genes, indicated that 4-O-sulfated CS is essential for rVAR2
binding (Chen Y. H. et al., 2018). The specific oncofetal CS-
carrying proteoglycans have been examined by screening of
rVAR2 binding to more than 3500 cell surface proteins (Salanti
et al., 2015) as well as by rVAR2-affinity chromatography coupled
to glycoproteomics, using tumor and placenta samples (Toledo
et al., 2020). These studies showed that the distinct oncofetal CS
is displayed on multiple proteoglycans such as CSPG4 or CD44
in cancer cells, indicating an important function of oncofetal CS
in the disease development. Moreover, rVAR2 binds to cancer
cells independently of tumor origin and oncofetal CS is expressed
both in primary and metastatic lesions (Salanti et al., 2015). This
has also been shown in a metastatic murine model, where rVAR2
binding furthermore inhibited integrin signaling and seeding
of CTCs (Clausen et al., 2016). As studies have also indicated
that rVAR2 binds to cancer cells independent of EMT processes
(Agerbaek et al., 2018; Bang-Christensen et al., 2019), oncofetal
CS could be an advantageous target for CTC enrichment. In
line with this, rVAR2-coated paramagnetic beads have been used
to capture CTCs from blood samples of different carcinoma
patients (n = 44) and glioma patients (n = 10) in small proof-
of concept studies (Agerbaek et al., 2018; Bang-Christensen
et al., 2019). Therefore, the rVAR2-based approach offers an
alternative capture approach, demonstrating how GAG-targeting
can allow the capture of CTCs independently of single target
proteins, like EpCAM.
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FIGURE 6 | Utilization of glycosaminoglycans for capture of circulating tumor cells (CTCs). (A) Glycosaminoglycans can be directly targeted as for example via
antibodies like 10E4, which binds to heparan sulfate (HS; in red) of heparan sulfate proteoglycans (HSPGs). However, to our knowledge, this approach has not been
explored for CTC capture. Furthermore, for CTC capture the recombinant protein VAR2CSA (rVAR2) can be used, which binds to oncofetal chondroitin sulfate (in
yellow) as for example identified on chondroitin sulfate proteoglycan 4 (CSPG4). (B) Glycosaminoglycans have been applied in the reversed approach as capture
agent for CTC enrichment. Here, glycosaminoglycan-based probes were used to capture CTCs. For example, a microfluidic chip has been coated with hyaluronic
acid (HA; in green) to capture CTCs via its interaction with the HA-receptor CD44. Similarly, the heparan sulfate-based probe SCH45 has been coupled to magnetic
beads to capture CTCs in hepatocellular carcinoma in a microfluidic setup, but the exact cellular target of SCH45 in these CTCs remains unknown. Generally, both
strategies are relatively new for CTC capture and clearly further extensive validation is needed. Please refer to the main text for details and references.

FIGURE 7 | Recombinant VAR2CSA (rVAR2) can be used for staining and capture of potential circulating tumor cells (CTCs). (A) Immunofluorescence staining of the
colorectal cancer cells COLO205 (marked with cross) with rVAR2 (green), anti-CD45 (in red) to mark normal blood cells, and DAPI (in blue) to mark cell nuclei.
(B) One potential CTC hit (green by rVAR2 stain; marked with white asterisk) in a blood sample from a colorectal cancer patient with the same staining as described
in panel A. (C) Magnetic beads coated with rVAR2 bind specifically to COLO205 cells, compared to non-rVAR2 control beads. Pictures were kindly provided by
Mette Ø. Agerbæk, Amalie M. Jørgensen, and Nicolai T. Sand.

Actually, the reversed approach can also be utilized for
CTC capture (Figure 6B). For example, Gopinathan et al.
(2020) coated a synthetic HS-based octasaccharide probe
(SCH45) onto magnetic beads, that were used in combination
with a microfluidic chip to isolate CTCs from 65 advanced

or metastatic cholangiocarcinoma patients. Single CTCs
or CTC clusters were detected in all samples with ≥ 1
CTCs per 1 mL blood, even in patients with no distant
metastases. Previous comparable CellSearch R©-based studies
found only 17% of CCA patients positive for ≥2 CTCs per
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7.5 mL blood (Yang et al., 2016). However, only three healthy
controls were included in the HS-based study. Moreover, the
authors reported that studies evaluating whether this approach
could be employed to capture EpCAM-negative CTCs are
currently ongoing (Gopinathan et al., 2020). In addition it would
be interesting to identify the binding target of the SCH45-coated
beads in order to characterize the captured CTC population.

Another approach exploited the GAG-receptor function of
CD44 in order to capture CTCs (Wang M. et al., 2018). Purified
HA, the ligand of CD44, was coated to a microfluidic chip and
showed 91% retrieval of CD44-overexpressing A549 cells spiked
into blood. Also other cancer cell lines from different cancer
entities were captured with comparable efficiencies. Although
also lacking healthy controls, the study found between 1–
18 putative CTCs per 1 mL blood from 9 of 10 NSCLC
and 5 of 5 breast cancer patients as detected through CK-
and DAPI-staining.

The utilization of GAGs for CTC technologies is a relatively
new approach. Most studies have been limited to smaller pilot
studies so far and further molecular characterization of the
putative CTC hits is needed to prove their cancer-origin and
thus the reliability of the CTC assay. Clearly, the establishment
of specific GAGs as biomarkers for clinical CTC diagnostics
needs extensive validation in large-scale studies in the future.
However, GAGs have the potential to capture or identify broader
and more heterogenous CTC populations as they are often
independent of a single protein and thus might be less prone
to gene expression changes associated with different or transient
cancer cell phenotypes.

CONCLUDING REMARKS

Circulating tumor cell analyses have the potential to allow
prognostic and predictive insights by convenient liquid biopsies.
However, novel biomarkers are needed to enable the necessary
assay sensitivity and specificity to detect CTCs. Another unsolved
problem is that most CTC assays introduce biases in regards
to which CTC subpopulations can be captured as they are
often based on single biomarkers. Therefore, a CTC capture

approach based on a combination of several biomarkers could
be beneficial. Another solution for this problem could be
the targeting of cancer-specific changes in the GAGs (the
“GAGome”), or other known glycocalyx components, which
should in principle, allow the capture of more heterogenous CTC
populations. Studies on clinical CTCs and their proteoglycans,
GAGs, or general glycocalyx structure are still not strongly
represented, probably due to associated technical challenges of
glycocalyx characterizations. However, structural insights would
be beneficial for improving or defining novel CTC capturing
strategies based on proteoglycans or their GAGs and to explore
whether these strategies then better reflect the heterogenic cancer
cell population.
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The Cardiac Syndecan-2 Interactome
Sabrina Bech Mathiesen1, Marianne Lunde1, Maria Stensland2, Marita Martinsen1,
Tuula A. Nyman2, Geir Christensen1,3 and Cathrine Rein Carlson1*

1 Institute for Experimental Medical Research and Oslo University Hospital, University of Oslo, Oslo, Norway, 2 Department
of Immunology, Institute of Clinical Medicine, University of Oslo, Oslo, Norway, 3 K.G. Jebsen Center for Cardiac Research,
University of Oslo, Oslo, Norway

The extracellular matrix (ECM) is important in cardiac remodeling and syndecans have
gained increased interest in this process due to their ability to convert changes in the
ECM to cell signaling. In particular, syndecan-4 has been shown to be important for
cardiac remodeling, whereas the role of its close relative syndecan-2 is largely unknown
in the heart. To get more insight into the role of syndecan-2, we here sought to identify
interaction partners of syndecan-2 in rat left ventricle. By using three different affinity
purification methods combined with mass spectrometry (MS) analysis, we identified
30 novel partners and 9 partners previously described in the literature, which together
make up the first cardiac syndecan-2 interactome. Eleven of the novel partners were
also verified in HEK293 cells (i.e., AP2A2, CAVIN2, DDX19A, EIF4E, JPH2, MYL12A,
NSF, PFDN2, PSMC5, PSMD11, and RRAD). The cardiac syndecan-2 interactome
partners formed connections to each other and grouped into clusters mainly involved
in cytoskeletal remodeling and protein metabolism, but also into a cluster consisting of
a family of novel syndecan-2 interaction partners, the CAVINs. MS analyses revealed
that although syndecan-2 was significantly enriched in fibroblast fractions, most of its
partners were present in both cardiomyocytes and fibroblasts. Finally, a comparison of
the cardiac syndecan-2 and -4 interactomes revealed surprisingly few protein partners
in common.

Keywords: syndecan-2, syndecan, proteoglycans, interactome, cardiac, heart, CAVIN, junctophilin

INTRODUCTION

To cope with injury and mechanical stress, the heart can change its shape and function, a
process associated with alterations of the extracellular matrix (ECM) and progression toward
heart failure (Cohn et al., 2000). At the cellular level, this includes hypertrophy or death of
cardiomyocytes and activation of fibroblasts to ECM producing myofibroblasts, which manifests
itself as hypertrophy of the myocardium and stiffening through fibrosis (Cohn et al., 2000).
Proteoglycans are emerging as important players in ECM remodeling in the heart, including
members of the syndecan family (Christensen et al., 2019). Syndecan-4 has been shown to be
a pro-remodeling molecule, acting in both cardiomyocytes and fibroblasts (Finsen et al., 2011;

Abbreviations: AP, affinity purification; AP-MS, affinity purification coupled to mass spectrometry; ECM, extra cellular
matrix; GST, glutathione S-transferase; HRP, horseradish peroxidase; IP, immunoprecipitation; literature partner, syndecan-
2 interaction partner previously described in the literature; LV, left ventricle; MS partner, syndecan-2 interaction partner
identified in AP-MS in this study; MS, mass spectrometry; Scram, scrambled peptide; SDC2, syndecan-2; SDC2cyt,
cytoplasmic domain of syndecan-2.
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Herum et al., 2015). Knock-out of syndecan-4 in mice has been
shown to hinder development of pressure overload induced
hypertrophy and stiffening of the myocardium through the
calcineurin-NFAT pathway and collagen crosslinking (Finsen
et al., 2011; Herum et al., 2013; Herum et al., 2015). Although
syndecan-4 has been identified as an important signaling
mediator, little is known about its close relative, syndecan-2 in
the heart. Both syndecan-2 and -4 are expressed in the heart and
upregulated following aortic banding (Strand et al., 2013).

The vertebrate syndecan family arose as a result of two rounds
of gene duplication, resulting in four family members where
syndecan-2 and -4 form one subfamily (Chakravarti and Adams,
2006). While syndecan-4 is ubiquitously expressed, syndecan-2 is
primarily expressed in cells from mesenchymal origin, including
fibroblasts, endothelial and neuronal cells and is upregulated
during development (David et al., 1993; Kim et al., 1994; Ethell
and Yamaguchi, 1999; Chen E. et al., 2004). However, syndecan-2
expression has also been observed in cardiomyocytes (Balza and
Misra, 2006). Syndecan-2 has been implicated in diverse cellular
events, including highly dynamic processes such as angiogenesis
and cancer metastasis, but also in formation of mature structures
like dendritic spines and control of ECM assembly, all of which
appear to require the intact cytoplasmic domain (Ethell and
Yamaguchi, 1999; Klass et al., 2000; Chen E. et al., 2004; Essner
et al., 2006; Lee et al., 2011; Lim and Couchman, 2014). Its
cytoplasmic tail is short, can be subdivided into three regions and
has no known intrinsic enzymatic activity, but can connect to
multiple proteins (Couchman, 2010). The membrane proximal
C1 region can connect to ezrin, which associates with the actin
cytoskeleton (Granes et al., 2000). The membrane distal C2
region binds PDZ domain proteins and is mainly involved in
intracellular trafficking (Ethell et al., 2000; Zimmermann et al.,
2005). The C1 and C2 regions are in common, whereas the
middle V (variable) region is unique to each of the syndecans
and is probably responsible for syndecan specific signaling
(Couchman et al., 2015).

To better understand the role of syndecan-2 in the heart,
we here aimed to identify cytoplasmic interaction partners of
syndecan-2 in rat left ventricle (LV) and to construct the cardiac
syndecan-2 interactome.

RESULTS

Combining Three Affinity Purification
Approaches to Capture Syndecan-2
Interaction Partners
We identified putative syndecan-2 interaction partners from
rat LV lysates by combining three AP approaches with MS.
Figure 1A depicts the experimental design, emphasizing the
three different baits and respective controls (bottom of the
boxes). The left panel (i) shows biotinylated peptides of the
syndecan-2 cytoplasmic domain (SDC2cyt) used as bait to pull
down interaction partners by streptavidin coated beads. An
ahx linker was inserted in between the biotin-tag and the
syndecan-2 cytoplasmic sequence to avoid steric hindrance

(Figure 1B, upper sequence). A scrambled syndecan-2 peptide
(scram) (Figure 1B, lower sequence) and beads without peptides
(beads only) were used as negative controls. The middle panel of
Figure 1A, (ii), illustrates IP with anti-syndecan-2 (anti-SDC2)
where endogenous syndecan-2 was used as bait. Specificity
of the antibody was demonstrated by overlaying anti-SDC2
onto membranes with spot-synthesized 20-mer overlapping
peptides, which covered the protein sequence of either mouse,
rat or human syndecan-2 or rat syndecan-4. This revealed an
ectodomain epitope in syndecan-2 across species, which left the
cytoplasmic tail free to interact with protein partners (Figure 1C).
Importantly, the antibody only recognized syndecan-2 and
showed no cross reactivity toward rat syndecan-4 (Figure 1C,
lower panel). Anti-SDC2 was also demonstrated to be able
to precipitate endogenous syndecan-2 from rat LV lysates
(Figure 1D). The right panel of Figure 1A, (iii), illustrates IP-
GST where a recombinant N-terminal GST-tagged full-length
syndecan-2 protein (GST-SDC2) was used as bait to capture
interaction partners. Recombinant GST without syndecan-2
and beads were used as negative controls. The GST antibody
was demonstrated to precipitate GST-SDC2 in rat LV lysates
prior to the large AP-MS analysis (Figure 1E). Following the
three different APs, the precipitated interaction partners were
subjected to trypsin digestion and subsequent MS analysis
(Figure 1A, bottom part).

Identification of 30 Novel Syndecan-2
Interaction Partners
All APs were done in biological triplicates. To be considered as
a syndecan-2 interaction partner, proteins had to be identified
in IP-SDC2 (Figure 2 peach colored circle) and additionally
in either IP-GST (Figure 2 dark green circle) or pull down
with SDC2cyt (Figure 2 light green circle). Proteins known to
be confined in the nucleus, ribosome and mitochondria were
excluded since they were regarded as contaminants. Overall, 30
novel syndecan-2 interaction partners were identified by AP-MS
with these criteria (hereafter referred to as MS partners) and are
listed in Table 1 (detailed overview in Supplementary Table S1).
Table 2 summarizes syndecan-2 protein interaction partners
described in the literature across tissues and species (hereafter
referred to as literature partners). Importantly, both the literature
partners cortactin (CTTN) and syntenin-1 (SDCBP) were
identified in either two or three of the AP-MS approaches
(underlined in Figure 2 and in Tables 1, 2). In addition,
seven literature partners were identified by fishing with the
SDC2cyt peptide or GST-SDC2 in the LV lysate. These were the
cell division control protein 42 homolog (CDC42), band 4.1-
like protein 1 (EPB41L1), ezrin (EZR), β1 integrin (ITGB1),
matrix metalloproteinase-2 (MMP2), matrix metalloproteinase-9
(MMP9) and ras-related C3 botulinum toxin substrate 1 (RAC1)
(underlined in Figure 2 and Table 2, n = 3).

Verification of 11 Syndecan-2 Interaction
Partners in HEK293 Cells
We decided to verify selected MS partners in additional binding
studies using HEK293 cells and chose a set-up that reversed the
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FIGURE 1 | Experimental design to identify syndecan-2 interaction partners in LV lysate. (A) Schematic illustration of the three different AP-MS experiments used to
capture syndecan-2 interaction partners: (i) pull down with biotinylated peptides covering the cytoplasmic tail of syndecan-2 (SDC2cyt, left panel), (ii) precipitation of
endogenous cardiac syndecan-2 using anti-SDC2 (middle panel) and (iii) fishing with recombinant GST-tagged syndecan-2 and precipitation by GST antibodies (right
panel). After washing away non-specific proteins, putative interaction partners were eluted, trypsin digested and analyzed by mass spectrometry. (B) Protein
sequences of the SDC2cyt and a scrambled (scram) control peptide used for the pull down approach described in (Ai). An ahx linker was inserted between the
biotin-tag and the sequence to avoid steric hindrance. (C) Epitope mapping of the syndecan-2 antibody (anti-SDC2) used in (Aii), using peptide array membranes
containing 20-mer overlapping syndecan-2 (mouse, rat, and human) and syndecan-4 (rat) peptides. (D) Validation of anti-SDC2 in immunoprecipitation experiments
of endogenous syndecan-2 in rat LV lysates. (E) Validation of the GST antibody in immunoprecipitation experiments of recombinant GST-syndecan-2 in rat LV lysates.

strategy used for MS. Two syndecan-2 bands of approximately 30
(doublet) and 45 kDa were detected when HA-tagged syndecan-2
(HA-SDC2) was analyzed by immunoblotting (Figure 3A). The
core domain of human syndecan-2 is predicted to approximately
23 kDa and is known to form SDS resistant dimers through
the transmembrane domain. Eleven of the 30 MS partners
were expressed with a FLAG-tag together with HA-SDC2 in

HEK293 cells and subjected to IP-FLAG. Cortactin (CTTN)
was included as a positive control and heat shock protein
beta-6 (HSPB6) and serine/threonine-protein phosphatase PP1-
alpha catalytic subunit (PPP1CA) were included as negative
controls. The latter controls were included to ensure that
protein precipitation was not due to simple overexpression. As
expected, CTTN precipitated HA-SDC2 (Figure 3B), whereas the
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FIGURE 2 | Venn diagram depicting the distribution of syndecan-2 interaction
partners in the three AP-MS approaches. Overall, 30 novel putative
syndecan-2 partners were identified and they are given in the circles
representing the AP-MS methods where they were identified. Syndecan-2
interaction partners previously described in the literature are underlined. The
literature partner SDCBP was found in all three AP-MS approaches and the
literature partner CTTN was found in two.

negative controls did not show specific binding (Figures 3C,D).
The 11 MS partners that precipitated HA-SDC2 were AP-2
complex subunit alpha-2 (AP2A2), caveolae-associated protein 2
(CAVIN2), ATP-dependent RNA helicase DDX19A (DDX19A),
eukaryotic translation initiation factor 4E (EIF4E), junctophilin-2
(JPH2), myosin regulatory light chain 12A (MYL12A), vesicle-
fusing ATPase (NSF), prefoldin subunit 2 (PFDN2), 26S protease
regulatory subunit 8 (PSMC5), 26S proteasome non-ATPase
regulatory subunit 11 (PSMD11) and GTP-binding protein RAD
(RRAD) (Figures 3E–O, respectively).

Overview of the Syndecan-2 Interactome
To get a more comprehensive overview of the syndecan-2
interactome, we combined the 30 novel MS partners (Table 1)
together with the 41 literature partners identified in different
tissues and species (Table 2) and grouped them according to
the GO annotation biological process (Figure 4A). The MS
partners (in green) distributed into several groups together with
literature partners (Figure 4A), where the three largest were;
cell communication, protein metabolism and cell growth and/or
maintenance (Figure 4A). Within the three largest groups we also
found the nine literature partners identified in our MS approach
(Figure 4A underlined). We further performed a STRING
database network analysis to predict connections among the 30

novel MS partners and the nine literature partners (Figure 4B).
This revealed that the cardiac syndecan-2 interactome contained
more connections than expected from a random set of proteins
(PPI enrichment p-value: <0.000117, a list of all connections is
given in Supplementary Table S2). Importantly, several of the
novel MS partners connected with the literature partners and
formed clusters (Figure 4B).

Functional Annotation of the Syndecan-2
Interactome
The syndecan-2 interactome was also subjected to a functional
annotation analysis through the DAVID Bioinformatics
Resources1. The disease-class enrichment database revealed
“cancer” and “cardiovascular” to be the top most prevalent
enriched disease classes (Table 3). In line with this, the Kyoto
Encyclopedia of Genes and Genome (KEGG) enrichment
analysis predicted “proteoglycans in cancer,” “focal adhesion,”
“leukocyte transendothelial migration,” “regulation of actin
cytoskeleton,” and “pathways in cancer” as the top five pathways,
but also “VEGF signaling” and different “cardiomyopathies”
were predicted (Table 4). The DAVID tool was also used
to search for enriched protein domains in the syndecan-2
interactome through the PFAM database (Table 5). The two
most significant enriched protein domains were “integrin alpha”
and” FG-GAP repeat,” which is part of the propeller structure
of integrin alpha subunits. The third most enriched protein
domain group was the “putative peptidoglycan binding domain,”
which included several metalloproteinases. Interestingly, the
fourth most enriched protein domain group was the CAVIN
family, which contained the three novel MS partners caveolae-
associated protein 1 (CAVIN1/PTRF), caveolae-associated
protein 2 (CAVIN2/SDPR) and caveolae-associated protein
4 (CAVIN4/MURC).

Relative Levels of the Syndecan-2
Interactome Partners in Cardiac
Fibroblasts and Cardiomyocytes
We decided to test whether the interactome proteins were mostly
expressed in primary rat neonatal fibroblast or cardiomyocytes
by MS analysis (Figure 5). Troponin-3 (TNNI3) was included as
a marker for cardiomyocytes and vimentin (VIM) as a marker
for fibroblasts (Figure 5 in bold). Purity of the cell fractions was
based on the enrichment of TNN13 in the cardiomyocyte fraction
and the lack thereof in the fibroblast fraction. Both endothelial
cells and fibroblasts express vimentin [reviewed in Ivey and
Tallquist (2016)] and some contamination of endothelial cells
might have occurred. Except for NHLRC1, PHACTR2, RRAD,
and TRIM21 (Table 1, markedb)), all novel MS partners and
several of the syndecan-2 literature partners were identified in
both cell types and most were enriched in one of the cell fractions
(Figure 5). Syndecan-2 was enriched in the fibroblast fraction.
The reason that not all interactome partners were detected might
be because they are expressed at a more mature stage or expressed
in other cell types.

1https://david.ncifcrf.gov/
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TABLE 1 | Thirty novel syndecan-2 interaction partners identified by AP-MS.

Gene Protein (Uniprot) AP-MS (n = 3) Molecular function (HPRD)

AP2A2(a)FB AP-2 complex subunit alpha-2 IP-SDC2, GST-SDC2 Transporter activity

CAVIN1/PTRFCM Caveolae-associated protein 1 IP-SDC2, SDC2cyt Transcription regulator activity

CAVIN2/SDPR(a)FB Caveolae-associated protein 2 IP-SDC2, SDC2cyt Serine-type peptidase activity

CAVIN4/MURCCM Caveolae-associated protein 4 IP-SDC2, SDC2cyt Unknown

CDC42BPB/MRCKβ Serine/threonine-protein kinase MRCK beta IP-SDC2, SDC2cyt Protein serine/threonine kinase activity

CTTN(a)FB Src substrate cortactin IP-SDC2, SDC2cyt Cytoskeletal protein binding

DDX19A(a) ATP-dependent RNA helicase DDX19A IP-SDC2, GST-SDC2 Unknown

DUSP3 Dual-specificity phosphatase 3 IP-SDC2, GST-SDC2 Protein tyrosine/serine/threonine phosphatase
activity

EIF4E(a) Eukaryotic translation initiation factor 4E IP-SDC2,
GST-SDC2, SDC2cyt

Translation regulator activity

EIF4G3 Eukaryotic translation initiation factor 4 gamma, 3 IP-SDC2, GST-SDC2 Translation regulator activity

GPHNCM Gephyrin IP-SDC2, SDC2cyt Unknown

JPH2(a)CM Junctophilin-2 IP-SDC2, SDC2cyt Cell adhesion molecule activity

NHLRC1(b) E3 ubiquitin-protein ligase NHLRC1 IP-SDC2, GST-SDC2 Ubiquitin-specific protease activity

MYL12A(a)CM Myosin regulatory light chain 12A IP-SDC2, SDC2cyt Calcium ion binding

NSF(a) Vesicle-fusing ATPase IP-SDC2, SDC2cyt ATPase activity

PABPC4CM Polyadenylate-binding protein 4 IP-SDC2, GST-SDC2 RNA binding

PFDN2(a) Prefoldin subunit 2 IP-SDC2,
GST-SDC2, SDC2cyt

Chaperone activity

PHACTR2(b) Phosphatase and actin regulator 2 IP-SDC2, GST-SDC2 Phosphatase regulator activity

PLECCM Plectin IP-SDC2, GST-SDC2 Cytoskeletal anchoring activity

PPP2CACM Serine/threonine-protein phosphatase 2A catalytic subunit
alpha isoform

IP-SDC2, GST-SDC2 Protein serine/threonine phosphatase activity

PRPSAP2CM Phosphoribosyl pyrophosphate synthase-associated protein 2 IP-SDC2, GST-SDC2 Unknown

PSMC5(a)CM 26S protease regulatory subunit 8 IP-SDC2, SDC2cyt Ubiquitin-specific protease activity

PSMD11(a) 26S proteasome non-ATPase regulatory subunit 11 IP-SDC2, SDC2cyt Ubiquitin-specific protease activity

REEP5 Receptor expression-enhancing protein 5 IP-SDC2, GST-SDC2 Unknown

RRAD(a,b) GTP-binding protein RAD IP-SDC2, SDC2cyt GTPase activity

SDCBP(a)CM Syntenin-1 IP-SDC2,
GST-SDC2, SDC2cyt

Receptor signaling complex scaffold activity

SNRPD2 Small nuclear ribonucleoprotein Sm D2 IP-SDC2, SDC2cyt RNA binding

SPHKAP A-kinase anchor protein SPHKAP IP-SDC2, GST-SDC2 Unknown

SPTBN2 Spectrin beta chain, non-erythrocytic 2 IP-SDC2, GST-SDC2 Cytoskeletal protein binding

TJP1/ZO-1CM Tight junction protein ZO-1 IP-SDC2, SDC2cyt Cell adhesion molecule activity

TRIM21(b) E3 ubiquitin-protein ligase TRIM21 IP-SDC2, GST-SDC2 Ribonucleoprotein

UBAP2l Ubiquitin-associated protein 2-like IP-SDC2, GST-SDC2 Unknown

(a)Precipitated also HA-SDC2 in HEK293 cells. (b)Not found in rat neonatal cardiomyocytes or fibroblasts by MS analyses. CMEnriched in rat neonatal cardiomyocytes.
FBEnriched in rat neonatal fibroblasts. Underlined proteins have previously been described in the literature.

DISCUSSION

In order to understand the mechanisms of cardiac disease, it
is important to know the underlying players. Here we used
three different AP-MS approaches to identify protein partners of
the poorly described cardiac proteoglycan syndecan-2. In total,
we identified 30 novel syndecan-2 partners and 9 out of 41
literature partners in rat LV lysates, which together constitute
the first cardiac syndecan-2 interactome. Importantly, several
of the interactome partners formed connections to each other,
suggesting that these proteins are important for the role of
syndecan-2 in the heart (Figure 4B).

Unlike a genome, a proteome is highly dynamic (Bonetta,
2010) and an interactome analysis like ours only provide

a snapshot view of interaction partners in the given tissue.
To include all potential syndecan-2 interaction partners, we
used a membrane dissolving lysis buffer containing 1% triton
to extract the LVs. We chose a relatively stringent set-up,
where novel MS partners had to be detected in at least two
of three AP-MS approaches. Although this strategy probably
left out more transient binders, it increased the confidence
in the novel syndecan-2 partners we identified in this study.
Accordingly, all the novel partners tested in HEK293 cells
showed binding to syndecan-2. Peptides of the syndecan-4
cytoplasmic domain have been shown to form dimers (Shin
et al., 2001), but it is unsure if the syndecan-2 cytoplasmic tail
without the transmembrane domain also form proper dimers
(Choi et al., 2005). However, we identified both the C1 binder
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TABLE 2 | Protein interaction partners previously reported for syndecan-2 or a conserved syndecan motif across species and tissuea.

Gene Protein Where in SDC2 Evidencec Biological role Reference AP-MSb

ARHGAP35CM Rho GTPase-activating protein
35/p190ARhoGAP

Functional interaction Actin cytoskeletal organization (SDC2 might control
localization of p190RhoGAP)

Lim and Couchman,
2014

CASK Peripheral plasma membrane
protein CASK

C2 (motif: EFYA)
Direct

Peptide binding assays, Y2H and
co-localization

Link to actin cytoskeleton and protein 4.1 Cohen et al., 1998;
Hsueh et al., 1998

CAV2 Caveolin-2 Co-IP Regulation of adhesion. SDC2 might also be in
complex with CAV1 (Shi et al., 2013)

Huang and Chuang,
2006; Lim et al., 2015

CDC42CM Cell division control protein 42
homolog

Cooperative interaction
Cell adhesion studies

Filopodia formation in fibroblasts Granes et al., 1999 IP-GST

CDH1 Cadherin-1/E-cadherin Functional interaction SDC2 promote E-cadherin shedding probably by
MMP7

Jang et al., 2016

CTTN Cortactin C1 (Motif:
RMKKKDEGSY)
Indirect

Affinity chromatography Cortical actin organization Kinnunen et al., 1998;
Halden et al., 2004

IP-SDC2,
SDC2cyt

IL8/CXCL8 Interleukin-8 HS chains and possibly
ectodomain

Co-IP, isothermal titration Inflammation signaling Halden et al., 2004

CXCR2 C-X-C chemokine receptor type 2 Co-IP, co-localization After stimulation CXCR2 and SDC2 co-localize Renga et al., 2012

DNM2 Dynamin-2 C1 Indirect Co-IP, Y2H, pull down Yoo et al., 2005

EPB41L1 Band 4.1-like protein 1/Protein
4.1N

Cytoplasmic domain Pull down Formation of quaternary complex
InsP3R1–4.1N–CASK–SDC2 in brain

Maximov et al., 2003 SDC2cyt

EPHB2 EphB2 receptor tyrosine
kinase/Ephrin type-B receptor 2

C1 + V region
Direct

Co-IP, phosphorylation assay,
co-localization

Phosphorylation on Y179 and Y191 (human
numbering)
Phosphorylation causes SDC2 clustering and is
important for dendritic spine maturation

Ethell et al., 2001

EZRCM Ezrin C1 (motif: DEGSYD)
Direct

Co-IP, pull-down with peptides,
co-localization, triton resistant complex

Link to actin cytoskeleton Interaction enhanced by
RhoA

Granes et al., 2000;
Granés et al., 2003

IP-GST

FYN Fyn C1 Affinity chromatography Protein complex in brain Kinnunen et al., 1998

GIPC1 Synectin/PDZ domain-containing
protein GIPC

C2 Y2H, Co-IP Migration Gao et al., 2000

ITGA2 Integrin α2 Cooperative interaction, cell adhesion
experiments

Cancer migration Choi et al., 2009

ITGA5 Integrin α5 Cooperative interaction, cell adhesion
experiments

Stress fiber formation in lung carcinoma cell line Kusano et al., 2000

ITGAL Integrin alpha-L (LFA-1) Cytoplasmic domain Cooperative interaction SDC2 regulates the activity conformation of ITGAL Rovira-Clave et al.,
2014

ITGAVCM Integrin alpha-V Cooperative interaction Localization and virus entry Cheshenko et al., 2007

ITGB1 Integrin β1 Indirect ectodomain Cooperative interaction,
cell adhesion experiments

Adhesion Kusano et al., 2000;
Whiteford et al., 2007

IP-GST

ITGB4 Integrin β4 C2 Y2H Cell spreading Wang et al., 2010

ITPR1FB Inositol 1,4,5-trisphosphate
receptor type 1/InsP3R1

Cyt domain
Indirect

Pull down with SDC2 cytoplasmic
peptides

Quaternary complex with SDC2-CASK-EPB41L1 in
brain

Maximov et al., 2003

MMP2FB Matrix
metalloproteinase-2/72 kDa type
IV collagenase

Direct? Ability to shed from cell surface (MMP
added to cells, cell lysate dot blotted)

Shedding Fears et al., 2006 IP-GST

MMP7 Matrix metalloproteinase-7 Direct, ectodomain Co-IP, overlay assay SDC2 might regulate processing of pro-MMP7 Ryu et al., 2009
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TABLE 2 | Continued

Gene Protein Where in SDC2 Evidence Biological role Reference AP-MSb

MMP9 Matrix metalloproteinase-9 Direct? Ability to shed from cell surface Shedding Fears et al., 2006 IP-GST

MMP14FB Matrix metalloproteinase-14 Direct Cleavage analysis Shedding of SDC2 by membrane anchored MMP14 Lee et al., 2017

NF1 Neurofibromin Membrane proximal
region of cytoplasmic
domain
Direct

Y2H, pull down, co-localization Syndecans might localize neurofibromin to the
membrane

Hsueh et al., 2001

NOTCH3 Neurogenic locus notch homolog
protein 3

Co-IP SDC2 might amplify notch signaling Zhao et al., 2012

PRKC
–PRKCA
–PRKCB
–PRKCG

Protein kinase C V region
Direct

In vitro peptide phosphorylation studies,
PKC inhibitor blocks phosphorylation

Phosphorylation on S187 and S188 (human
numbering)

Prasthofer et al., 1995;
Oh et al., 1997

PTPRJ Protein tyrosine phosphatase
receptor CD148/Receptor-type
tyrosine-protein phosphatase eta

Membrane proximal
region of shed SDC2
Direct

Solid-phase binding assay Adhesion Whiteford et al., 2011

RAC1 Ras-related C3 botulinum toxin
substrate 1

Functional interaction, overexpression
of SDC2 increase Rac1 activity in
cancer cells

Cancer migration Choi et al., 2010 IP-GST

RACK1/NB2L1 Receptor of activated protein C
kinase 1

FL Co-IP, affinity chromatography Scaffolding and downstream signaling Huang et al., 2005a,b;
Renga et al., 2012

RASA1 Ras GTPase-activating protein
1/P120-GAP

FL Co-IP Downstream signaling Huang et al., 2005a

SARM1 Sarm1/Sterile alpha and TIR
motif-containing protein 1

Cytoplasmic domain
Direct

Pull down, co-IP Regulation of dendritic outgrowth Chen et al., 2011

SDC2FB Syndecan-2 TM: GXXXG Mutation studies Oligomerization Choi et al., 2005; Dews
and Mackenzie, 2007

IP-SDC2,
IP-GST,
SDC2cyt

SDC4 Syndecan-4 TM: GXXXG Hetero-oligomerization Choi et al., 2015

SDCBP Syntenin/syntenin-1 C2 (motif: EFYA)
Direct

Y2H, surface plasmon resonance,
peptide binding assays and
co-localization

Adaptor and intracellular trafficking Grootjans et al., 1997 IP-SDC2,
IP-GST,
SDC2cyt

SRC Proto-oncogene tyrosine-protein
kinase Src

C1 Affinity purification Protein complex in brain Kinnunen et al., 1998

TGFBR1 TGF-beta receptor type-1 (TβRI) Co-IP, functional studies SDC2 may attenuate TGF-β1 signaling by
internalizing

Shi et al., 2013

TGFBR3 Transforming growth factor beta
receptor type 3 (Betaglycan)

Cytoplasmic domain is
needed

Co-IP May be involved in fibrosis Chen L. et al., 2004

TIAM1 Tiam1 C2 (EFYA) Co-IP, fluorescence- and NMR-based
binding assays

Cell migration Shepherd et al., 2010

TRAPPC4/SBDN Trafficking protein particle
complex subunit 4/Synbindin

C2 (motif: EFYA)
Direct

Co-IP, pull-down, ligand overlay, Y2H
and co-localization

Vesicle trafficking (neurons, spine maturation) Ethell et al., 2000

aCore-protein binders only, partners who bind exclusively to glycosaminoglycan (GAG) chains were excluded. bThis includes all three affinity purification methods (each in triplicates, p < 0.05). Pull down with SDC2
peptides is given as “SDC2cyt”. Expanded information is given in Supplementary Table S1. cFunctional and cooperative interactions refer to partners where there is no evidence of direct binding, but good evidence that
the two molecules collaborate together. Previously scientists have referred to the syndecan-integrin interactions as cooperation and we have kept that nomenclature here. ns, not significant. CMEnriched in rat neonatal
cardiomyocytes. FBEnriched in rat neonatal fibroblasts.
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FIGURE 3 | Experimental design for validation of MS partners in HEK293 cells. The MS partner was FLAG-tagged and expressed together with HA-tagged
syndecan-2 (HA-SDC2) in HEK293 cells and subjected to IP-FLAG (reversed set-up of Figure 1A). (A) Lysates from non-transfected or HA-SDC2 transfected
HEK293 cells were developed with anti-HA. IP-FLAG in lysate from HEK293 cells co-transfected with HA-SDC2 and (B) CTTN-FLAG (pos. ctrl), (C) 3xFLAG-HSPB6
(neg. ctrl.), (D) 3xFLAG-PPP1CA (neg. ctrl.), (E) AP2A2-FLAG, (F) CAVIN2-FLAG, (G) DDX19A-FLAG, (H) EIF4E-FLAG, (I) JPH2-FLAG, (J) MYL12A-FLAG,
(K) NSF-FLAG, (L) PFDN2-FLAG, (M) PSMC5-FLAG, (N) PSMD11-FLAG and (O) RRAD-FLAG or an empty vector (neg. ctrl.). The IPs (two upper membranes) and
lysates (two lower membranes) were analyzed with anti-HA and anti-FLAG. The HA-SDC2 blots are cropped to show the core protein.
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FIGURE 4 | The syndecan-2 interactome. (A) The 30 novel syndecan-2 interaction partners identified in this study (green), together with the 41 syndecan-2 partners
previously described in the literature (Table 2), were grouped according to the GO annotation biological process (hprd.org). Partners in brown boxes represent
subcategories. Syndecan-2 literature partners also found in this study are underlined. (B) The 30 novel syndecan-2 partners (green circles) and the 9 literature
partners that were also found in this study (white circles) constitute the cardiac syndecan-2 interactome. The proteins were assessed for interconnectivity via
STRING database network analysis (Szklarczyk et al., 2017). The literature partners CDC42, ITGB1, EZR, MMP2, MMP9, RAC1, and EPB41L1 were identified in
only one of our AP-MS approaches (Figure 2), but were included since they connected well to the novel MS partners and might thus play a role with syndecan-2 in
heart. The literature partners CTTN and SDCBP were identified in at least two MS approaches (Figure 2).
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TABLE 3 | The genetic disease-class database analysis of the syndecan-2
interactome, 81.7% annotated.

Term Gene name Count p-value

CANCER CXCL8, CXCR2, CDC42BPB, EPHB2,
GIPC1, RASA1, SPHKAP, SRC,
TIAM1, CDH1, CAV2, EZR, ITPR1,
ITGA2, ITGAV, ITGB1, ITGB4,
MMP14, MMP2, MMP7, MMP9, NF1,
NOTCH3, PRKCA, PTPRJ, RAC1,
RACK1, TGFBR1, TGFBR3, TRIM21

30 1.7 × 10−5

CARDIOVASCULAR CAVIN4/MURC, CXCL8, CXCR2,
FYN, RASA1, ARHGAP35, SPHKAP,
TIAM1, CAV2, GPHN, ITPR1, ITGA2,
ITGAV, ITGB1, JPH2, MMP14, MMP2,
MMP7, MMP9, NF1, NOTCH3,
PHACTR2, PRKCB, RAC1, REEP5,
SDC2, SDC4, TGFBR1, TGFBR3

29 2.0 × 10−2

TABLE 4 | Enriched KEGG pathways in the syndecan-2 interactome,
70.4% annotated.

Term Gene name Count p-value

Proteoglycans in
cancer

CAV2, CDC42, CTTN, EZR, ITPR1,
ITGA2, ITGA5, ITGAV, ITGB1, MMP2,
MMP9, PRKCA, PRKCB, PRKCG,
RAC1, SDC2, SDC4, SRC, TIAM1

19 5.1 × 10−16

Focal adhesion ARHGAP35, CAV2, CDC42, FYN,
ITGA2, ITGA5, ITGAV, ITGB1, ITGB4,
MYL12A, PRKCA, PRKCB, PRKCG,
RAC1, SRC

15 8.0 × 10−11

Leukocyte
transendothelial
migration

ARHGAP35, CDC42, EZR, ITGAL,
ITGB1, MMP2, MMP9, MYL12A,
PRKCA, PRKCB, PRKCG, RAC1

12 3.0 × 10−11

Regulation of actin
cytoskeleton

ARHGAP35, CDC42, EZR, ITGA2,
ITGA5, ITGAL, ITGAV, ITGB1, ITGB4,
MYL12A, RAC1, SRC, TIAM1

13 1.6 × 10−8

Pathways in cancer CXCL8, CDH1, CDC42, ITGA2,
ITGAV, ITGB1, MMP2, MMP9,
PRKCA, PRKCB, PRKCG, RAC1,
TGFBR1

13 1.4 × 10−5

VEGF signaling
pathway

CDC42, PRKCA, PRKCB, PRKCG,
RAC1, SRC

6 6.6 × 10−5

Arrhythmogenic right
ventricular
cardiomyopathy
(ARVC)

ITGA2, ITGA5, ITGAV, ITGB1, ITGB4 5 1.3 × 10−3

Hypertrophic
cardiomyopathy
(HCM)

ITGA2, ITGA5, ITGAV, ITGB1, ITGB4 5 2.2 × 10−3

Dilated
cardiomyopathy

ITGA2, ITGA5, ITGAV, ITGB1, ITGB4 5 2.9 × 10−3

Vascular smooth
muscle contraction

ITPR1, PRKCA, PRKCB, PRKCG 4 5.0 × 10−2

Viral myocarditis EIF4G3, FYN, ITGAL, RAC1 4 7.6 × 10−3

cortactin (CTTN) (Kinnunen et al., 1998) as well as the C2
binder syntenin-1 (SDCBP) (Grootjans et al., 1997) with the
SDC2cyt peptide, suggesting that the peptide did retain some
functionality. However, to increase confidence in our results,
we included a third AP approach using GST-SDC2, which
successfully precipitated the C1 binder EZR (Granés et al., 2003).

TABLE 5 | PFAM protein domains enriched in the syndecan-2 interactome,
annotated 100%.

Term Gene name Count p-value

Integrin alpha ITGA2, ITGA5, ITGAL, ITGAV, 4 4.8 × 10−5

FG-GAP repeat ITGA2, ITGA5, ITGAL, ITGAV 4 5.7 × 10−5

Putative peptidoglycan
binding domain

MMP2, MMP7, MMP9,
MMP14

4 6.7 × 10−5

PTRF/SDPR family CAVIN1/PTRF, CAVIN2/SDPR,
CAVIN4/MURC

3 9.4 × 10−5

We detected more proteins in either pull down with biotin-ahx-
SDC2cyt or IP-GST-SDC2 than in both, which is probably due to
the different nature of the baits.

Syndecans have generally been regarded as regulators of cell-
matrix and cell-cell communication, and in particular, syndecan-
2 has been coupled to dynamic processes and motile events (Oh
and Couchman, 2004; Couchman et al., 2015). This was reflected
in the syndecan-2 interactome where the largest group was “cell
communication” (Figure 4A), the top disease enrichment was
“cancer” and “cardiovascular” (Table 3), and the top KEGG
pathway was “proteoglycans in cancer” (Table 4). In line with
this, the largest cluster of connected proteins was involved in
cytoskeletal remodeling and migration (Figure 4B, main cluster).
One of these novel partners was the AP-2 complex subunit α-
2 (AP2A2), which connected with the two literature partners
CTTN and EZR (Figure 4B, cluster 1). AP2A2 is an adaptor
molecule involved in endocytosis of cargo and has been shown
to mediate endocytosis of the syndecan-2 co-receptor CXCR2
(Renga et al., 2012; Raman et al., 2014). It also coordinates
intracellular trafficking together with ARF6, a GTP binding
protein found to regulate intracellular traffic of the syndecans,
along with the literature partner SDCBP (Zimmermann et al.,
2005; Lau and Chou, 2008). EZR links the plasma membrane to
the actin cytoskeleton and has been found to regulate podosomal
rosette formation together with CTTN in pancreatic cancer cells
(Kocher et al., 2009). The rosette structures have been associated
with invasive properties and reported to require adhesion to
fibronectin (FN) and subsequent digestion of the ECM (Kocher
et al., 2009). CTTN has been shown to regulate the secretion
of FN, which is necessary for cell motility (Sung et al., 2011;
Schnoor et al., 2018) and is also reported to regulate secretion of
ECM digesting matrix metalloproteinases (MMPs) (Clark et al.,
2007), which were also present in the syndecan-2 interactome
(Figure 4B, main cluster). Interestingly, knockdown of syndecan-
2 in fibroblasts has been shown to block FN matrix assembly
(Galante and Schwarzbauer, 2007) and cells expressing syndecan-
2 without the cytoplasmic tail have been found unable to assemble
matrix at the cell surface (Klass et al., 2000) and to form proper
FN fibrils in Xenopus (Kramer and Yost, 2002). Because of
the involvement of CTTN in FN secretion, it is tempting to
speculate that CTTN might act prior to the FN assembly role
of syndecan-2. Overall, this points to a role for syndecan-2 in
regulating cortical actin dynamics, possibly mediated through
trafficking of co-receptors, cargo or syndecan-2 itself. AP2A2,
CTTN and syndecan-2 were all found enriched in fibroblast
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FIGURE 5 | Distribution of the syndecan-2 interaction partners (novel and
literature) in rat neonatal fibroblasts and cardiomyocytes identified by MS
analyses. Literature partners also found in the AP-MS approach in this study
are underlined, whereas literature partners we did not detect are in italic.
Several proteins were significantly enriched in either fibroblast (green circle) or
cardiomyocytes (red circle) and identified in both cell types (orange circle). VIM
and TNNI3 are markers of fibroblasts and cardiomyocytes.

fractions (Figure 5). Since ECM secretion is a characteristic
feature of myofibroblasts [reviewed in Frangogiannis (2019)]
and syndecan-2 has been shown to cooperate with integrin β1
(ITGB1) (Figure 4B, main cluster) in stress fiber formation
(Kusano et al., 2000), another myofibroblast feature, we speculate
whether this cluster of proteins might play a role in cardiac
fibroblast activation.

The two novel MS partners serine/threonine-protein kinase
MRCKβ (CDC42BPB) and tight junction protein ZO-1 (TJP1)
connected to the syndecan-2 literature partner cell division
control protein 42 homolog (CDC42) (Figure 4B, cluster 2).
CDC42 is a plasma membrane associated small GTPase involved
in syndecan-2 mediated filopodia extensions (Granes et al., 1999),
and CDC42BPB is a CDC42 effector kinase (Huo et al., 2011).
After binding of CDC42, CDC42BPB has been shown to form a
complex with TJP1, which targets the CDC42BPB-TJP1 complex
to the leading edge of migrating cells (Huo et al., 2011). TJP1
is a scaffolding protein that has been found to bind to cell
surface transmembrane receptors through its N-terminal PDZ
domain and further couples them to the actin cytoskeleton
through its C-terminal proline rich region (Fanning et al., 1998;
González-Mariscal et al., 2000). Although initially identified in
tight junctions, TJP1 has also been found to regulate dynamic
processes like angiogenesis and migration (Mattagajasingh et al.,
2000; Tornavaca et al., 2015). Since syndecan-2 spans the plasma
membrane, we speculate whether syndecan-2 is involved in
the membrane localization of the CDC42BPB-TJP1 complex,
and perhaps these proteins work together in cytoskeletal

rearrangements and/or angiogenesis. TJP1 also connects to the
MS partner plectin (PLEC) (Figure 4B, main cluster), which
has been shown to be important in vascular integrity and
to dysregulate tight junctions when absent (Osmanagic-Myers
et al., 2015). Less is known about the novel MS partner myosin
regulatory light chain 12A (MYL12A) (Figure 4B, main cluster),
but it has been suggested to be involved in fibroblast contractility
(Park et al., 2011).

Protein metabolism is important during cardiac remodeling
(Chorghade et al., 2017). Interestingly, several MS partners
were involved in protein metabolism, including the eukaryotic
initiation factor 4E (EIF4E) and prefoldin subunit 2 (PFDN2)
(Figure 4B, cluster 3). EIF4E is involved in regulation of
translation initiation [reviewed in Shahbazian et al. (2006) and
Siddiqui and Sonenberg (2015)] and PFDN2 is a co-chaperone
involved in folding of cytosolic protein [reviewed in Sahlan
et al. (2018)]. Like the well-known syndecan partner SDCBP
(Grootjans et al., 1997), both EIF4E and PFDN2 precipitated in all
three AP-MS approaches (Figure 2), which suggested that these
bind syndecan-2 quite robustly. The third cluster was connected
to the main cluster through the novel partner serine/threonine-
protein phosphatase 2A catalytic subunit α (PPP2CA), which is
known to regulate multiple cardiac signaling pathways [reviewed
in Lubbers and Mohler (2016)] and to have a vast amount of
targets, including EIF4E (Li et al., 2010). We cannot exclude
that PPP2CA might also dephosphorylate syndecan-2. Although
dephosphorylation of syndecans is less well understood, we have
previously found that dephosphorylation of syndecan-4 might
work as a molecular switch in the progression toward heart failure
(Finsen et al., 2011). Future studies are needed to investigate the
role of syndecan-2 in protein metabolism.

The last cluster consisted of three novel syndecan-2 partners,
all from one of the most abundant families in the interactome,
the CAVIN family (Table 5 and Figure 4B, cluster 4). Members
of the CAVIN family have been reported to form homo- and
heterologous complexes at caveolae sites, where CAVIN1 and
CAVIN2 are involved in caveolae formation and curvature (Hill
et al., 2008; Hansen et al., 2009; Nassar and Parat, 2015). In
addition, individual signaling roles have been reported for all
members. In response to insulin like growth factor 1 (IGF-
1) and in consort with caveolin-1 (CAV1), CAVIN1 has been
reported to regulate endocytosis and thereby signaling of the
IGF-1 receptor (Aboulaich et al., 2006; Salani et al., 2010).
IGF-1 has also been proposed to regulate syndecan-2-mediated
actin polymerization and migration of a fibroblast cell line
(Mytilinaiou et al., 2017). Moreover, in lungs, syndecan-2 has
been reported to be involved in the sequestering of pro-fibrotic
TGF-β1 receptors into intracellular vesicles together with CAV1
(Shi et al., 2013; Tsoyi et al., 2018). Taken together this could
suggest that syndecan-2 might mediate the binding of growth
factors, like IGF-1, to co-receptors at caveolae sites, leading
to internalization in cooperation with the CAVINs and CAV1.
Since, e.g., insulin has been suggested to mediate translocation of
CAVIN1 (Liu and Pilch, 2016), it is also possible that syndecan-2
in response to growth factor stimulation, regulates the release of
CAVINs from the membrane. Less is known about CAVIN2, but
like syndecan-2, CAVIN2 has been found to be upregulated after

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 August 2020 | Volume 8 | Article 79299

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


fcell-08-00792 August 26, 2020 Time: 16:37 # 12

Mathiesen et al. Syndecan-2 Interactome

aortic banding (Ogata et al., 2008), able to regulate angiogenesis
in zebrafish (Chen E. et al., 2004; Ogata et al., 2008; Boopathy
et al., 2017) and enriched in cardiac fibroblasts (Figure 5).
Future studies will reveal the role of their interaction in cardiac
fibroblasts and if CAVIN2 has a role in the syndecan-2 mediated
angiogenesis. The CAVIN1 knock-out mouse shows cardiac
dysfunction including fibrosis (Taniguchi et al., 2016), whereas
CAVIN2 has not yet been coupled to fibrosis. CAVIN4 is
restricted to muscle cells and involved in cardiac dysfunction
(Ogata et al., 2008; Ogata et al., 2014). Overall, this could point
to a role for syndecan-2 and the CAVINs in heart disease.

In two recent studies, syndecan-2 interaction partners were
extracted from various interactome databases and previous high-
throughput AP-MS experiments (Huttlin et al., 2015; Gondelaud
and Ricard-Blum, 2019; Zandonadi et al., 2019). These did not
overlap with the novel MS partners identified in our study and
is probably a consequence of the different AP methods, tissues
and cell models used. Recently we also identified the cardiac
syndecan-4 interactome using similar strategy as described here
(Mathiesen et al., 2019). Despite the close relationship between
syndecan-2 and syndecan-4, their cardiac interactomes were
surprisingly different, suggesting different functions. Except for
the literature partners CTTN, ITGB1, MMP2, MMP9, RAC1, and
SDCBP, we only found the novel MS partner CAVIN1 to be a
common partner (Figure 6). The two syndecans also connected
to some proteins within the same family, including the adaptor
protein complexes (AP2A2 and AP3D1), tight junction proteins
(TJP1 and TJP2) and the protein 4.1 proteins (EPB41L1 and
EPB41) (Figure 6). Notably, proteins that bind to the common
C1 or C2 region are often listed to bind all four syndecans
(Gondelaud and Ricard-Blum, 2019; Mathiesen et al., 2019)
(Table 2). However, the relatively low overlap of the C1 and
C2 binding partners in the cardiac syndecan-2 and syndecan-4
interactomes suggests that this might not always be the case. On
the other hand, CTTN has previously only been described as

a syndecan-3 partner, but its presence in both the syndecan-2
and syndecan-4 interactomes suggests that it can indeed bind
multiple syndecans.

All four syndecans are expressed in the heart (Strand et al.,
2013), however, previous studies have focused on syndecan-1
and -4. Syndecan-1 is mainly known as a pro-fibrotic player
and regulator of immune cell infiltration after a myocardial
infarct (Vanhoutte et al., 2007; Frangogiannis Nikolaos, 2010;
Schellings Mark et al., 2010). Syndecan-4 has been shown to
act as a pro-remodeling molecule in both cardiomyocytes and
fibroblasts in addition to recruiting immune cells (Finsen et al.,
2011; Herum et al., 2013, 2015; Strand et al., 2013). Based
on our data, the notion that the expression of syndecan-2
increases after aortic banding (Strand et al., 2013) and that
syndecan-2 has been correlated with fibrosis in other tissues
(Chen L. et al., 2004; Renga et al., 2012; Ruiz et al., 2012)
it is tempting to speculate that syndecan-2 might be involved
in cardiac fibrosis, perhaps together with CTTN and the
CAVINs. Another important observation is that the interactome
partners are not necessarily involved in cell adhesion, which
is a primary feature associated with syndecans, thus the main
role of syndecan-2 in the heart might be found outside the
major adhesion sites.

Future studies are needed to verify the syndecan-2 interactions
identified in this study and to determine their biological
significance. Altogether, we hope that the interactome will
spur future hypotheses and direct future studies on syndecan-
2 in the heart.

MATERIALS AND METHODS

Antibodies
Immunoprecipitations and immunoblotting were carried out
using anti-SDC2 (LS-C150258, Nordic Biosite, Sweden), normal

FIGURE 6 | A comparison of the cardiac interactomes of syndecan-2 (white circle) and the syndecan-4 (Mathiesen et al., 2019) (gray circle).
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sheep IgG (6C0333, Merck KGaA, Germany), anti-GST (sc-
80998, Santa Cruz Biotechnology, Inc., United States), anti-FLAG
(F1804, Sigma-Aldrich, United States), anti-HA (#3724, clone
C29F4, Cell Signaling, Netherlands) and anti-biotin-HRP
(A0185, Sigma-Aldrich, United States). HRP conjugated anti-
sheep (6150-05, SouthernBiotech, United States), anti-mouse
(NA931V, GE Healthcare, United States) and anti-rabbit
(NA934V, GE Healthcare) were used as secondary antibodies.

Peptides and Recombinant Proteins
Customized peptides were synthesized to >80%
purity by Genscript Corp. (United States): Biotin-ahx-
SDC2cyt: RMRKKDEGSYDLGERKPSSAAYQKAPTKEFYA
and biotin-ahx-scrambled (scram):
RLEDKRPAQAKGKATMESFYKYDPRSAYGESK. Recombinant
GST and N-terminal GST-tagged SDC2 (mouse) proteins were
also made by Genscript Corp.

Transfection of HEK293 Cells
Human Embryonic Kidney 293 (HEK) cells (ATCC CRL-
1573TM, United States) were kept in Dulbecco’s modified Eagles’s
medium (DMEM) (41965-039, Gibco, Life Technologies, Inc.,
United States) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomyocin (PS) (P0781, Sigma-Aldrich)
humidified at 37◦C in 5% CO2. HEK293 cells were transfected
with the CaCl2 method as previously described (Jordan et al.,
1996; Mathiesen et al., 2019). Briefly, cells were cultured without
PS 24 h before transfection. Plasmid DNA (8 µg) in 500 µL
CaCl2 solution (248 mM) was mixed with 500 µL 2x HEPES
buffer (50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4, pH
7.0), incubated at room temperature (RT) for 20–30 min (min)
before drippled onto the cells. After 24 h cells were harvested in
IP buffer [150 mM NaCl, 20 mM HEPES (pH 7.5), 1 mM EDTA,
1%Triton X-100] with cOmplete protease inhibitor cocktail
(#05050489001, Roche, Switzerland). All genes were cloned with
either a FLAG or HA tag in the pcDNA3.1 vector unless otherwise
stated (Genscript Corp., United States). The DNA constructs
were: DDX19A-FLAG human (NM_018332), NSF-FLAG
human (NM_006178), PFDN2-FLAG human (NM_012394),
PSMC5-FLAG human (NM_001199163), PSMD11-FLAG mouse
(NM_178616), MYL12A/RLC-A-FLAG rat (NM_001135017),
CAVIN2/SDPR-FLAG human (NM_004657), CTTN-FLAG
human (NM_138565), EIF4E-FLAG human (NM_001968),
JPH2-FLAG human (NM_020433.4), RRAD-FLAG human
(NM_001128850), 3x FLAG-HSPB6 rat (NM_138887.1), FLAG-
His6-PPP1CA rat (P62138) and HA-SDC2 human (NM_002998)
(pCEP4 vector). AP2A2-FLAG human (NM_001242837.1) was
cloned by Cyagen US Inc. (United States). The 11 interactors
were selected based on a combination of their distribution in the
pull down, IP-GST and IP-SDC2 AP-MS groups, distribution
in the cardiac syndecan-2 interactome (Figure 4B) as well as
availability from the Genscript clone collection.

Immunoprecipitation (IP) in Cell Lysates
Lysates were mixed with 2 µg anti-FLAG, anti-SDC2 or anti-GST
(with recombinant GST-SDC2) and protein A/G-agarose beads
(sc-2003, Santa Cruz Biotechnology) and rotating overnight

(ON) at 4◦C. After three times wash in IP buffer (150 mM
NaCl, 20 mM HEPES, pH 7.5, 1 mM EDTA, 1%Triton X-100)
with cOmplete protease inhibitor cocktail (#5050489001, Roche),
samples were eluted by boiling in 2 × SDS loading buffer and
analyzed by immunoblotting.

Immunoblotting
Samples were analyzed on 4–15% or 15% CriterionTM Tris-HCl
precast gel (#3450028 and #3450021, Bio-Rad, United States)
and blotted onto a PVDF membrane (#1704157, Bio-Rad). After
blocking in either 5% non-fat dried milk or 1% casein in
TBS-T [Tris-buffered saline with 1% Tween-20 (#1610781, Bio-
Rad)] for 1 h at RT, membranes were incubated with primary
antibodies for 1 h at RT or ON at 4◦C. Following three times
5 min wash in TBS-T, membranes were incubated with HRP-
conjugated secondary antibody for 1 h at RT, washed three times
5 min in TBS-T and signal developed using ECL Prime (RPN
2232, GE Healthcare). Reprobing was performed after stripping
with RestoreTM Western Blot Stripping Buffer (#21059, Thermo
Scientific, United States).

Peptide Overlay
Syndecan-2 (rat, mouse, and human) and syndecan-4 (rat) were
spot-synthesized as 20-mer peptides with 3 amino acids offset
on a cellulose membrane by a Multiprep automated peptide
synthesizer (INTAVIS Bioanalytical Instruments AG, Germany)
(Frank and Overwin, 1996). The peptide array membranes
were blocked for minimum 1 h in 1% casein in TBS-T at RT
before incubation with anti-syndecan-2 ON at 4◦C. Binding was
detected by immunoblotting with anti-sheep-HRP and signal
detected by ECL Prime.

Rat Neonatal FB and CM
The study conforms to the “Guide for the Care and Use of
Laboratory Animals” (NIH publication No. 85-23, revised 2011,
United States) and was preapproved by the Norwegian National
Animal Research Committee (Permit of approval number IV1-
17U). Lysates from primary cardiomyocytes and fibroblasts were
prepared as previously described (Mathiesen et al., 2019) and
thereafter analyzed by MS.

LV Lysate and Affinity Purification for MS
Frozen LV’s from Wistar 230-250 g male rats (Janvier Labs,
France) were pulverized in liquid nitrogen in a mortar,
transferred to lysis buffer [150 mM NaCl, 20 mM Hepes, pH
7.5, 1 mM EDTA, 0.5% Triton supplemented with complete
protease inhibitor cocktail (Roche)] on ice and homogenized
with a Polytron 1200 homogenizer in three series of 1 min. The
suspensions were centrifuged at 100,000 × g for 60 min at 4◦C
and supernatants were stored at−80◦C.

In pull down experiments with peptides, pooled LV lysates
were mixed with 0.01 mM of the biotinylated SDC2cyt peptide or
0.02 mM of the biotinylated scrambled control peptide (to secure
excess of negative control) and rotated ON at 4◦C. LV lysates
without any peptides was included as a second negative control
(beads only). Streptavidin coated dynabeads (DynabeadsTM M-
270 Streptavidin, #65305, Life Technologies, United States) were
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washed three times in PBS before they were added to the LV
lysate with or without peptides and rotated for 40 min at RT.
The beads were washed five times in PBS and captured proteins
were eluted in 250 µL 25 mM biotin for 3 h at 60◦C. Proteins
were precipitated in 1 ml of 4× ice-cold acetone added glycoblue
at −20◦C ON. The tubes were centrifuged and the pellets were
air-dried before MS analysis.

For large scale IP, 10 µg/mg of anti-syndecan-2, anti-
sheep IgG or anti-GST were coupled to magnetic dynabeads
(DynabeadsTM Antibody Coupling Kit, #14311D, Thermo Fisher,
United States) according to manufacturer’s protocol. The
antibody coupled beads were incubated with the LV lysates with
or without supplementation of GST or GST-SDC2 recombinant
protein and rotated ON at 4◦C. After three times wash in cold
PBS and two times wash in cold water to remove salts (Mlynarcik
et al., 2012), captured protein complexes were eluted in 0.1% TFA
in freshly made 50% acetonitrile for 30 min while rotating at
RT. The elution step was repeated once with fresh TFA before
precipitation in 1 ml 4 × ice-cold acetone added glycoblue at
−20◦C. Samples were spun at max speed for 15 min and the
pellets were air-dried before MS analysis.

Protein Identification and Label-Free
Quantification by LC-MS/MS
The 2-D Clean Up-Kit (80-6484-51, GE healthcare) was used
to precipitate proteins from the fibroblast and cardiomyocyte
fractions. The precipitate was then dissolved in 40 µL 0.2%
ProteaseMAXTM Surfactant, Trypsin Enhancer (Promega) in
50 mM NH4HCO3 before protein reduction, alkylation and in-
solution trypsin digestion (Promega) ON at 37◦C. Following
digestion, centrifugation at 14,000 × g for 10 min, trypsin
inactivation by adding 100 µl 1% TFA and another round of
centrifugation at 14,000× g for 10 min followed.

The air dired IP samples were resuspended in 20 µl 6 M
Urea in 10 mM HEPES, pH 8 before reduction, alkylation and
4 h in-solution lysyl endopeptidase digestion (Wako) in room
temperature. Samples were diluted four times before over night
trypsin (Promega) digestion at room temperature. Following
digestion, centrifugation at 14,000 × g for 10 min, trypsin
inactivation by adding 100 µl 1% TFA and another round of
centrifugation at 14,000× g for 10 min followed.

Desalting and upconcentration of peptides was performed
before MS by the STAGE-TIP method using a C18 resin disk (3M
Empore). The peptides were eluted with 80 µl 80% ACN/0.1%
FA, dried, and solubilized in 7 µL 0.1% FA for MS analysis.
Each peptide mixture was analyzed by a nEASY-LC coupled
to QExactive Plus (Thermo Electron, Bremen, Germany) as
previously described (Mathiesen et al., 2019), except that a 50 cm
column was used. Gradients of 60 and 120 min were used for the
IPs and fractions, respectively. The resulting MS raw files were
submitted to the MaxQuant software for protein identification
and label-free quantification and Perseus software was used
for the statistical analysis as described in detail previously
(Mathiesen et al., 2019).

To allow quantitative comparisons and determine the
significance between MS samples, LFQ intensities were loaded

into Perseus (Version 1.4.0.20), log2 transformed and a t-test was
performed (p < 0.05 was accepted as statistically significant). To
be considered a MS partner, proteins had to be identified in IP-
SDC2 and at least one of the other APs. Non-specific binders to
the SDC2cyt peptide were sorted away through the two negative
controls; scramble or beads only. Non-specific binders to GST-
SDC2 were sorted away through the two negative controls; GST
or beads only. Then the pools of proteins identified in the pull
down and IP-GST were compared with the pool of proteins
obtained from IP-SDC2 corrected against IP-IgG.

Generating the Cardiac Interactome Map
The 30 MS partners and 41 literature partners were grouped
according to the GO annotation biological process extracted from
hprd.org (Keshava Prasad et al., 2009) (Figure 4A). The MS
partners and literature partners found in our AP-MS screens
(this study) (Figure 2) made up the cardiac interactome and
STRING database version 10.5 (Szklarczyk et al., 2017) was
used to predict connections (Figure 4B). Data was extracted
with the following setting: species: Homo sapiens (created more
connections than Rattus norvegicus), confidence: medium, active
interaction sources: Experiments, databases, and co-expression.
The network stats were: number of nodes: 39, number of edges:
48, average node degree: 2.46, avg. local clustering coefficient:
0.395, expected number of edges: 27. PPI enrichment p-value:
<0.000117. CAVIN4 has been shown to interact with CAVIN1
and -2 in the literature (Ogata et al., 2008, 2014) and was therefore
added to the interactome. The literature partners CDC42, ITGB1,
EZR, MMP2, MMP9, RAC1, and EPB41L1 were detected in only
one AP-MS approach. However, since they were identified both
in this and in another study (Table 2), their potential for being
important for syndecan-2 in the heart was heightened, and they
were therefore included in the STRING analysis.

Functional Annotation
The DAVID bioinformatics tool (Huang da et al., 2009a,b),
version 6.8, was used for functional annotation. Through
the DAVID tool enrichment in genetic disease-class database
annotation, KEGG pathways, and PFAM (Finn et al., 2016)
domains were analyzed. The SDC2 interactome gene list was
imported as official gene names and Homo sapiens was used as
both species and background and the following settings were used
count (2) and EASE score (0.1) (Modified Fisher Exact p-value).
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Heparan sulfate (HS) is a glycosaminoglycan found mainly in its protein-conjugated
form at the cell surface and the extracellular matrix. Its high sulfation degree mediates
functional interactions with positively charged amino acids in proteins. 2-O sulfation
of iduronic acid and 3-O sulfation of glucosamine in HS are mediated by the
sulfotransferases HS2ST and HS3ST, respectively, which are dysregulated in several
cancers. Both sulfotransferases regulate breast cancer cell viability and invasion, but
their role in cancer stem cells (CSCs) is unknown. Breast CSCs express characteristic
markers such as CD44+/CD24−/low, CD133 and ALDH1 and are involved in tumor
initiation, formation, and recurrence. We studied the influence of HS2ST1 and HS3ST2
overexpression on the CSC phenotype in breast cancer cell lines representative of
the triple-negative (MDA-MB-231) and hormone-receptor positive subtype (MCF-7).
The CD44+/CD24−/low phenotype was significantly reduced in MDA-MB-231 cells
after overexpression of both enzymes, remaining unaltered in MCF-7 cells. ALDH1
activity was increased after HS2ST1 and HS3ST2 overexpression in MDA-MB-231
cells and reduced after HS2ST1 overexpression in MCF-7 cells. Colony and spheroid
formation were increased after HS2ST1 and HS3ST2 overexpression in MCF-7 cells.
Moreover, MDA-MB-231 cells overexpressing HS2ST1 formed more colonies and could
not generate spheres. The phenotypic changes were associated with complex changes
in the expression of the stemness-associated notch and Wnt-signaling pathways
constituents, syndecans, heparanase and Sulf1. The results improve our understanding
of breast CSC function and mark a subtype-specific impact of HS modifications on the
CSC phenotype of triple-negative and hormone receptor positive breast cancer model
cell lines.

Keywords: breast cancer, sulfotransferase, heparan sulfate, epithelial-to-mesenchymal transition, cancer stem
cell (CSC), syndecan, notch, Sulf1
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INTRODUCTION

Heparan sulfate (HS) is a highly sulfated glycosaminoglycan
(GAG) found on the cell surface and in the extracellular
matrix (ECM) (Zhang, 2010; Karamanos et al., 2018). Its
localization is determined by the core protein, while the HS
chains determine the affinity to numerous ligands such as
growth factors, cytokines, proteases, lipoproteins and ECM
components (Denys and Allain, 2019). HS mediates cell-cell
and cell-ECM communication, leading to different pathological
and physiological effects, including embryonic development,
cell growth and differentiation, homeostasis, inflammatory
responses, tumor growth and microbial infection (Li and Kusche-
Gullberg, 2016). These interactions are driven by the high degree
of sulfation of this molecule, which interacts with positively
charged amino acid residues in the protein ligands (Morla,
2019). The spatial arrangement of sulfate groups in different HS
domains is equally crucial to ensure optimal binding to different
ligands (Esko and Selleck, 2002). The high structural variability
of HS stems from enzymatic modifications of its glycan backbone
of repeated disaccharide units of D-glucuronic acid (GlcA)
and N-acetyl-D-glucosamine (GlcNAc) synthesized in the Golgi
apparatus. Sequential modification steps include deacetylation,
epimerization and, finally, sulfation catalyzed by the enzymes
N-deacetylases/N-sulfotransferases (NDSTs) and 2-O, 6-O and
3-O sulfotransferases (HS2ST, HS6ST, and HS3ST, respectively)
(Li and Kusche-Gullberg, 2016). While 2-O sulfation occurs at
the uronic acids (mainly IdoA), 6-O and 3-O sulfation occur
at the GlcN residues (Zhang, 2010). Aberrant regulation of
sulfotransferase expression affects several processes regulated by
HS, ranging from organ development to inflammation (Merry
and Wilson, 2002; Denys and Allain, 2019).

The 2-O sulfated iduronic acid (IdoA2S) is a widely common
HS motif and mediates the binding and signaling of several
growth factors, whereas 3-O-sulfation of glucosamine is the rarest
HS modification step, yet strongly mediating selective cellular
processes (Kreuger et al., 2001; Witt et al., 2013). In humans,
seven HS3STs and one HS2ST have been characterized, and its
expression depends on the cell type and tissue environment
(Gulberti et al., 2020). Notably, HS3ST is misexpressed in
different types of cancers. However, its effect on cancer is still
not clear, as some reports show antitumoral effects and others
describe tumor-promoting activities (Vijaya Kumar et al., 2014;
Denys and Allain, 2019).

Cancer stem cells (CSC), represent a population of cancer cells
within a tumor responsible for tumor initiation, formation, and
recurrence (Eun et al., 2017; Vitale et al., 2019). Breast cancer
stem cells (BCSC) have a number of markers, such as CD44,
CD24, aldehyde dehydrogenase 1 (ALDH1), among others.

CD44 is a transmembrane glycoprotein that acts as a receptor
for hyaluronic acid and its expression in CSCs is associated with
a mesenchymal phenotype, associated with increased adhesion,

Abbreviations: ALDH, aldehyde dehydrogenase; BCSC, breast cancer stem
cell; CSC, cancer stem cell; ECM, extracellular matrix; ER, estrogen receptor;
GAG, glycosaminoglycan; HS, heparan sulfate; MFI, mean fluorescence intensity;
NDST, N-deacetylase/N-sulfotransferase; PBS, phosphate-buffered saline; PR,
progesterone receptor.

invasion and cell migration (Jaggupilli and Elkord, 2012; Li
et al., 2017; Vitale et al., 2019). On the other hand, CD24 is
associated with carbohydrate metabolism and a more epithelial
phenotype in breast cancer (Park et al., 2010). CSCs that have
the CD44+/CD24− phenotype, therefore, are associated with a
more mesenchymal and highly metastatic/invasive phenotype
with greater tumorigenic potential (Li et al., 2017). Expression
of ALDH1, an intracellular enzyme that oxidizes aldehydes and
retinol in CSCs, is associated with an epithelial phenotype and
has been shown to lead to treatment resistance, a more aggressive
phenotype, and a worse prognosis on patients (Liu et al., 2014;
Saeg and Anbalagan, 2018).

HS2ST1 expression is dysregulated in several tumor entities,
suggesting a role in tumor progression (Bonuccelli et al., 2009;
Zhao and Wang, 2020). Dysregulated expression of HS2ST1 is
associated with a CSC and metastasis-associated signature in
breast cancer cells carrying a mutation in caveolin (Bonuccelli
et al., 2009), and upregulation of HS2ST1 is associated with
reduced invasive behavior and senescence in breast cancer
cells (Kang et al., 2020; Vijaya Kumar et al., 2020). HS3ST2
overexpression, on the other hand, has breast cancer cell-type-
dependent effects on invasion and proliferation, affects stemness-
associated signaling pathways and protects breast cancer cells
against apoptosis and natural killer cell-mediated cell death
(Vijaya Kumar et al., 2014; Hellec et al., 2018). In this scenario,
we aimed to elucidate the influence of HS2ST1 and HS3ST2 HS
sulfotransferases on the acquisition of a CSC phenotype and the
expression of BCSC markers in two distinct breast cancer cell
lines, MDA-MB-231 (triple negative, mesenchymal phenotype)
and MCF-7 (ER+/ PR+/HER2−, epitheloid morphology).

MATERIALS AND METHODS

Cell Lines and Reagents
MDA-MB-231 and MCF-7 cells were from ATCC/LGC
Promochem (Wesel, Germany) and stably transfected with a
pcDNA3.1 control plasmid (Invitrogen, Karlsruhe, Germany)
or a plasmid allowing for expression of the open reading frame
(1104 bp) of human HS2ST1 (NCBI Reference Sequence:
NM_012262) or human HS3ST2 (NCBI Reference Sequence:
NM_006043.1) in the vector pReceiver-M02 under control of the
cytomegalovirus promoter (RZPD/ImaGenes, Berlin, Germany)
as previously described (Nikolova et al., 2009; Vijaya Kumar et al.,
2014, 2020). Stable clones were selected using 1 mg/ml G418.
MDA-MB-231 cells were maintained in Dulbecco’s Modified
Eagle Medium – High Glucose (DMEM-HG) containing 10%
fetal calf serum (FCS), 1% penicillin/streptomycin and 600 mg/ml
G418 in a humidified atmosphere of 7% CO2 at 37◦C. Successful
transfection was confirmed by qPCR (Vijaya Kumar et al.,
2014, 2020). MCF-7 cells were cultured in RPMI-1640 medium
containing 10% FCS, 1% penicillin/streptomycin and 600 mg/ml
G418 in a humidified atmosphere of 5% CO2 at 37◦C. Media,
FCS and tissue culture supplies were from Gibco BRL (Karlsruhe,
Germany). siRNA knockdown of Syndecan-1 and Syndecan-4
in some experiments was done as previously described (Ibrahim
et al., 2012) using siRNAs #s12634 (Sdc1), # s12638 (Sdc4) and a
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negative control siRNA (negative control #1; all from Ambion,
Cambridgeshire, United Kingdom). Unless stated otherwise, all
chemicals were from Sigma (Deisenhofen, Germany). In some
experiments, cells were treated with 1 µM gamma secretase
inhibitor (GSI, Calbiochem, Darmstadt, Germany) for 24 h as
previously described (Ramirez Williams et al., 2019).

CD24 and CD44 Identification With Flow
Cytometry
To detect CD24 and CD44, cells were incubated with 10 µl
of anti-human-CD44-FITC and anti-human-CD24-PE or
the IgG2b-FITC and IgG1-PE isotype control antibodies
(Immunotools, Friesoythe, Germany) for 30 min at room
temperature in the dark. Stained cells were analyzed by a Cyflow
Space flow cytometer (Sysmex/Partec, Münster, Germany).

Identification of ALDH-1 Positive Cells
For ALDH1 activity assessment, we used the ALDEFLUORTM kit
(StemCell Technologies, Köln, Germany) as previously described
(Ibrahim et al., 2013). Briefly, 2 × 105 MDA-MB-231 and
MCF-7 control cells or overexpressing HS2ST1 and HS3ST2
were resuspended in assay buffer containing ALDH1 substrate
(1 µmol/L). Another pool of control cells were incubated with
50 mM ALDH1 inhibitor diethylaminobenzaldehyde (DEAB) as
negative control. These solutions of cells were incubated for 1 h
at 37◦C in a water bath in the dark with agitation at 10 min
interval. After 1 h, the cells were centrifuged at 400G for 5 min
and resuspended in 1 mL assay buffer and stored on ice prior to
acquisition with a Cyflow Space cytometer.

Colony Formation Assay
To examine the effect of the overexpression of HS2ST1 and
HS3ST2 on colony formation, 800 control and transfected cells
were seeded in 35 mm gridded dishes and maintained in their
respective media with 10% FCS for 10–14 days. The total number
of colonies was counted using a microscope and the percentage
of altered colony numbers was accessed as a ratio between
sulfotransferase overexpressing cells and vector control cells.

Analysis of Spheroid Size by the Hanging
Drop Method
To access the spheroid formation ability and compare the
spheroid size of the cells, we first prepared a solution of 106

cells/mL in complete medium and placed several 20 µl drops
into the lid of a Petri dish, after which we added 7 mL sterile
PBS to the bottom of the dish and left it in the cell incubator for
1 week. Pictures of the spheroids inside the drop were taken using
a Zeiss Axiophot camera and their comparative size was obtained
measuring the area occupied by the spheres using the software
NIH ImageJ (NIH, Bethesda, United States).

Mammosphere Assay
For the mammosphere formation assay, a culture medium
containing DMEM/F12 supplemented with 2 mM L-glutamine
and 100 U/mL penicillin/streptomycin was prepared.
Immediately before use, 20 ng/ml of recombinant human

epidermal growth factor (EGF) and 10 ng/ml of basic human
fibroblast growth factor (bFGF) were added. Cells were detached
from the flasks and resuspended in complete mammosphere
medium. 2 × 103 cells of each condition were added to the
wells of an ultra-low adhesion 6-well plate (Cornind Costar,
Darmstadt, Germany) and placed in a cell incubator at 37◦C and
5% CO2 for 9 or 15 days. Subsequently, spheres were counted
and the number of spheres per number of cells initially plated
was calculated.

Quantitative Real-Time PCR
The total RNA isolated from cultured cells using a kit (Analytik
Jena, Jena, Germany) was reverse transcribed into cDNA using
the high capacity cDNA kit (Applied Biosystems, Foster City,
CA, United States). Quantitative real-time PCR was conducted
in duplicate for each gene of interest using TaqMan probes or
SYBR Green dye and gene expression levels were measured in
a steponeplus detection system (Applied Biosystems). Relative
gene expression was evaluated using the 2−11Ct method after
normalization to 18S rRNA or beta-actin as previously described
(Ibrahim et al., 2012). Primer information is provided in
Supplementary Table I.

Western Blotting
Western blotting was performed using 30 µg of cell extract/lane
exactly as previously described (Ibrahim et al., 2012). Membranes
were stripped and reprobed with tubulin antibodies as loading
control. Antibodies are listed in Supplementary Table II.

Statistical Analysis
All Data are presented as mean ± SEM or SD as indicated
in the figure legends and mean ± SEM in the text. Biological
replicates per independent experiments were as follows: Flow
cytometry and colony formation (3 × 3), Mammosphere and
hanging drop assay (3 × 10), qPCR (1–3 × 3–5). Western
blot (2–4 × 2). Comparisons among two distinct groups were
evaluated using Student’s t-test (for normally distributed data)
or Mann–Whitney U-test (for non-normally distributed data).
The statistical difference between more than two groups was
evaluated by one-way ANOVA followed by Tukey’s multiple
comparison test. The level of significance was set at p < 0.05.
Graphs were plotted and analyses were performed by GraphPad
Prism 7 software (San Diego, CA, United States).

RESULTS

HS2ST1 and HS3ST2 Overexpression in
MDA-MB-231 and MCF-7 Cells Alter the
Expression of the CSC Markers CD24
and CD44, and ALDH1 Enzymatic Activity
First, we analyzed by flow cytometry whether the percentage
of MDA-MB-231 and MCF-7 breast cancer cells displaying
the CD44+/CD24− phenotype was changed by HS2ST1 and
HS3ST2 overexpression. The clones were already stablished and
characterized by our group (Vijaya Kumar et al., 2014, 2020).
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qPCR revealed that HS2ST1 overexpression led to an 25-37-
fold increase in HS2ST1 mRNA expression (Table 1), while
we could only detect HS3ST2 mRNA in cells transfected with
a HS3ST2 expression plasmid (Vijaya Kumar et al., 2014).
In triple-negative MDA-MB-231 cells, upregulation of both
sulfotransferases led to a significant decrease in the percentage
of cells with the CD44+/CD24− phenotype in comparison to
the vector control cells (Figure 1A, highlighted in the box).
HS2ST1 overexpression reduced this phenotype from 94.05%
(±0.24%) in control cells to 52.83% (±1.06%) in the transfected
cells, whilst cells overexpressing the HS3ST2 sulfotransferase
presented 90.2% (±1.16%) of cells with the CD44+/CD24−
phenotype. In contrast, hormone-receptor positive MCF-7 cells
did not undergo a significant change in this CD44+/CD24−
phenotype after HS2ST1 or HS3ST2 overexpression (Figure 1A).
The number of CD44+/CD24+ cells significantly increased in the
MDA-MB-231 cells after overexpression of HS2ST1 and HS3ST2,
respectively, from 5.82% (±0.24%) in the vector control cells to
47.07% (±1.06%) in the HS2ST1 overexpressing cells and 9.72%
(±1.17%) in the cells overexpressing HS3ST2 (data not shown).
In MCF-7 cells, the overexpression of HS3ST2 significantly
decreased the double-positive phenotype from 37.91% (±1.06%)
in the vector control cells to 12.71% (±0.98%) in the transfected
cells. Compared to the vector control cells (MDA-MB-231:
0.88 ± 0.02; MCF-7: 17.1 ± 1.03), overexpression of the HS2ST1
enzyme led to a significant increase in CD24 expression on
the membrane of MDA-MB-231 cells (3.28 ± 0.09) and a
significant reduction of this marker in MCF-7 cells (14.12± 0.32),
as determined by measuring the mean fluorescence intensity
(MFI) (Figure 1A). Compared to the vector control cells
(MDA-MB-231: 264.93 ± 17.91; MCF-7: 5.58 ± 0.59), HS3ST2
overexpression led to a significant increase of CD44 in MDA-MB-
231 cells (333.61 ± 11.07) and a reduction of its expression in
MCF-7 cells (1.91± 0.39) (Figure 1A).

Next, we analyzed the activity of the enzyme ALDH1, another
BCSC marker, by flow cytometry (ALDEFLUORTM assay). In
MDA-MB-231 cells, ALDH1 activity increased from 2.88%
(±0.66%) in the control transfected cells to 9.99% (±0.76%) after
overexpression of HS2ST1, and 5.36% (±0.33%) in the HS3ST2
overexpressing cells (Figure 1B). HS2ST1 overexpression in the
MCF-7 cells had the inverse effect, decreasing the activity of
ALDH from 4.42% (±0.34%) in the control transfected cells to
0.91% (±0.10%) after its overexpression (Figure 1B).

HS2ST1 and HS3ST2 Overexpression
Modifies Colony Formation, and Number
and Size of MDA-MB-231 and MCF-7
Tumor Spheres
One of the main features related to the high tumorigenicity
and self-renewal capacity of CSCs is the ability to form colonies
in vitro after being seeded in low concentrations on cell culture
plates (Yang et al., 2017). Overexpression of HS2ST1 significantly
increased the number of colonies per dish by 101.86% in MDA-
MB-231 (Figure 2A) and 61.93% in MCF-7 cells. HS3ST2
overexpression strongly increased the number of colonies per
dish by 245.6% only in the MCF-7 cells (Figure 2A).

Three-dimensional cell culture models mimic important
features of the tumor, such as spatial organization, cell–
cell interaction, differentiation, tumor growth and hypoxia
(Djomehri et al., 2019). One important scaffold-free liquid-based
system to form such spheroids is the hanging drop technique.
In this assay, MDA-MB-231 cells could not form compact
spheres but formed compact aggregates of cells (Figure 2B).
The overexpression of HS2ST1 decreased the average size of the
aggregates by 14.71% (±3.2%) and the overexpression of HS3ST2
decreased its size by 37.93% (±3.34%), compared to control.
MCF-7 cells, on the other hand, generated larger spheres after
overexpression of HS3ST2, an increase of 40.48% (±2.85%) on
the average size compared to control (Figure 2B).

Since the MCF-7 cells seemed to form more compact
and bigger spheres by the hanging drop method, we further
analyzed the sphere formation capacity in non-adherent culture
conditions, which promotes sphere formation from single cells
and allows us to quantify the number of generated spheres.
After 9 and 15 days of non-adherent culture, sphere formation
was around 75% more efficient on both transfected cells. This
result corroborates the hypothesis that HS2ST1 and HS3ST2
overexpression modifies and possibly enhances the stem-cell
phenotype of these cells (Figure 2C).

The Overexpression of HS2ST1 and
HS3ST2 Regulates the Expression of
Factors Related to EMT and Stem Cell
Function
Recent developments in the field demonstrate that many tumor
cells undergo epithelial-to-mesenchymal transition (EMT) and
the reverse process (MET) in order to acquire the CSC phenotype
(Zhang and Weinberg, 2018). This prompted us to analyze
the expression of EMT markers in HS2ST1 and HS3ST2
overexpressing MDA-MB-231 and MCF-7 cells (Table 1).
Moreover, as a link between HS2ST1 and the expression of
PGs of the syndecan-family has recently been demonstrated
(Kang et al., 2020), we investigated the expression of all family
members, of the functionally linked HS degrading enzyme
heparanase (HPSE) and of the HS sulfate editing enzymes
SULF1 and SULF2 by qPCR. HS2ST1 overexpression levels
were comparable in transfected MCF-7 and MDA-MB-231 cells
(Figure 3A). Regarding further HS-related gene expression, we
noted a significant upregulation of SULF1 in all sulfotransferase-
expressing cells, whereas SULF2 was downregulated in HS3ST2
overexpressing MCF-7 cells (Table 1 and Figure 3B). HPSE
and SDC4 were significantly upregulated in MCF-7 cells
overexpressing HS2ST1 and HS3ST2. In contrast, HPSE was
significantly downregulated, and SDC2 upregulated in HS2ST1-
transfected MDA-MB-231 cell, indicating context-dependent
effects (Figure 3 and Table 1). Regarding EMT-related factors,
in MCF-7 cells, overexpression of HS2ST1 and HS3ST2 reduced
the gene expression of Vimentin, a marker of mesenchymal
cells, and of the EMT-inducing transcription factors Snail1, Twist
and Snail 2 (only HS2ST1), compared to the vector control
cells. E-cadherin gene expression was reduced, while β-catenin
was upregulated (Table 1 and Figures 3C,D). In MDA-MB-231
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TABLE 1 | pPCR analysis of breast cancer cell lines overexpressing HS sulfotransferases.

Genes MCF-7 MDA-MB-231

Control HS2ST1 P HS3ST2 P Control HS2ST1 P HS3ST2 P

HS related

HS2ST1 (n ≥ 10) 1.00 ± 0.07 24.89 ± 16.56 <0.001 1.06 ± 0.23 0.51 1.01 ± 0.11 37.42 ± 18.47 <0.0001 1.10 ± 0.18 0.15

HS3ST2 (n ≥ 6)* – – n.a. +++ n.a. – – n.a. +++ n.a.

Sulf1 (n ≥ 8) 1.00 ± 0.20 15.46 ± 12.02 <0.05 7.52 ± 4.53 <0.01 1.02 ± 0.23 3.88 ± 1.59 <0.01 1.65 ± 0.51 <0.01

Sulf2 (n ≥ 8) 1.01 ± 0.12 0.84 ± 0.19 0.06 0.72 ± 0.24 <0.05 1.08 ± 0.42 2.62 ± 2.66 0.15 1.87 ± 1.42 0.17

HPSE (n ≥ 10) 1.03 ± 0.28 1.97 ± 0.91 <0.001 1.50 ± 0.92 <0.05 1.02 ± 0.20 0.57 ± 0.31 <0.0001 1.02 ± 0.31 0.97

Syndecans

Sdc-1 (n ≥ 6) 1.02 ± 0.21 1.03 ± 0.18 0.93 1.03 ± 0.24 0.91 1.03 ± 0.27 0.75 ± 0.54 0.28 0.75 ± 0.60 0.33

Sdc-2 (n ≥ 6) 1.03 ± 0.28 1.04 ± 0.19 0.92 0.84 ± 0.26 0.31 1.01 ± 0.10 2.04 ± 0.67 <0.04 1.19 ± 0.31 0.86

Sdc-3 (n ≥ 3) 1.00 ± 0.09 1.09 ± 0.18 0.53 0.84 ± 0.07 0.07 1.01 ± 0.13 1.14 ± 0.58 0.74 0.79 ± 0.05 0.09

Sdc-4 (n ≥ 8) 1.02 ± 0.23 1.80 ± 0.66 <0.001 2.06 ± 0.68 <0.01 1.01 ± 0.16 1.54 ± 0.72 0.07 1.25 ± 0.70 0.37

EMT

E-Cadherin (n ≥ 9) 1.01 ± 0.06 0.79 ± 0.20 <0.01 0.88 ± 0.37 0.28 1.00 ± 0.04 1.24 ± 0.85 0.38 1.43 ± 0.67 0.09

N-Cadherin (n ≥ 7) 1.15 ± 0.60 1.00 ± 0.50 0.60 0.96 ± 0.41 0.48 1.01 ± 0.12 1.23 ± 0.19 <0.05 0.82 ± 0.25 0.09

β-catenin (n ≥ 7) 1.01 ± 0.18 1.42 ± 0.33 <0.05 1.21 ± 0.29 0.13 1.01 ± 0.12 0.81 ± 0.32 0.14 1.15 ± 0.46 0.42

ZEB1 (n ≥ 8) 1.08 ± 0.46 1.34 ± 0.77 0.39 1.42 ± 0.63 0.23 1.00 ± 0.07 1.12 ± 0.29 0.27 0.80 ± 0.22 <0.05

ZEB2 (n ≥ 7) 0.93 ± 0.36 2.74 ± 4.02 0.28 2.38 ± 2.21 0.17 1.01 ± 0.17 1.51 ± 0.77 0.11 1.23 ± 0.34 0.14

Vimentin (n ≥ 9) 1.01 ± 0.05 0.62 ± 0.34 <0.01 0.79 ± 0.45 0.13 1.00 ± 0.01 1.02 ± 0.08 0.42 0.87 ± 0.06 <0.0001

Snail1 (n ≥ 9) 1.02 ± 0.24 0.58 ± 0.46 <0.001 0.90 ± 0.19 <0.001 1.00 ± 0.08 0.67 ± 0.21 <0.01 1.41 ± 0.41 <0.05

Snail2 (n ≥ 16) 1.08 ± 0.33 0.64 ± 0.32 <0.05 0.87 ± 0.50 0.54 1.01 ± 0.13 0.68 ± 0.22 <0.01 1.32 ± 0.34 <0.05

Twist (n ≥ 9) 1.00 ± 0.06 0.08 ± 0.19 <0.0001 0.11 ± 0.25 <0.0001 1.03 ± 0.27 3.05 ± 3.81 0.15 2.56 ± 3.70 0.25

Notch signaling

Notch-1 (n ≥ 5) 1.03 ± 0.27 1.09 ± 0.17 0.67 0.92 ± 0.29 0.57 1.06 ± 0.41 1.33 ± 1.18 0.51 0.98 ± 0.27 0.58

Notch-2 (n ≥ 3) 1.00 ± 0.01 5.78 ± 6.25 0.32 4.62 ± 4.44 0.29 1.09 ± 0.50 3.19 ± 1.57 <0.001 6.81 ± 5.72 <0.05

Notch-3 (n ≥ 5) 1.02 ± 0.23 1.69 ± 0.10 <0.01 1.54 ± 0.27 <0.05 1.13 ± 0.62 1.59 ± 1.17 0.31 2.56 ± 2.52 0.11

Notch-4** (n ≥ 5) 1.35 ± 1.19 0.39 ± 0.39 0.08 1.21 ± 1.40 0.84 0.98 ± 0.34 0.65 ± 0.44 0.09 0.86 ± 0.52 0.59

Numb (n ≥ 12) 1.00 ± 0.11 1.20 ± 0.33 0.06 1.16 ± 0.18 <0.01 1.02 ± 0.21 1.74 ± 1.07 <0.05 1.04 ± 0,41 0.87

DLL1 (n ≥ 3) 1.00 ± 0.09 0.93 ± 0.33 0.75 1.27 ± 0.28 <0.05 1.01 ± 0.08 1.23 ± 0.14 <0.0001 n.d. n.d.

DLL3 (n ≥ 8) 1.07 ± 0.42 1.43 ± 2.21 0.66 0.88 ± 0.96 0.52 1.04 ± 0.32 0.94 ± 0.48 0.61 0.82 ± 0.45 0.25

DLL4 (n ≥ 8) 1.03 ± 0.28 0.83 ± 0.40 0.26 0.70 ± 0.32 <0.05 1.03 ± 0.28 1.77 ± 0.72 <0.05 0.93 ± 0.18 0.43

Hes1 (n ≥ 9) 1.04 ± 0.29 1.05 ± 0.41 0.69 0.80 ± 0.31 0.05 1.02 ± 0.24 2.04 ± 1.18 <0.05 1.73 ± 0.73 <0.05

Hes2 (n ≥ 16) 1.03 ± 0.25 0.72 ± 0.18 <0.0001 0.87 ± 0.40 0.18 1.03 ± 0.18 1.88 ± 0.80 <0.0001 1.01 ± 0.47 0.91

Hey1 (n ≥ 11) 1.02 ± 0.10 1.30 ± 0.29 <0.001 1.01 ± 0.38 0.94 1.00 ± 0.07 0.87 ± 0.30 0.17 1.01 ± 0.13 0.88

Hey2 (n ≥ 17) 1.15 ± 0.69 5.58 ± 7.96 <0.05 3.77 ± 4.18 p < 0.05 1.07 ± 0.44 1.10 ± 0.71 0.86 1.66 ± 1.08 p < 0.05

Jag1 (n ≥ 15) 1.10 ± 0.50 2.60 ± 1.28 <0.001 2.41 ± 0.94 <0.001 1.02 ± 0.23 1.45 ± 0.57 <0.05 1.18 ± 0.78 0.46

Wnt signaling

Wnt1 (n ≥ 8) – – n.a. – n.a. 1.01 ± 0.46 1.07 ± 0.65 0.82 2.48 ± 1.11 <0.01

Wnt3a (n ≥ 8) 1.01 ± 0.18 1.61 ± 1.42 0.20 1.83 ± 1.62 0.13 1.07 ± 0.42 1.18 ± 0.77 0.71 1.32 ± 0.90 0.48

Wnt5a (n ≥ 8) 1.38 ± 1.15 1.39 ± 0.68 0.99 1.58 ± 0.92 0.72 1.00 ± 0.04 0.49 ± 0.11 <0.0001 0.29 ± 0.11 <0.0001

FZD7 (n ≥ 8) 1.02 ± 0.24 1.12 ± 0.40 0.57 1.13 ± 0.58 0.66 1.00 ± 0.08 1.19 ± 0.14 <0.01 1.73 ± 0.60 <0.05

SFRP1 (n ≥ 8) 1.20 ± 0.74 1.40 ± 1.69 0.73 1.16 ± 0.81 0.90 1.03 ± 0.27 1.58 ± 0.66 0.06 0.89 ± 0.54 0.52

TCF7L1 (n ≥ 8) 1.09 ± 0.31 0.65 ± 0.40 <0.001 0.58 ± 0.24 <0.001 1.02 ± 0.23 4.23 ± 3.10 <0.05 1.63 ± 0.40 <0.01

Others

CD133 (n ≥ 7) 0.95 ± 0.36 1.16 ± 0.95 0.58 1.43 ± 0.39 <0.05 1.02 ± 0.22 1.46 ± 0.41 <0.05 0.67 ± 0.14 <0.01

Myc (n ≥ 9) 1.01 ± 0.18 0.49 ± 0.21 <0.0001 0.56 ± 0.20 <0.01 1.01 ± 0.18 1.46 ± 0.43 0.06 0.71 ± 0.30 <0.01

CyclinD1 (n ≥ 8) 1.02 ± 0.19 0.62 ± 0.18 <0.001 0.50 ± 0.22 <0.001 1.00 ± 0.06 1.23 ± 0.26 <0.05 1.00 ± 0.29 0.96

Gene expression data are displayed as fold-change value (2−11Ct) relative to vector control cells (mean ± SD). Statistically significant data are displayed in bold typing.
*HS2ST3 is not expressed in MCF-7 and MDA-MB-231 cells. – denotes absence of expression. +++, denotes high expression due to stable transfection. **, Notch4
expression data were at the limit of detection (Ct values > 32). n.d., not determined. n.a., not applicable.

cells, we observed a significant reduction of Vimentin and ZEB1
mRNA expression after HS3ST2 overexpression, and of Snail1
and Snail2 after HS2ST1 overexpression. In contrast, these two

factors were significantly upregulated in HS3ST2-overexpressing
MDA-MB-231 cells. While the expression of E-cadherin was not
significantly affected, N-cadherin was moderately upregulated
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FIGURE 1 | Expression of cancer stem cell markers CD24 and CD44 and ALDH1 enzyme activity. MDA-MB-231 and MCF-7 cells modified to overexpress HS2ST1
and HS3ST2 were labeled with anti-CD24 and anti-CD44 antibodies or incubated with the ALDEFLUORTM kit reagent and analyzed by flow cytometry. (A, inside
the box) percentage of cells having the CD44+/CD24− phenotype in the MDA-MB-231 and MCF-7 cells. (A, outside the box) Mean fluorescence intensity (MFI) of
CD24 and CD44 in the MDA-MB-231 cells (top), or MCF-7 cells (bottom). (B) percentage of ALDH+ phenotype in the MDA-MB-231 and in the MCF-7 cells. Data
represent mean ± SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

upon HS2ST1 upregulation in this cell line (Table 1). Overall,
our data indicate a general trend for downregulation of
mesenchymal markers upon sulfotransferase overexpression,
with context-dependent cell-type and sulfotransferase-specific
effects, as also noted for the transcription factor Myc,
the stem cell marker CD133 and the proliferation marker
CyclinD1 (Table 1).

The Notch pathway plays an important role in the activation
and maintenance of CSCs (Hovinga et al., 2010; Chen et al., 2014;
Takebe et al., 2015). Notably, Syndecan HSPGs modulate notch
signaling, suggesting an impact of HS on this pathway (Ibrahim
et al., 2017; Vitale et al., 2019). In line with this hypothesis,
the MDA-MB-231 cell line showed an apparent increase in
the activation of the Notch pathway after HS sulfotransferase
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FIGURE 2 | Functional assays for the CSC-phenotype. MDA-MB-231 and MCF-7 cell lines modified to overexpress HS2ST1 and HS3ST2 and control cells were
submitted to a series of functional assays to investigate the acquisition of a CSC-phenotype. From top to bottom: (A, Colony Formation) Percentage of colonies
relative to control (100%) present in each well after 14 days. (B, Spheroid formation) Examples of spheres found in the drops (left). Area of the spheres relative to
the vector controls (100%) present in each drop after 1 week (right). (C, Mammosphere assay) Examples of mammospheres generated after 15 days (top).
Percentage of mammospheres formed per number of plated cells relative to control (100%) in the MCF-7 cell line after 9 or 15 days. Data represent mean ± SD,
n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

upregulation (Figure 3). In HS2ST1 overexpressing MDA-MB-
231 cells, an increase in the expression of Notch2, of the
transcriptional regulators HES1 and HES2, markers of activation
of this pathway, and of the notch ligands DLL1 and JAG1
was observed, whereas the notch modulator NUMB was also
upregulated. Overexpression of HS3ST2 was associated with
significant upregulation of Notch2, Hes1, and Hey1, another
notch activation marker (Table 1 and Figures 3E–J). HS2ST1
overexpressing MCF-7 cells showed upregulation of Notch-3,
Hey1, Hey2, and Jag1 and downregulation of Hes2, whereas
HS3ST2 overexpression resulted in upregulation of Notch-
3, NUMB, DLL1, Hey2 and JAG1, and downregulation of
DLL4 and Hes1 (Figures 3E–J and Table 1). qPCR analysis
of Wnt pathway-related genes revealed a downregulation
of the transcription factor TCF7L1 in HS –sulfotransferase

overexpressing MCF-7 cells, whereas the Wnt receptor FZD7
was upregulated, and Wnt5a was downregulated in HS
sulfotransferase overexpressing MDA-MB-231 cells (Table 1 and
Figure 3K). Wnt1 was upregulated in HS3St1 overexpressing
MDA-MB-231 only (Table 1). We next confirmed selected results
at the protein level (Figure 3L). Western blot analysis revealed
upregulation of Notch3 in Sulfotransferase overexpressing
MCF-7 cells, and in HS2ST1 overexpressing MDA-MB-231
cells. Results for Hes1 were ambiguous, indicating a slight
upregulation in HS3ST2 expressing MDA-MB-231 cells. Hes2
was downregulated in HS2ST1 overexpressing MDA-MB-231
cells, whereas Vimentin protein expression (undetectable in
epithelial MCF-7 cells) was largely unaltered. In MCF-7 cells,
HS3ST2 overexpression resulted in an upregulation of Snail1
protein (Figure 3L).
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FIGURE 3 | Impact of HS sulfotransferases on HS- and stemness-associated gene expression. (A–K) Total RNA was isolated from the cells, reverse transcribed into
cDNA and subjected into quantitative real-time PCR for analysis of Notch pathway related genes. Data represent mean ± SD from at least three independent
experiments (see Table 1 for N). *P < 0.05, **P < 0.001, ***P < 0.0001, L) Western blot analysis of stemness-associated factors in HS2ST1- and HS3ST2
overexpressing cells compared to controls. Loading control = tubulin. Representative data from at least 4 biological replicates. (M) Impact of notch pathway
inhibition with gamma-secretase inhibitor (GSI) on Hey1 and Sdc-family members in MCF-7 cells. qPCR analysis as described in (A–K). N ≥ 3. (F) Impact of Sdc-1
and Sdc-4 knockdown on altered gene expression in HS-sulfotransferase overexpressing MCF-7 cells. Data are shown relative to vector control cells as described in
(A–K). N ≥ 3.
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The Syndecan Family of HSPGs and the
Notch Pathway Are Part of the
Regulatory Circuit of HS
Sulfotransferases
As our gene expression analysis had indicated a complex impact
of altered HS sulfotransferase expression on stemness-related
signaling pathways and on members of the syndecan family,
we further explored the interdependence of these pathways in
inhibitor studies. Application of gamma secretase inhibitor (GSI),
which inhibits both activation of the notch pathway and shedding
of Sdc-1 (Pasqualon et al., 2015; Ramirez Williams et al., 2019)
resulted in a modest, but significant inhibition of Hey1 and Sdc-2
expression, whereas Sdc-1 and Sdc-4 were strongly upregulated
in MCF-7 cells (Figure 3M). As HS2ST1-dependent modification
of Sdc-1 has recently been linked to breast cancer pathogenetic
properties (Kang et al., 2020), we employed an siRNA depletion
approach to downregulate the expression of Sdc-1 and Sdc-4 in
sulfotransferase overexpressing MCF-7 cells, followed by qPCR
analysis of HSPE, Sdc-1, Sdc4 and the notch ligand DLL1. Sdc-
1 knockdown resulted in upregulation of HPSE and DLL1 in
control cells, and abolished HS2ST1-dependent upregulation of
Sdc-4 and HPSE, and HS3ST2 dependent upregulation of Sdc-
4 (Figure 3N). Sdc-4 siRNA knockdown was associated with
HSPE downregulation in control cells, and abolished HS2ST1 and
HS3ST2-dependent HPSE upregulation in MCF-7 cells. Overall,
these data provide evidence for a complex regulatory interplay of
HS sulfotransferases, syndecans and the notch signaling pathway.

DISCUSSION

Studying HS sulfotransferases is a promising tool for
understanding the biological functions of these enzymes on
the tumor cell phenotype. Previous studies demonstrated an
important role of HS3ST2 and HS2ST1 and the associated
changes in HS structure in modulating receptor tyrosine
kinase dependent signaling and breast cancer cell invasion,
proliferation and senescence (Vijaya Kumar et al., 2014,
2020; Kang et al., 2020). However, the functional impact
on CSCs was unknown. Here, we demonstrate an impact
of altered HS2ST1 and HS3ST2 expression on the CSC
phenotype, which is associated with complex expression
changes in the stemness-associated Notch and Wnt signaling
pathways, and with altered expression of proteoglycans of the
syndecan family. Similar to our previous work on HS3ST2
(Vijaya Kumar et al., 2014), we observed both common
and context-dependent effects of altered HS sulfotransferase
expression. In the present study, colony and mammosphere
formation – two important functional readouts of CSCs -
were consistently upregulated in both model cell lines upon
overexpression of both sulfotransferases, indicating a stemness-
promoting function of these enzymes. At the molecular level,
our data point at an upregulation of several components of
the notch signaling pathway, which we previously linked to
Sdc-1 function in breast and colon cancer (Ibrahim et al.,
2017; Katakam et al., 2020a). For example, Sdc-1 expression

in inflammatory breast cancer is correlated with CD44,
Notch-1, and Notch-3 expression, and siRNA knockdown
of Sdc-1 results in a weaker CSC phenotype and reduced
expression of Notch-1-4 and Hey1 in inflammatory breast
cancer cells (Ibrahim et al., 2017). Our data are in line with
these findings, demonstrating that altered HS structure is
linked to the CSC phenotype as well as altered expression of
syndecans and notch constituents. While our GSI inhibitor
studies demonstrate that the notch pathway has a regulatory
impact on syndecan expression, our Sdc siRNA data reveal
context-dependent effects. Knockdown of Sdc-4 largely affected
basal and HS-sulfotransferase dependent HPSE expression,
whereas Sdc-1 knockdown affected HPSE, Sdc-4 and DLL1.
The underlying mechanisms are apparently complex and
require further study. Obvious mechanisms include altered
receptor tyrosine kinase signaling conform with the coreceptor
concept of HSPGs, as demonstrated for the MAPK pathway
in HS2ST1 and HS3ST2 overexpressing cells (Vijaya Kumar
et al., 2014, 2020), and altered signaling via the Wnt pathway,
as exemplified by altered expression of the Wnt-dependent
transcription factor TCF4 for both sulfotransferases, and by
the Sdc-1 and Wnt-dependent modulation of a colon cancer
stem cell phenotype (Katakam et al., 2020b). Our finding of
a upregulated expression of the Wnt receptor FZD7 in HS
sulfotransferase overexpressing MDA-MB-231 cells may be
mechanistically relevant, as this receptor acts along with Sdc-4
during foregut progenitor development (Zhang et al., 2016).
Moreover, altered HS sulfation patterns, including upregulation
of 2-O- and 6-O-sulfation, are linked to myoblast cell fate
and FGF2 signaling (Ghadiali et al., 2017). However, more
complex regulatory mechanisms may occur at the level of cell
surface availability of signaling receptors and co-receptors. For
example, both the shedding of Sdc-1 and activation of notch
can be mediated by gamma-secretase (Pasqualon et al., 2015),
and Sdc-1 shedding is regulated by HPSE (Rangarajan et al.,
2020), which is expressed in a HS-sulfotransferase-dependent
manner according to our study. Finally, HS2ST1-modified
Sdc-1 was shown to prevent cellular senescence through the
regulation of FGFR1 endocytosis (Kang et al., 2020), and similar
mechanisms could play a role in the HS2ST1-dependent CSC
phenotype. With respect to HS3ST2, our observation of an
impact on the CSC phenotype are in line with studies that
showed an important function of HS 3-O-sulfation in the
differentiation of murine embryonic stem cells, as demonstrated
by upregulation of 3-O-sulfated HS structures during critical
stages of differentiation, and by functional knockdown studies
on another 3-O-Sulfotransferase, 3OST-5 (Hirano et al., 2013).
Along with previous reports on a potential role of 3-O-Sulfation
in notch signaling in the fruit fly (Kamimura et al., 2004),
our data extend this concept to the field of CSC research.
As an interesting finding, we have observed upregulation of
the HS editing enzyme SULF1 in both HS3ST2 and HS2ST1
overexpressing MDA-MB-231 cells. While this observation
(along with upregulation of HPSE) may be a cellular attempt
to compensate for the alterations in HS structure exerted
by sulfotransferase dysregulation, it may be relevant in the
context of stem cell function as well: For example, Sulf1 is
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required for the termination of Drosophila intestinal stem cell
division during regeneration (Takemura and Nakato, 2017),
and regulates Wnt signaling in the context of myoblast fusion
(Tran et al., 2012).

Apart from notch and Wnt signaling, our study has revealed
an impact on the expression of EMT markers. While we
previously demonstrated upregulation of E-cadherin protein in
HS2ST1 and HS3ST2 overexpressing MDA-MB-231 and MCF-
7 cells (Vijaya Kumar et al., 2014, 2020), the demonstration
of downregulated mesenchymal factors is a new finding of
this study. Snail1 and Snail2 are implicated in EMT via the
upregulation of mesenchymal markers such as vimentin and
suppression of epithelial markers such as E-cadherin. The
link between EMT and the CSC phenotype may serve to
explain differences in the impact of HS2ST1 and HS3ST2
on the different model cell lines of this study, as MCF-
7 cells show an epithelial phenotype, whereas MDA-MB-
231 cells have mesenchymal properties. Notably, mesenchymal
(CD44+/CD24−) and epithelial (ALDH+) CSCs are two distinct
populations with different functionalities (Liu et al., 2014).
Overexpression of HS2ST1 and HS3ST2 decreased the stemness-
associated CD44+/CD24− phenotype only in the MDA-MB-231
cell line. CD44 is associated with a mesenchymal phenotype,
while CD24 is associated with an epithelial phenotype in breast
cancer (Jaggupilli and Elkord, 2012). From a phenotypic point
of view, these changes may mean a change in the epithelial
or mesenchymal phenotype of these cells, possibly leading to
the acquisition of a CSC phenotype as well. In MDA-MB-
231 cells a decrease in the CD44+/CD24− phenotype could be
transitioning to an epithelial-like state, which is corroborated by
a greater ALDH1 activity. In MCF-7 cells, there is less activity of
ALDH1 upon HS2ST1 overexpression, which could possibly lead
to a mesenchymal-like phenotype (see Ibrahim et al., 2013, for
discussion). Considering the analysis of CD44, CD24, and ALDH,
it seems that overexpression of HS3ST2 triggered antagonistic
results compared to those obtained by HS2ST1 overexpression
in both MDA-MB-231 and MCF-7 cells. We can only speculate
that the HS pattern generated by HS3ST2 overexpression may be
capable of activating or inactivating ligands that are not affected
in the same manner by HS2ST1-modified HS, and vice versa.
Famous examples are specific structural requirements for HS
interactions, such as the antithrombin binding motif of the FGF2
binding sequence (Karamanos et al., 2018). For example, we
have demonstrated that HS2ST1 upregulation in our cell lines
results in reduced surface binding of FGF2 (Vijaya Kumar et al.,
2020). The differential regulation of distinct components of the
Wnt and notch signaling pathway in our cells supports this
view (Table 1). Furthermore, context-dependent effects of HS in
different cell types can be explained by the fact that not all ligands
and receptors that are influenced by HS are expressed by all cells.
For example, Wnt1 was upregulated in HS3ST2 overexpressing
MDA-MB-231 cells, while this factor was not expressed in MCF-7
cells and could therefore not be affected by this HS modification.

Regarding our functional readouts, the origin of our cells
(epithelial vs. mesenchymal) may have influenced the impact
of HS-dependent changes in EMT markers, resulting in the
formation of smaller and more compact aggregates in the case

of sulfotransferase overexpressing MDA-MB-231 cells, which
may have shifted toward a more epithelial-like phenotype, as
discussed previously (Figure 2B). Some caveats are associated
with our research communication. Several findings of our study
rely on mRNA expression data and require further validation at
the protein and functional level. While we could, e.g., confirm
HS-sulfotransferase-dependent upregulation of Notch-3 in both
cell lines, and of Hes-1 in HS3ST2-expressing MDA-MB-231
cells, other factors were either less consistently regulated at
the mRNA and protein level, or have not been confirmed,
yet. In addition, not all factors within a given pathway were
consistently regulated in the same direction, and some factors
were only moderately altered, requiring more study. Our GSI
inhibitor and siRNA studies demonstrate that the signaling
pathways and compounds involved are highly interdependent
and subject to potential compensatory mechanisms. While this
observation impedes a straightforward and simple mechanistic
explanation, it reflects the complexity of HS-dependent
processes, which affect signaling via numerous pathways, and
additional cellular functions beyond classical signaling, such
as endocytosis (affecting receptor downregulation), proteolysis
and cell-matrix interactions (Karamanos et al., 2018). Finally,
while sulfotransferase overexpression promoted functional stem
cell properties, it is likely that not only the CSC population, but
also the overall tumor cell population was affected by alterations
in HS. Possibly a selected analysis of sorted CSCs could lead
to an enhancement of the observed changes, as previously
demonstrated for the impact of Sdc-1 knockdown on the colon
CSC phenotype (Katakam et al., 2020b).

Taken together, HS2ST1 and HS3ST2 partially had a
differential impact on the CSC phenotype of representative triple-
negative and hormone-receptor positive breast cancer cell lines.
This finding may reflect differences in HS-dependent signaling
pathways, as previously shown for the invasion phenotype of
HS3ST2 overexpressing cells (Vijaya Kumar et al., 2014). Our
results furthermore show that the overexpression of HS2ST1 and
HS3ST2 significantly alters several CSC-related characteristics in
breast cancer cells in general, which is worthy of future evaluation
in more complex in vivo systems. Finally, our data open a
perspective for manipulating the CSC phenotype with drugs
modulating HS either in a general way, or in a sequence-specific
manner (Zubkova et al., 2018; Vitale et al., 2019; Espinoza-
Sánchez and Götte, 2020).
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The extracellular matrix (ECM) provides cues to direct mammogenesis, tumourigenesis
and metastatic processes. Over the past several decades, two-dimensional (2D)
culture models have been invaluable in furthering our understanding of the tumor
microenvironment (TME), however, they still do not accurately emulate the associated
biological complexities. In contrast, three-dimensional (3D) culture models provide
a more physiologically relevant platform to study relevant physicochemical signals,
stromal-epithelial cell interactions, vascular and immune components, and cell-ECM
interactions in the human breast microenvironment. A common thread that may weave
these multiple interactions are the proteoglycans (PGs), a prominent family of molecules
in breast tissue. This review will discuss how these PGs contribute to the breast cancer
TME and provide a summary of the traditional and emerging technologies that have
been utilized to better understand the role of PGs during malignant transformation.
Furthermore, this review will emphasize the differences that PGs exhibit between normal
tissues and tumor ECM, providing a rationale for the investigation of underexplored roles
of PGs in breast cancer progression using state-of-the-art 3D culture models.

Keywords: breast cancer, proteoglycans (PGs), extracellular matrix (ECM), 3D models, tumor microenvironment
(TME)

INTRODUCTION

Proteoglycans (PGs) are functional proteins that constitute major signaling and structural
components of the breast microenvironment, playing a role in morphogenesis, vascularisation,
tumor progression and metastasis. During breast cancer development and growth, PG expression
undergoes substantial changes within both the tumor cells and the tumor microenvironment
(TME). These changes result in the alteration of cell proliferation, survival adhesion and migration,
making PGs a potential target for breast cancer treatments. While PGs have been studied for some
decades, the models of choice to study their function and contributions toward drug development
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has varied. In this review, we present an overview of PGs in
the human breast microenvironment along with state-of-the-art
PG-focussed investigations in mammary development and breast
cancer, and the emerging role of three-dimensional (3D) culture
methods in modeling PGs, followed by a discussion on novel
bioengineered scaffold-based approaches for future studies. We
critically discuss the benefits and limitations of current models
and present emerging concepts of novel cancer model systems
that can mimic the role of PGs in human breast biology and its
malignant transformation.

BREAST CANCER

Globally, breast cancer is the most frequent cancer in women
after nonmelanoma skin cancer. The worldwide incidence of
newly diagnosed breast cancer in 2018 was estimated to be
2.1 million women, which approximates to one new case
diagnosed every 18 s, and 626,679 women with breast cancer
succumbing to the disease in 2018 (Bray et al., 2018). As a disease,
breast cancer is molecularly heterogeneous. The seminal study
by Perou and Sorlie defined an intrinsic classification of four
subtypes of breast cancer (Perou et al., 2000): luminal A, luminal
B, basal-like and human epidermal growth factor receptor 2
(HER2). This study initiated a shift toward more biology-based
approaches in the clinical management of breast cancer. This
also led to further molecular subtyping in numerous studies
to provide clinically relevant subgroups (Lehmann et al., 2011;
Cancer Genome Atlas Network, 2012; Nik-Zainal et al., 2016;
Jackson et al., 2020).

Due to this heterogeneity, breast cancer treatment paradigms
have evolved over the last decade. Despite this progress,
some characteristics such as the impact of the regional tumor
burden or size and patterns of metastases are shared amongst
breast cancers and influence therapy. Treatment decisions are
generally impacted by the clinical features (stage and grade),
histological biomarkers and molecular features of the cancer. In
the case of non-metastatic tumors, the main goal is to eradicate
the tumor from the breast and regional lymph nodes, thus
preventing metastatic spread. This includes surgical resection and
sampling and/or removal of axillary lymph nodes. Furthermore,
postoperative radiation is also commonly used. Systemic therapy
may be performed preoperatively (neoadjuvant), postoperatively
(adjuvant), or both, and it is mainly guided by breast cancer
subtype, stage and grade. In clinical practice, three biomarkers
are used to distinguish the subtypes and guide targeted therapies;
estrogen receptor (ER), progesterone receptor (PR), and HER2.
Tumors expressing ER and PR are called hormone receptor-
positive, whereas tumors that do not express ER, PR, and HER2
are termed triple-negative breast cancers (TNBCs). Hormone-
receptor positive breast cancers usually receive endocrine
therapy such as tamoxifen or aromatase inhibitors, while
patients with more advanced disease or those refractory to
endocrine therapy also receive chemotherapy (Burstein et al.,
2010). Tumors expressing HER2 receptor receive anti-HER2
monoclonal antibodies and/or HER2-targeted agents, along with
chemotherapy (Lehmann et al., 2011). Chemotherapy remains

the mainstay treatment for TNBCs, however, poly ADP-ribose
polymerase inhibitors (PARPi) have emerged as a promising
therapy that exploit synthetic lethality associated with defective
DNA damage repair mechanisms in cancer (Dulaney et al., 2017).

PROTEOGLYCANS AND THEIR ROLE IN
HUMAN MAMMARY TISSUE

In breast tissue, normal and malignant epithelial cells interact
with their surrounding microenvironment, determining both cell
fate and disease progression. The microenvironment contains
various cell types, including endothelial cells, endothelial
precursors, pericytes, adipocytes, fibroblasts, and immune cell
populations. These distinct cell types are embedded in a
biofunctional extracellular matrix (ECM), which is composed
of numerous molecules including PGs, collagen, laminin,
fibronectin, and their associated proteases (Naba et al., 2012).
PGs, which contain a core protein to which different numbers
and types of glycosaminoglycan (GAG) side chains are attached,
are a major ECM component and are additionally expressed
on cell surfaces. The cellular location and types of GAG side
chains built upon a core protein are used to classify PGs
into different groups (Ruoslahti, 1988). They vary extensively
in structure, localisation and functionality (Pearson et al.,
1983). Based upon their localization, PGs fall into four families
(Iozzo and Schaefer, 2015) (intracellular, cell-surface, pericellular,
and extracellular), with the functionality of PGs occurring
mainly through their GAG content. Serglycin is the sole
PG characterized to be intracellular in breast tissue (Scully
et al., 2012) and is widely investigated in cancer (Korpetinou
et al., 2014). Pericellular and cell surface PGs include decorin,
versican, glypican, and perlecan as well as collagens XVIII
and XV. The extracellular PGs comprise hyaluronan-binding
hyalectans, small-leucine rich PGs (SLRPs) and calcium-binding
heparan sulfate PGs (HSPGs) (Nikitovic et al., 2018). This
stratification is extremely useful for discussing the function
of these PGs from the cellular biology perspective and it
has been reviewed extensively by Nikitovic and colleagues
(Nikitovic et al., 2018). From a translational and clinical
perspective, PGs localized to different compartments may
contribute to the same function therefore, this review will
mostly focus on the subgroups defined by GAG type; the
implicated functionally interacting parts of PGs. We will
describe how uniquely each of these contribute to normal
function and pathophysiological features at different stages of
the development of the mammary gland as well its malignant
transformation. These GAGs include; heparan sulfate (HS),
chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate
(KS), and hyaluronic acid (HA).

MODELING THE FUNCTION OF PGS IN
HEALTHY MAMMARY TISSUE

Attaining an understanding of the role of PGs in mammary
development and homeostatic processes is central to
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understanding their significance in the pathology of breast
cancer. Tissue development and remodeling are seen throughout
life, where the fetus undergoes initial development to hormonal
directed tissue remodeling through adolescence, adulthood and
the periods prior, during and following pregnancy, enabled by
PGs found within the mammary ECM and cell surfaces (Baker
et al., 2017; Figure 1). During fetal development, transmembrane
matrix members of the syndecan PG family (syndecans 1–4),
synergistically interact with integrins to aid in embryonic
angiogenesis (Morgan et al., 2007). Syndecans, along with
integrins, work with the glycoprotein dystroglycan to adhere
to the cytoskeleton and can influence cell fate and behavior,
along with other cell-ECM and cell-cell interactions (Barresi
and Campbell, 2006; Morgan et al., 2007; Garner et al., 2011).
Moreover, a study by Liu et al. (2003) found that syndecan-1
greatly influences tertiary ductal branching in mice, further
highlighting the importance of the syndecan PG family in
mammary development (Liu et al., 2003).

There is a dynamic and ever-evolving microenvironmental
remodeling that occurs throughout adolescence and pregnancy,
such as ductal morphogenesis driven by cell-ECM interactions
with the basement membrane (Hinck and Silberstein, 2005).
Epithelial proliferation and migration contribute to the
development of the internal ductal system, facilitated by
estrogen and local growth factors that interact with epithelial
and stromal cells (Lu et al., 2008). Perlecan, a HSPG found
largely in the basement membrane, captures anionic growth
factors such as stromal fibroblast-growth factor 10 (FGF10),
delivering it to the epithelium for growth (Patel et al., 2007).
The complex interplay between such HSPG-bound growth
factors is modulated by the enzyme heparanase, which

cleaves HS side chains and liberates the free growth factors
(Chhabra and Ferro, 2018).

Another feature during breast development is the migration
and maturation of adipocytes, which comprise a large part of
the mammary stroma and are involved in energy delivery for
lactation (Gouon-Evans and Pollard, 2002; Alvarenga et al.,
2019). Fat deposits in the mammary microenvironment, and
further, their maturation and adipocyte growth play an important
role in supporting homeostasis and later remodeling and milk
production during and following pregnancy (Muschler and
Streuli, 2010). It has been reported by Wilsie et al. (2005) that
adipocyte growth is heavily dependent upon cell membrane
HSPGs, along with the onset of estrogen production by pre-
adipocytes (Wilsie et al., 2005). During pregnancy, hormone-
driven changes are characterized by an increase in epithelial
density, ductal growth and a complexifying of the regional
vascularization (Macias and Hinck, 2012). This is facilitated by
PGs that bind with growth factors, activating cellular pathways
to upregulate cell growth and proliferation (Figure 1). As
an example, the HSPG syndecan-4 has been postulated to
have a functional role in lactogenesis, including lobuloalveolar
development as seen by its involvement in proliferation,
migration and angiogenesis (Moon et al., 2005; Bishop et al.,
2007; Morrison and Cutler, 2010). The HS GAGs bind with many
pro-angiogenic factors that include; transforming growth factor-
beta (TGF-β), hepatocyte growth factor, heparin-binding EGF,
and FGFs-1, 2, 4, 7, and 10. This coordinated network directly
facilitates the controlled proliferation of the endothelium and
migration of cells for angiogenesis. A lack of HS GAGs leads
to a failure of lobuloalveolar development, resulting in a lack
of milk production (Segev et al., 2004; Crawford et al., 2010).

FIGURE 1 | During normal mammary development, a number of PGs, such as those containing HS side-chains, interact with growth factors, ECM molecules and
cell receptors to mediate physiological and cellular remodeling. Several of these PGs also play a role in mammary tumor progression through up or down regulation
of their local concentrations.
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Apoptotic events to re-establish the pre-pregnancy adult state of
the mammary microenvironment are also directly regulated by
HSPGs through interactions with Fas ligand and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), among others
(Liu et al., 2004; Wu et al., 2012).

Ensuring that the right model is used for the research question
is imperative in all investigations (Figure 2). 2D systems, in
conjunction with animal studies (Pumphrey et al., 2002; Liu et al.,
2003; Kelly et al., 2005; Bischof et al., 2013) and biopsy material,
have facilitated our current understanding of the biosynthesis
of PGs, their biochemistry including interactions with other
biological substances and their functions within the development
of normal and pathological mammary microenvironments, as
extensively reviewed by Theocharis (Theocharis et al., 2015).
In this review, we chose to focus on the details of studies
using patient biopsies or cell suspensions in a 3D context.
Histological studies of human specimens have played a pivotal
role in the elucidation of healthy mammary development, and
the life-long remodeling that occurs. The study conducted by
Ferguson et al. (1992) investigated the changes of ECM molecules
during the menstrual cycle in human females (Ferguson et al.,
1992). It was discovered that over the 4-week menstrual
cycle, ECM molecules such as heparan and chondroitin
sulfate PGs, changed in their concentration and localization.
Understanding the anatomical and molecular changes of the
healthy mammary microenvironment also allows for a better
understanding of the contribution of PGs to the development
of breast TMEs. For example, biopsy studies by De Lima
et al. (2012) and Ricciardelli et al. (2002) compared normal
and cancerous mammary tissue and discovered independently,
that the levels of PGs in the healthy tissue were widely
different when compared with pathological tissue (Ricciardelli
et al., 2002; De Lima et al., 2012), including an upregulation
of heparan and dermatan sulfate PGs. Moreover, a recent
study using breast tissue explants cultured on a gelatin sponge

investigated the role of PGs in mammographic density (Huang
et al., 2020). Application of a syndecan-1 inhibitory peptide,
synstatin, to denser breast tissue reduced the amount of
fibrillar collagen and overall mammographic density. However,
histological studies and 2D models/cultures present a number
of issues, predominantly in their inability to directly observe the
mechanistic pathways that ultimately drive normal development
and homeostatic processes (Figure 2). Future studies could take
advantage of more sophisticated 3D platforms, explored in the
following sections.

MODELING THE FUNCTION OF
PROTEOGLYCANS IN THE BREAST TME

Breast cancer is a dynamic heterogeneous pathophysiological
disease and while we have formulated comprehensive
mechanisms of development underlining the disease, we
lack an equally comprehensive understanding of how the
ECM contributes to the known cancer hallmarks and how
we can leverage this understanding into developing novel
treatments. The TME remodels the associated stroma, resulting
in an increased content of various PGs (Figure 1). Serglycin
promotes anchorage-independent cell migration, growth and
invasion of breast cancer cells and is associated with aggressive
properties of cancer (Korpetinou et al., 2013). In contrast,
lumican possesses anti-migratory and anti-invasive properties as
demonstrated in aggressive breast cancer cell lines (Karamanou
et al., 2017). Studies by Dawoody Nejad et al. (2017) and
Recktenwald et al. (2012) have investigated decorin and biglycan,
respectively, using cell culture dishes (Recktenwald et al., 2012;
Dawoody Nejad et al., 2017). Dawoody found that decorin and
fibromodulin overexpression downregulated NF-kB and TGF-
β1, vital signaling complexes during epithelial-mesenchymal
transitioning, in the metastatic 4T1 breast cancer cell line, which

FIGURE 2 | Culture models ultimately have an innate advantage over histological samples taken from breast cancer patients, as they provide a controlled but
dynamic environment for experimentation over longer periods. However, each culture model system presents their own unique limitations, leading researchers to
choose which system is best for their research or needing to use multiple culture systems.
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may lead to an opportunity to prevent metastatic phenotype
conversion in cancer cells. Recktenwald demonstrated that
downregulation of biglycan led to the promotion of cell
proliferation and migration in HER2+ cell lines, suggesting that
biglycan also has an inhibitory effect on tumor cells.

Overall, growing evidence indicates the importance of
versican as a potential PG involved in mammary carcinogenesis.
Versican is a large PG that is localized to the ECM and can be
found in many tissue regions (Wight, 2002). It is one of the most
widely researched PGs in cancer. and has been implicated within
cancerous samples but not within their healthy control samples
(Ricciardelli et al., 2002). Ricciardelli et al. (2002) investigated
versican, using biopsy material from 58 node-negative patients
and found that versican was detected in all samples from
confirmed breast cancer patients. Additionally, the study showed
that the relapse rate was lower in patients with lower versican
levels in their biopsy specimens and increased in samples with
higher versican levels.

These studies by Dawoody Nejad et al. (2017); Recktenwald
et al. (2012), and Ricciardelli et al. (2002) provide examples
of specific PGs but did not explore their mechanisms of
action, nor their explicit interactions with cancerous cells.
Histology-based assessments such as these could be considered
as static assessments, while dynamic assessments using culture
models allow for more extensive investigations and facilitate
examination of a changing microenvironment. Versican also
plays an essential role in the structural architecture of vascular
walls, and is upregulated in breast cancer (Du et al., 2010),
regulating tumor growth by promoting angiogenesis (Asano
et al., 2017). Furthermore, it assists in regulating proliferation
and inducing metastasis through its interaction with various
ECM components and tumor cells (Laoui et al., 2011; Du
et al., 2013). Interestingly, dos Reis and co-workers recently
demonstrated the correlation of versican expression with tumor
associated macrophage (TAM) accumulation and progression
using two in vivo models of mammary carcinomas (Dos Reis
et al., 2019). The evidence from various studies highlights the
unique roles that each PG plays in mammary tumourgenesis
and progression. Uniform upregulation or downregulation is
clearly not what propagates this progression, but rather a
complex interplay of up and downregulation leading to a
variety of signaling interactions, ultimately resulting in increased
proliferation, invasion and poor survival outcomes (Troup et al.,
2003; Prinz et al., 2011).

In in vitro studies, a potential role for syndecan-1 in
modulating breast cancer brain metastasis has been identified
(Sayyad et al., 2019). On the other hand, in vivo studies such
as by Pumphrey et al. (2002), explored the interactions of
syndecan-1 HSPG analogs that were synthetically produced
by carbodiimide conjugation of GAG chains. Their anticancer
properties were evaluated by injection into breast tumors that
were grown in nude mice in which they observed a significant
reduction in growth without cytotoxicity to neighboring
healthy tissue. However, animal models do come with their
limitations and have led researchers to look for alternatives.
They are financially and ethically expensive and although
in vivo models encapsulate a physiologically robust and similar

microenvironment to that found in humans, they do not fully
represent human biology nor are a platform for customisability
of microenvironmental parameters. This is where 3D models
aim to exploit the best qualities of both 2D and in vivo models
and combine them in a cost-effective, reproducible and most
importantly, physiologically relevant, yet highly customisable,
human model (Figure 2). In an attempt to combat the difficulties
presented by previous models, 3D culture models such as
organ-on-a-chip, hydrogels, scaffolds, and spheroid formation
provide viable in vitro alternatives that extend throughout
many cell-based medical research fields. These customisable
models predominantly aim to recreate a physiologically relevant
ECM to better mimic biologically relevant cell-cell and cell-
ECM interactions.

Naturally derived hydrogels such as Matrigel and collagen
provide a growth factor rich 3D environment for cancer cells to
grow in. Matrigel, a reconstituted basement membrane extract
from the Engelbreth-Holm-Swarm (EHS) sarcoma (Vukicevic
et al., 1992), is rich in basement membrane components,
including the HSPG perlecan and has been used to study
the invasion of breast cancer cells in response to syndecan-
1 knockdown (Nikolova et al., 2009; Ibrahim et al., 2013).
The authors found that proteolytic conversion of syndecan-
1 from being membrane-bound to a soluble form switched
breast cancer cells from a proliferative to an invasive phenotype
(Nikolova et al., 2009). Consistent with this, the overexpression
of miR-10b resulted in downregulated syndecan-1 and increased
invasiveness into a Matrigel matrix (Ibrahim et al., 2013).
Moreover, syndecan-1 has further been found to modulate the
phenotype of cancer stem cells in triple negative breast cancer
types, and when silenced, reduced 3D spheroid formation in vitro
(Ibrahim et al., 2017). Collagen-derived hydrogels have also been
used to study PGs. In a recent study by Singh et al. (2019),
MCF-7 and MDA-MB-231 cells were cultured in 3D collagen
hydrogels to explore the role of dermatan sulfate PGs in breast
cancer invasion (Singh et al., 2019). The authors artificially
decreased the expression of iduronate-2-sulphatase (IDS) in
the cell lines, increasing the levels of dermatan sulfate, which
led to a more mesenchymal morphology and increased breast
cancer cell invasion into a collagen matrix. A recent study from
Karamanou et al. (2020) also utilized collagen-derived hydrogels
to explore the effects of lumican on cell adhesion, including
the molecular mechanisms behind its anti-cancer activities,
demonstrating its potential as a target for anti-cancer therapies
(Karamanou et al., 2020).

HA-based hydrogels have also been employed to investigate
GAG/PG relationships, consisting of a scaffold architecture
aimed to provide a biomimetic ECM for PG signaling.
Bonnesœur et al. (2020) demonstrated that HA-hydrogels were
capable of supporting both mammary and brain-derived cancer
cell lines while showing the tunability and biomimetic capabilities
of PG-based hydrogels (Bonnesœur et al., 2020). Moreover,
a study by Fisher et al. (2015) utilized HA and matrix-
metalloproteinase (MMP) cleavable peptides to investigate MDA-
MB-231 invasion capabilities (Fisher et al., 2015). In this case,
HA was furan-modified and combined with a bismaleimide
peptide crosslinker resulting in a Diels-Alder click reaction. The
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researchers created several hydrogels with and without MMP-
cleavable peptides. Increased crosslinking density resulted in
decreased invasion, while hydrogels incorporated with MMPs
and low crosslinking density, showed higher levels of invasion.
This was corroborated by Hubka et al. (2019), who also utilized
thiolated HA with a poly(ethylene glycol)diacrylate (PEGDA)
crosslinker to form hydrogels in order to investigate the role
of perlecan domain 1 (Hubka et al., 2019). Using FGF-2 along
with the perlecan domain 1, they demonstrated higher migratory
and invasive behaviors in sections of the hydrogels with higher
concentrations of perlecan domain 1 and thereby FGF-2. Baker
and colleagues developed this further (formed by a Diels-Alder
reaction) when they assessed drug infiltration into spheroid
colonies within their HA-hydrogels in MCF-7 and T47D cells
(Baker et al., 2017). They saw that not only was there reduced
penetration into inner cells by the drugs, but drug and multi-
drug resistance occurred, and more accurately represented the
phenomenon of drug resistance that occurs in the clinic.

An example of a non-hydrogel 3D in vitro system was
formulated by Hinderer et al. (2018), where electrospun scaffolds
were functionalised to assess decorin interaction with endothelial
cells (Hinderer et al., 2018). Decorin and stromal cell-derived
factor-1 (SDF-1) coated scaffolds showed high levels of adhesion,
migration and interaction with human endothelial progenitor
cells (hEPCs) when compared to non-functionalized scaffold
controls. Further, they found that decorin had higher levels
of interaction and influence over the migration of the hEPCs
compared to SDF-1. Le Borgne-Rochet et al. (2019), also using
a scaffold system, studied the role of decorin in cell migration,
illustrating the interactions decorin has with the adhesion
molecule P-cadherin (Le Borgne-Rochet et al., 2019). This further
supported Hindere’s work regarding the many interactions of
decorin and showed that P-cadherin mediated the directional cell
migration and collagen fiber orientation required the presence of
decorin. They also discovered that decorin activation resulted in
upregulation of β1 integrin and the β-Pix/CDC42 axis promoting
directional cell migration.

CONCLUSION AND PERSPECTIVES

These studies implicate a multifaceted role for PGs in breast
cancer. It is tempting to suggest that the stromal-breast tumor
PG microenvironment may shape the fate of these programmable
ever adapting tumor cells. However, it is a balancing act
where subtle changes in the content of PGs and associated
ECM may be utilized by the tumor cells to overcome the
intrinsic resistances and hostilities presented to them. Current
findings from the literature warrant undertaking comprehensive
mechanistic studies where this balance could be exploited to
favor a healthy microenvironment. To date, the study of breast
PGs in a 3D in vitro context has been limited. While 2D
cultures have been utilized for their ease-of-use, there is a
substantial difference in cellular behavior and morphology when
the context of the cellular microenvironment is changed (Weigelt
et al., 2014). Advances in 3D cell culture have led to novel
findings, including biological events that transpire during cancer

development that were previously not known. The establishment
of these relatively new systems as dominant platforms for
medical research, will enable further novel findings, including
further study of the complex interactions of PGs. In particular,
3D model systems provide the ideal platform to assess PGs
with a significant lack of studies leveraging these physiological
relevant systems currently employed in breast cancer and other
cancer research.

State-of-the-art biomaterials and tissue engineering strategies
enable the reconstruction of different microenvironments by
providing biomechanical and biochemical compositions specific
to various tissues. In previous work, we have shown how
semi-synthetic hydrogels prepared from PEG and heparin
GAGs represent a platform for TME modeling (Bray et al.,
2015). Likewise, hydrogels formed from gelatin-methacryloyl
(GelMA) have been used to successfully recapitulate breast
cancer invasion and chemoresponses in vitro (Yue et al.,
2015; Loessner et al., 2016; Donaldson et al., 2018; Meinert
et al., 2018). Exploiting such biohybrid 3D matrices allows
for the control of batch-to-batch physicochemical properties,
which are known to affect cellular behavior in the TME. The
implementation of 3D systems further allows for the extensive
analysis of ECM and basement membrane deposition by the
cells in their surrounding microenvironment. In order to study
the role of PGs in breast cancer in vitro, attention should be
paid to give microenvironmental and PG context, and to allow
for the heterogeneous culture of various supporting cell types
resulting from patient tissues (Foley, 2017). Finally, dynamic
culture conditions, such as bioreactors (Selden and Fuller, 2018),
microfluidics (Shang et al., 2019), and tumor-on-chip (Rothbauer
et al., 2019; Sun et al., 2019) technologies, exemplify options to
raise the physiological relevance of PG studies specific to the
breast tissue microenvironment. Taken together, we anticipate
that the development of novel and sophisticated 3D models in
which to study the role of PGs in the breast microenvironment
will allow for the identification of novel therapeutic targets
for preventing and treating malignant transformation in breast
cancer patients, such as in the case of the syndecan-1 inhibitor,
synstatin (Beauvais et al., 2009; Jung et al., 2016).
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Heparan sulfate proteoglycans (HSPGs) are an evolutionarily ancient subclass of
glycoproteins with exquisite structural complexity. They are ubiquitously expressed
across tissues and have been found to exert a multitude of effects on cell behavior
and the surrounding microenvironment. Evidence has shown that heterogeneity in
HSPG composition is crucial to its functions as an essential scaffolding component
in the extracellular matrix as well as a vital cell surface signaling co-receptor. Here,
we provide an overview of the significance of HSPGs as essential regulators of stem
cell function. We discuss the various roles of HSPGs in distinct stem cell types
during key physiological events, from development through to tissue homeostasis
and regeneration. The contribution of aberrant HSPG production to altered stem
cell properties and dysregulated cellular homeostasis characteristic of cancer is also
reviewed. Finally, we consider approaches to better understand and exploit the
multifaceted functions of HSPGs in influencing stem cell characteristics for cell therapy
and associated culture expansion strategies.

Keywords: proteoglycans, GAGs, stem cells, embryonic stem cells, adult stem cells, extracellular matrix,
glycosaminoglycan, heparan sulfate

INTRODUCTION

The glycocalyx is a dense layer of glycoproteins and glycolipids that coats the exterior of the cell
membrane. It is comprised of a variety of polysaccharides covalently attached to lipids or proteins,
and functions as an essential interface between external and internal cellular environments.
Heparan sulfate (HS) is one of the many constituent polysaccharides, and is long (40–300 residues),
linear and highly charged (Sarrazin et al., 2011). HS belongs to the glycosaminoglycan (GAG) family
of carbohydrates, which also includes the closely related heparin, hyaluronan (HA), chondroitin
and dermatan sulfate (CS/DS), and keratan sulfate (KS) (Esko and Lindahl, 2001; Gallagher,
2001). The base structure of HS is highly conserved throughout multicellular organisms, including
mammals, fruit flies (Drosophila melanogaster) (Nakato et al., 1995), nematodes (Caenorhabditis
elegans) (Townley and Bülow, 2011) and hydra (Hydra Magnipapillata and Hydra vulgaris) (Sarras
et al., 1991; Yamada et al., 2007), indicating an ancient evolutionary origin.

HS is present in the extracellular matrix (ECM) of every tissue and on the surface of virtually
every cell within an organism. HS chains are covalently attached to core proteins belonging
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to multiple families, and are collectively known as heparan sulfate
proteoglycans (HSPGs). Mammalian HSPGs may be present as
transmembrane proteins (syndecan 1–4, CD44, neuropilin-1,
betaglycan) (Rapraeger et al., 1985; Sanderson and Bernfield,
1988; Andres et al., 1989; Brown et al., 1991; Kojima et al., 1992;
Shintani et al., 2006; Multhaupt et al., 2009; Couchman, 2010;
Gopal et al., 2010), GPI-anchored membrane proteins (glypican
1–6) (David et al., 1990; Filmus and Selleck, 2001; Filmus et al.,
2008; Feil et al., 2009), secreted proteins retained within the ECM
(perlecan, agrin, and collagen XVIII) (Noonan et al., 1991; Tsen
et al., 1995; Halfter et al., 1998; Knox et al., 2002; Knox and
Whitelock, 2006) or in secretory granules (serglycin) (Tantravahi
et al., 1986; Stevens et al., 1988; Kolset and Tveit, 2008).

The ubiquitous presence of HSPGs is indicative of the
multitude of important biological roles they play within an
organism. For example, HS-rich perlecan is an integral basement
membrane constituent, along with agrin and collagen XVIII,
and a critical scaffolding component of the ECM (Hassell et al.,
1980; Costell et al., 1999; Farach-Carson and Carson, 2007).
In this regard, HSPGs provide biomechanical support and
help maintain integrity of the extracellular microenvironment.
Apart from their structural functions, HS chains can bind
to a large number of proteins, of which at least 437 have
been identified, and serve as low-affinity co-receptors during
signaling events (Xu and Esko, 2014; Rudd et al., 2017;
Dubey et al., 2020). Additionally, the protein-binding properties
of HS afford it the ability to arrange morphogens into
spatial and temporal gradients, which is vital for orderly
development and tissue repair (Bernfield et al., 1999). HS
can also bind and sequester various proteins, protecting
them from thermal or proteolytic degradation (Sadir et al.,
2004; Makarenkova et al., 2009; Xu and Esko, 2014; Kjellén
and Lindahl, 2018; Poon et al., 2018; Sun C. et al., 2019).
The distinct combinations of functional groups and chain
modifications laid down during biosynthesis confer unique
structural conformations and binding properties to an HS
chain, underpinning its propensity to interact with a wide
array of ligands and cognate receptors (Kreuger et al., 2006;
Lindahl and Li, 2009).

HSPGs may also interact with proteins via the cytoplasmic
domains of their core proteins. The syndecans are especially
known to engage components of the cytoskeleton and focal
adhesions, such as α-actinin and integrins, despite an absence of
inherent kinase activity (Rapraeger et al., 1986; Saoncella et al.,
1999; Greene et al., 2003). Such interactions implicate HSPGs
as crucial components of protein binding events not only at the
cell surface, but also those within adjacent intracellular regions
that may influence cytoskeletal organization and downstream
signaling cascades. All of these functional features confer an
indispensability of HSPGs in cellular responses that influence cell
morphology, adhesion, migration, and fate decisions (Longley
et al., 1999; Cool and Nurcombe, 2006; Gopal et al., 2010; Bass
et al., 2011; Okina et al., 2012; Vuong et al., 2015; Mitsou et al.,
2017). In this review, we highlight some of the intricate structural
features of HS and their proteoglycans (PGs) that underpin
such functionality, and discuss the importance of specific HSPG
signatures in mediating the behavior of different stem cell types.

HS STRUCTURE AND BIOSYNTHESIS

The basic structural unit of the HS polysaccharide is that
of a repeating disaccharide composed of uronic acid (either
glucuronic acid or its C5-epimer, iduronic acid) β1,4 linked
to N-glucosamine, which may be N-acetylated, N-sulfated or
in rare circumstances, N-unsubstituted (free amine) (Figure 1;
Esko and Lindahl, 2001). A wide range of structural diversity
and functional complexity is conferred upon modification of the
constituent monosaccharides—the uronic acid may be sulfated
at the C2 position and the glucosamine at the N, C6 and rarely,
C3 positions. The synthesis of HS is carried out within the Golgi
apparatus by a series of biosynthetic enzymes (Figure 2), through
the catalysis of nucleotide sugars (such as UDP-glucosamine)
and the nucleotide sulfate donor 3′-phosphoadenosine-5′-
phosphosulfate (PAPS) (Esko and Lindahl, 2001). The majority
of HS biosynthetic enzymes are type II integral Golgi membrane
proteins except for 3-O-sulphotransferase 1 (3OST1), which
possesses an intraluminal resident form (Shworak et al., 1997).

HS chains are attached to PG core proteins as post-
translational modifications via a linkage tetrasaccharide. This
“linker” sequence is composed of a glucuronic acid residue, two
galactose residues and a xylose residue covalently bound to a
serine hydroxyl group through a xylosidic bond (Lindahl and
Rodén, 1965; Lindahl, 1966). A heterodimeric complex of the HS
co-polymerases exostosin 1 and 2 (EXT1 and EXT2) alternatively
adds N-glucosamine and glucuronic acid residues, resulting in
the basic structure and length of the chain. Following this,
N-deacetylase/N-sulphotransferase (NDST; 4 isoforms) removes
acetyl groups and adds a sulfate moiety to the N position of
select glucosamine residues. This process yields short N-sulfated
domains that serve as substrates for further modification. On
rare occasion, deacetylated glucosamine residues may be left
as free amine groups (Sheng et al., 2011; Dou et al., 2015).
Next, glucuronyl C5-epimerase (GLCE) selectively converts
glucuronic acid residues into iduronic acid, a process that
requires an adjacent N-sulphoglucosamine at the non-reducing
end (Hagner-McWhirter et al., 2004). This is followed by 2-
O-sulfation at the C2 position of the uronic acid, brought
about by 2-O-sulphotransferase (2OST); this modification occurs
predominantly in iduronic acid residues rather than glucuronic
acid (Smeds et al., 2010). Subsequently, the C6 positions of
select glucosamine residues are sulfated by 6-O-sulphotransferase
(6OST; 3 isoforms) (Xu et al., 2017). In rare cases, the C3 position
may also be sulfated by 3-O-sulphotransferase (3OST; 7 isoforms)
(Shworak et al., 1999). At this stage, HS is transported to the cell
surface where a final modification involving the selective removal
of 6-O-sulfate groups from glucosamine residues may occur,
through the action of extracellular 6-O-endosulphatase (SULF; 2
isoforms collectively referred to as “sulfatases”) (Ai et al., 2003).

THE INTRICATE STRUCTURE OF HS
IMPARTS ESSENTIAL FUNCTIONS

A complete HS chain possesses complex structural heterogeneity
seldom observed in most biomolecules. Short, highly sulfated,
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FIGURE 1 | The chemical structure of HS. The repeating disaccharide unit of HS comprises a GlcA residue linked to GlcNAc residue via a β1,4 glycosidic bond.
Selective GlcA monosaccharides undergo epimerization to IdoA, which is particularly susceptible to sulfation at the C2 position. Sulfate moieties may also be added
to the N, C6 and rarely, C3 positions of the glucosamine residue. GlcA, glucuronic acid; GlcNAc, N-acetyl glucosamine; IdoA, iduronic acid; GlcNS, N-sulfated
glucosamine; 2S, 2-O-sulfation; 6S, 6-O-sulfation; 3S, 3-O-sulfation.

and heterogeneous regions (NS domains) are flanked by short
transition domains of variable sulfation (NA/NS domains)
(Figure 2). The NA/NS domains are interconnected by long,
flexible regions of little to no modification (NA domains)
(Turnbull and Gallagher, 1990, 1991; Maccarana et al., 1996;
Gallagher, 2001). HS functionality is imparted predominantly
by the highly negatively charged NS domains. The disaccharide
residues in these regions are capable of interacting with small
hydrophilic clusters of positively charged amino acid residues,
such as lysine and arginine, common characteristics observed
within the three-dimensional structure of HS-binding proteins
(Cardin and Weintraub, 1989; Faham et al., 1996; Rudd et al.,
2017). Interactions of HS with the fibroblast growth factor
(FGF) family and their cognate receptors (FGFRs) serve as
quintessential examples of this feature, which underpins the role
of HSPGs as low-affinity co-receptors (Rapraeger et al., 1991;
Yayon et al., 1991; Nurcombe et al., 1993).

A high affinity binding site for FGF2 in fibroblast-derived
HS was discovered to be an oligosaccharide that is 7
disaccharides in length or has a degree of polymerization of
7 (dp7) (Turnbull et al., 1992). This dp7 fragment and other
longer heparin/HS-derived oligosaccharides containing the dp7
sequence were characterized by an enrichment of 2-O-sulfated
iduronic acid (IdoA2S) and N-sulfated glucosamine (GlcNS)
residues (Turnbull et al., 1992; Ishihara et al., 1994; Kreuger
et al., 1999). The necessity of these IdoA2S and GlcNS residues
for FGF2 binding was evidenced when treatment of the dp7
fragment with heparinase led to an abolishment of FGF2 binding.
Moreover, other similarly sized oligosaccharides with reduced
2-O-sulfation exhibited lower affinities for FGF2, highlighting

the requirement of contiguous stretches of highly sulfated
disaccharides for strong FGF2 binding (Turnbull et al., 1992).
Further enquiry into the compositional features of HS and
heparin oligosaccharides that are required for FGF interactions
has shown that the FGFs bind to certain shared HS epitopes
with low affinity and selectivity (Kreuger et al., 2005). However,
distinct sulfation patterns and chain lengths allow for the
formation of specialized NS domains in the GAG chain, which
preferentially bind specific FGFs with a higher affinity than
others (Guimond and Turnbull, 1999; Schultz et al., 2017).
For example, while IdoA2S and GlcNS residues are essential
for FGF2 binding, additional 6-O-sulfation of GlcNS residues
(GlcNS6S) is required for high affinity binding to FGF1 and
FGF4 (Ishihara, 1994; Kreuger et al., 1999; Ashikari-Hada et al.,
2004). The binding affinity of HS/heparin oligosaccharides to
FGF1 and FGF4 is also reported to correlate with chain length.
Kreuger et al. (1999) have shown that the minimum length
required for a heparin oligosaccharide to exhibit binding affinity
to FGF1 is dp6. However, dp10 fragments and larger are needed
for tight binding with both FGF1 and FGF4 (Ishihara, 1994;
Kreuger et al., 1999).

In addition to FGF binding, HS chains bind to corresponding
FGFRs to enhance ligand–receptor interactions and promote
receptor dimerization for ternary complex formation (Ornitz
et al., 1992; Spivak-Kroizman et al., 1994; Pellegrini et al.,
2000; Schlessinger et al., 2000). While 6-O-sulfate moieties
on glucosamine residues of HS/heparin are dispensable for
FGF2 binding (Guimond et al., 1993; Maccarana et al.,
1993; Ishihara et al., 1994), they are required for engaging
FGFR, facilitating ternary complex formation and subsequently,
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FIGURE 2 | HSPG biosynthesis and functions. HS biosynthesis is a sequential process that occurs in the Golgi apparatus. It is initiated by the formation and
attachment of a tetrasaccharide linker to a serine residue on the core protein. Subsequently, chain polymerization is carried out by EXT1 and EXT2, where
N-acetylglucosamine and glucuronic acid residues are added in succession. The HS chain is then modified by a collection of enzymes including the NDSTs, GLCE,
2OST, 6OSTs, and 3OSTs. Selective sulfation and epimerization confer intricate structural nuances to the HS chain, underpinning the formation of domains with
distinct functional features. Upon exit from the Golgi apparatus, HSPGs may be stored in secretory granules, transported to the plasma membrane or secreted into
the ECM. They bind to a variety of signaling factors and function as co-receptors to mediate signaling cascades important for stem cell proliferation and
differentiation. HSPGs may engage with integrins, fibronectin, and actin filaments to bring about cytoskeletal reorganization for focal adhesion formation or migration.
HSPGs can also sequester signaling molecules in the ECM and regulate their bioavailability. Monosaccharides in this figure have been represented in accordance
with the symbol nomenclature for glycans (SNFG) (Varki et al., 2015).
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activating the mitogenic effect of FGF2–FGFR interactions
(Ostrovsky et al., 2002). In a study by Guimond and colleagues,
exogenous full-length heparin was capable of rescuing the
mitogenic effect of FGF2 in fibroblasts devoid of HS. However,
selective 6-O-desulfation of heparin inactivated FGF2-induced
mitogenesis, even though the oligosaccharide was able to
bind FGF2 and compete with endogenous heparin for FGF2
binding (Guimond et al., 1993). The requirement of 6-O-
sulfate moieties for activating FGF2-dependent mitogenesis upon
HS/heparin binding was further established when disaccharide
analysis of a range of different HS oligosaccharides clearly
showed that the major distinguishing factor between activating
and inhibitory fragments was the extent of 6-O-sulfation (Pye
et al., 1998). Apart from appropriately 6-O-sulfated residues,
chain length was also found to be an important factor for
determining the ability of a HS/heparin oligosaccharide to
support FGF2 mitogenic activity. An exogenous heparin-derived
dodecasaccharide (dp12) was comparable to full-length heparin
in rescuing the mitogenic effect of FGF2 in fibroblasts devoid
of HS, whereas HS/heparin fragments lower than dp10 lacked
the ability to support this activity (Guimond et al., 1993;
Ishihara, 1994; Pye et al., 1998). Therefore, the structural and
compositional features of HS heavily influence the functional
properties of the chain, and consequently, the ability of HSPGs to
operate effectively as signaling co-receptors (Goodger et al., 2008;
Jastrebova et al., 2010).

HETEROGENEITY IN HSPG
COMPOSITION AND LOCALIZATION
CAN INFLUENCE STEM CELL FATE

Structural and functional heterogeneity in HSPGs has been
observed between different cell types and within particular cell
populations over time (Turnbull and Gallagher, 1988; Allen
et al., 2001). The HSPGs produced by a cell (heparanome)
can be rapidly altered with changes in cell state. Such
alterations can influence cell activity in distinct ways
depending on the compositional complexity of the heparanome
(Turnbull et al., 2001).

HSPG heterogeneity can be seen at both the GAG chain
and core protein levels. Heterogeneity at the HS chain level
has largely been attributed to the non-template and incomplete
nature of the HS biosynthetic process, as well as the activity of
multiple biosynthetic enzyme isoforms that may differ in their
substrate specificities and the products they generate (Aikawa
and Esko, 1999; Liu et al., 1999; Habuchi et al., 2000; Turnbull
et al., 2001). Post-biosynthetic alterations to sulfation and chain
length are also known to contribute to the structural diversity
and associated functional variability in HS. For example, selective
removal of 6-O-sulfate groups by the SULF enzymes, SULF2
in particular, may lead to domain reorganization within the
HS chain, prevent the binding of HS to signaling factors and
consequently, alter ligand–receptor interactions that influence
stem cell or progenitor cell fate decisions (Ai et al., 2003; Lai et al.,
2003; Hammond et al., 2014). The drastic effects that a lack of
appropriate HS moieties can have on signaling and progenitor

cell function was examined in MM14 myoblast cultures in vitro—
desulfation of cell surface HS by heparinase or chlorate treatment
prevented FGF2 binding to cognate cell surface receptors
and removed the suppressive effect of FGF2 on myoblast
differentiation (Rapraeger et al., 1991). A similar trend was
observed with the addition of selectively 6-O-desulfated heparin
to MM14 cultures. The heparin oligosaccharides competed with
endogenous HS for FGF2 binding and precluded FGF2–FGFR
interactions that normally suppress cell cycle exit and myogenic
activation (Guimond et al., 1993). The cleavage of 6-O-sulfates
from cell surface and secreted HSPGs can also lead to the release
of previously bound signaling factors and an increase in the
bioavailability of these factors within the ECM (Uchimura et al.,
2006; Rosen and Lemjabbar-Alaoui, 2010). Alternatively, the
biodistribution of signaling molecules in the ECM may be altered
as a result of HS chain cleavage by the single copy heparanase
enzyme (HPSE), since cleavage releases biologically active HS
fragments that are capable of binding and sequestering signaling
factors within the extracellular space (Kussie et al., 1999; Hulett
et al., 2000; Vlodavsky et al., 2002).

In the case of core proteins, heterogeneity can result from
the differential expression of encoding genes. Spatiotemporal
variability in the expression of core proteins, especially during
development and wound healing, can influence signaling events
at the cell surface and affect a stem cell’s responsiveness to its
surroundings (Bernfield et al., 1993; Olczyk et al., 2015). The
collection of core proteins present at the cell surface and their
localization may also be altered upon cleavage of PG ectodomains
in a process known as “shedding” (Nam and Park, 2012).
Studies have shown that shedding is mediated by a variety of
proteases and phospholipases, collectively known as “sheddases,”
which can exhibit specificity toward particular core proteins.
For example, the syndecans are known targets of a number of
matrix metalloproteinases (MMPs), such as MMP7, MMP9, and
ADAM17 (Ding et al., 2005; Brule et al., 2006; Pruessmeyer et al.,
2010). Recently, ADAM17 has also been reported as a glypican
sheddase, in addition to conventional phospholipases, such as
Notum, that cleave at the GPI anchor (Traister et al., 2008;
Kawahara et al., 2017). The shedding process yields bioactive
soluble forms of HSPGs in the ECM that act as paracrine
or autocrine effectors, and compete against cell-surface/matrix-
bound HS (Nam and Park, 2012). The intact HS chains attached
to the cleaved PG ectodomains can also operate as reservoirs that
bind signaling molecules and regulate their diffusion, aiding in
the maintenance of morphogen gradients that direct stem cell
responses (Yan and Lin, 2009).

Heterogeneity in chain composition, core protein expression
and PG localization underpin a highly diverse heparanome,
which may directly influence the repertoire of molecular cues
within a cell’s microenvironment as well as the cell’s ability to
respond to them. However, there are several important questions
yet to be answered regarding this diversity, especially pertaining
to potential differences in functionality between cell surface
HSPGs, cleaved or shed HSPGs, and secreted HSPGs. It remains
to be understood whether HSPGs vary in the HS chains they
carry depending on the core protein type and positional status.
Current experimental methods to examine HSPG composition
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and function involve the extraction of PG pools from cell cultures
or tissues and therefore, lack the resolution to interrogate distinct
HSPG fractions or individual HSPGs. Such an inability to probe
potentially unique compositional characteristics and mechanisms
of action of specific HSPGs presents a major challenge in the field,
and has hindered an understanding of fine functional nuances
that may exist between HSPGs.

HSPGS AS ORCHESTRATORS OF
DEVELOPMENT AND DIFFERENTIATION

Lessons From Knockout Mouse Models
Over the past two decades, genetic modification has been one
of the primary methods used for investigating the functions of
HS modifications in mediating stem cell fate during development
and differentiation. The knockout (KO) of individual genes from
the HS biosynthetic pathway has revealed essential roles played
by distinct modifications in tuning cellular responses to GFs,
cytokines, chemokines, and morphogens.

Ext1 Knockout
In 2000, Lin and colleagues first developed the Ext1−/− mouse,
which was devoid of HS due to the loss of the HS co-polymerase
EXT1 (Lin et al., 2000). Ext1−/− embryos failed to develop
beyond the blastocyst stage, clearly indicating that HS is an
essential regulator of gastrulation and embryogenesis. Analysis of
Ext1−/− embryonic stem cell (ESC) behavior in vitro has been
carried out extensively by the Merry lab, specifically with regards
to the development of the neurectoderm and mesoderm (Johnson
et al., 2007; Baldwin et al., 2008; Holley et al., 2011; Pickford
et al., 2011; Meade et al., 2013). Over the course of several
studies, the essential regulatory role of HS in the exit of murine
ESCs (mESCs) from pluripotency was discovered; Ext1−/− ESCs
were incapable of exiting the pluripotent state under neural
(Johnson et al., 2007; Pickford et al., 2011; Meade et al., 2013)
or mesodermal (Holley et al., 2011) differentiation conditions,
instead retaining characteristics of pluripotent cells, such as
high levels of OCT4 expression. Interestingly, the addition of
exogenous heparin or HS was able to rescue differentiation in
these studies, further indicating that HS is a crucial regulator of
stem cell function.

These findings were further validated in two studies by
Kraushaar et al. (2010, 2012), who revealed that Ext1−/− mESCs
were capable of maintaining pluripotency despite the removal
of leukemia inhibitory factor. The absence of HS resulted in
defective FGF and BMP signaling, such that the KO mESCs
were unable to respond to pro-differentiation factors. Additional
studies have revealed potential compensatory mechanisms by
which the levels of other sulfated GAGs (such as CS and
DS) appear to be upregulated in Ext1- null cells. This idea
was initially proposed in a study by Le Jan and colleagues,
wherein Ext1−/− embryoid bodies (EBs; spheroid cell aggregates
capable of crudely recapitulating early embryonic development)
displayed increased levels of CS/DS, and were able to respond
to VEGF as well as undergo sprouting angiogenesis despite
the loss of HS (Le Jan et al., 2012). The existence of putative

compensatory mechanisms between different GAG species and
consequent effects on signaling cascades suggests yet another
layer of complexity in the GAG-dependent modulation of stem
cell behavior, which is yet to be fully explored.

Ndst1/2 Knockout
Whilst the loss of Ext1−/− highlights the absolute requirement
of HS in development and differentiation, it does little to
reveal how changes in specific modifications within the HS
chain, such as N-sulfation, within the HS chain could affect the
behavior of cells. As described previously, NDST1 and 2 are
primarily responsible for laying down N-sulfate modifications
and forming NS domains within HS (NDST1) and heparin
(NDST2) (Forsberg and Kjellén, 2001). In 2004, Holmborn
and colleagues derived Ndst1/2−/− mESCs; analysis of the HS
produced in these cells indicated a total loss of N- and 2-
O-sulfation. Interestingly, 6-O-sulfation was still present and
transcripts for all three 6OSTs were expressed, with 6OST1
displaying the greatest transcript abundance (Holmborn et al.,
2004). Although functional assays were not performed, it was
revealed that the presence of NS domains was not a pre-requisite
for 6-O-sulfation. This important observation may be attributed
to the unique orientation in which the 6OSTs engage with the
HS chain, which is markedly different to that adopted by other
sulphotransferases (Xu et al., 2017).

A number of other studies have sought to better elucidate
the role of HS N-sulfation in early differentiation events and
maintenance of pluripotency through use of the Ndst1/2−/−

mESC line. The loss of N-sulfation results in perturbed FGF4
signaling, which in turn manifests as a similar phenotype to
Ext1−/− mESCs: an inability to exit the pluripotent state (Lanner
et al., 2010). Subsequent investigation indicated that despite
the loss of N-sulfation, Ndst1/2−/− mESCs were still able to
respond to stimulation by BMP4 (Forsberg et al., 2012). This
finding clearly reflected the differential nature and context-
dependent role of HS in FGF and BMP signaling. HS is not
essential for BMP:BMPRI complex formation, as is the case
for FGF:FGFR. Instead, HS binds to BMPRII and enhances
its recruitment to BMP:BMPRI complexes, facilitating receptor
hetero-oligomerisation for signaling (Kuo et al., 2010). Recent
studies have suggested that HS is also able to antagonize BMP
signaling (Mundy et al., 2018), offering an insight into why
Ndst1/2−/− mESCs are still capable of responding to BMP4 and
differentiating down an osteoblastic lineage.

Further studies have revealed an essential requirement
for N-sulfation in angiogenic sprouting and the response to
VEGF (Jakobsson et al., 2006). Lack of N-sulfation prevented
Ndst1/2−/− EBs from undergoing angiogenesis. However,
chimeric EBs formed with Vegfr2−/− mESCs were able to
effectively respond to VEGF. This indicated that HS in
trans was capable of potentiating VEGF signaling and was
sufficient to rescue the differentiation capacity of cells devoid of
N-sulfated residues.

Embryonic Stem Cells
Preliminary studies on HS expression and function in ESCs
focused on mESCs. Immortal, easy to culture and rapidly
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proliferating, these cells were ideal for obtaining sufficient
quantities of biological material to conduct detailed analyses
of HS and its biosynthetic pathway. Nairn et al. (2007) used
mESCs to study changes in GAG content and composition
during differentiation to EBs and extra embryonic endoderm.
Findings indicated that HS synthesis was upregulated, together
with that of HA and CS/DS, during differentiation. Overall GAG
sulfation increased as cells differentiated, with particularly high
levels of N-sulfated HS disaccharides and di-sulfated CS type E
disaccharides (Nairn et al., 2007).

Further studies from the Merry lab focused on early lineage
commitment through the use of well-defined differentiation
protocols aimed at recapitulating early germ layer specification
(Smith et al., 2011). In 2007, an mESC Sox1-green fluorescence
protein (GFP) reporter line, 46C, was used to analyze changes
in HS sulfation through the course of differentiation to neural
progenitor cells (NPCs) (Johnson et al., 2007). The study reported
a clear rise in HS sulfation as cells exited a pluripotent state and
differentiated into NPCs. Increases in HS biosynthetic enzyme
transcripts, FGF2 cell surface binding and N, 6- and 2-O-
sulfated disaccharides were also observed. A similar study in 2008
assessed the changes in HS expression through the course of early
mesoderm commitment in mESCs by using an epitope-specific
single chain fragment-variable antibody (HS4C3) (Baldwin
et al., 2008). During mesodermal differentiation toward the
haemangioblast lineage, cells upregulated the HS4C3 epitope
[previously identified as containing 3-O-sulfation (ten Dam et al.,
2006)], coinciding with an upregulation in the transcription
factor brachyury. Isolation and reaggregation of cells with high
expression of the HS4C3 epitope and brachyury yielded a higher
efficiency of differentiation into haemangioblasts, indicating that
specific changes in HS fine structure are correlated with enhanced
commitment to a particular mature lineage (Baldwin et al.,
2008). This was further confirmed via immunocytochemical
staining of sectioned primitive streak stage mouse embryos,
which displayed high expression of the HS4C3 epitope in the
developing mesoderm during gastrulation (Baldwin et al., 2008).

Hirano et al. (2012) proposed that the HS4C3 epitope
influenced Fas signaling during mESC differentiation, with
overexpression of 3-O-sulfation leading to enhanced Fas
signaling and differentiation. Conversely, removal of 3-O-
sulfation reduced Fas signaling and the differentiation potential
of mESCs. A follow-up study showed that Fas signaling via
the 3-O-sulfated epitope recognized by HS4C3 was indeed
required for the transition between naïve and primed states,
as mESCs differentiated into murine epiblast-like cells (Hirano
et al., 2013). Such observations confirmed the importance of
understanding rapid and subtle changes in HS fine structure
during early differentiation events and tissue specification.
Temporal and lineage-specific alterations in mESC HS structure
can influence signaling pathways that mediate exit from
pluripotency, highlighting HS as a key orchestrator of early
developmental events.

Whilst many studies investigating the role of HS in pluripotent
stem cell function have utilized mESCs due to their relative ease
of culture and ability to readily produce genetic mutants, focus
has begun to shift onto more relevant human ESCs (hESCs) and

induced pluripotent stem cells (iPSCs). Gasimli and colleagues
investigated changes in the structure of various GAGs, including
HS, during the differentiation of hESCs toward mesodermal and
endodermal lineages (Gasimli et al., 2014). Upon differentiation
toward splanchnic mesoderm, several PG transcripts were
markedly upregulated and an increase in HS sulfation was
observed (predominantly N-sulfation). Differentiation toward
an immature hepatocyte lineage yielded similar increases in HS
sulfation, with an accentuation of N-sulfated, 6-O-sulfated HS
(Gasimli et al., 2014). Such evidence highlights the potential
importance of regulated variation in HSPG expression and HS
fine structure during specification toward different germ layers
and cell lineages. It also suggests a possibility that particular
HSPG signatures, which predominate over others at distinct
stages of lineage commitment, may be used to develop potential
markers of differentiation. However, more evidence detailing
chronological changes in HSPG composition and associated
sequence motifs during lineage commitment is needed to
improve an understanding of the relationship between the
heparanome and differentiation status.

The use of hESCs has also expanded knowledge regarding
the requirement of HS within the extracellular environment
for guiding stem cell fate. A 2012 study indicated that matrix-
bound HS is essential for the effective culture expansion
and maintenance of pluripotency of hESCs (Stelling et al.,
2012). Cells were cultured on a variety of substrates, including
mouse embryonic fibroblasts (MEFs), ethanol-fixed MEFs, and
MEFs devoid of HS. It was observed that hESCs maintained
pluripotency marker gene expression when cultured on feeder
layers presenting HS (both live and fixed). In contrast, HS-
deficient layers were unable to support hESC attachment and
growth (Stelling et al., 2012). Another group demonstrated
that decellularized organ matrices were capable of influencing
differentiation and lineage commitment of pluripotent stem
cell-derived mesoderm progenitors through HSPG-bound tissue-
specific factors (Ullah et al., 2020). Together, these data highlight
that HS in trans within the surrounding matrix or culture
substrata is crucial for the maintenance of homeostasis, as well
as the regulation of ESC function.

Neuroepithelial Cells
The significance of HSPGs in early central nervous system (CNS)
development was established from studies where the absence of
key biosynthetic enzymes resulted in pronounced developmental
abnormalities (Poulain and Yost, 2015). Conditional knockout of
Ext1 in the nervous system of murine embryos gave rise to severe
midbrain and cerebellar deformities, underdeveloped cerebral
cortices and a lack of key neuronal tracts, leading to postnatal
lethality (Inatani et al., 2003). Defects in forebrain development,
cerebral hypoplasia as well as craniofacial malformations, such
as hydrocephalus, have also been described with deficiencies
in Ndst1, Hs2st1, and Sulf2, respectively (McLaughlin et al.,
2003; Grobe et al., 2005; Kalus et al., 2009). Notably, these
developmental phenotypes were observed to overlap extensively
with those obtained by knocking out genes encoding key
morphogens, such as Fgf8, Wnt1, and Shh, during embryogenesis
(Thomas et al., 1991; Chiang et al., 1996; Meyers et al., 1998).
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This suggested an HS-dependency of these signaling factors in
directing stem cell function for neural tube patterning.

Further inquiry revealed that HSPGs are essential prior to and
during neurogenesis (Yamaguchi, 2001). Distinct spatiotemporal
expression patterns of HS-binding FGFs have been observed
to mediate the proliferation, survival and differentiation of
neuroepithelial cells (NECs) as well as their radial glial cell
(RGC) progeny (Murphy et al., 1990; Guillemot and Zimmer,
2011). For example, FGF2 and FGF8 support the expansion
of NECs soon after specification in the neural tube, while the
onset of FGF10 expression promotes the asymmetric division
of mature NECs to form RGCs (Raballo et al., 2000; Storm
et al., 2006; Sahara and O’Leary, 2009). Such nuanced FGF
expression, FGF2 in particular, is accompanied by the presence
of HSPGs as early as embryonic day 9 (E9) in murine
neuroepithelial tissue (Nurcombe et al., 1993). Importantly,
the functional properties of neuroepithelial HS were observed
to change as embryogenesis progressed, in synchrony with
changes in FGF expression. While HS derived from E9 tissue
was able to bind FGF2 effectively in comparison to FGF1,
a shift in binding affinity toward FGF1, rather than FGF2,
was found in HS from E11. Such an alteration in binding
affinity at E11 was attributed to compositional variations of
HS, including longer chain length, greater number of sulfated
domains and increased 6-O-sulfation in comparison to E9
chains (Brickman et al., 1998). Furthermore, a single core
protein species was detected in both E9 and E11 neuroepithelial
cultures, suggesting that HS chains on an individual PG may be
rapidly modulated to complement, or even augment, the action
of signaling molecules that regulate distinct NEC phenotypes
(Nurcombe et al., 1993).

Several aspects of NEC behavior, including quiescence,
responses to morphogen gradients, migration, self-renewal, and
the generation of RGCs capable of differentiating, are regulated
by HS-binding signaling factors. Moreover, distinct HSPGs
appear to mediate such cellular events within the developing
CNS. Perlecan has been identified to promote NSC proliferation
by providing HS chains that function as co-receptors for FGF2
signaling, and also operate as an important component of the
neural tube basement membrane (Joseph et al., 1996; Haubst
et al., 2006; Girós et al., 2007). The presence of several membrane-
bound syndecans has also been determined as important for
neurogenesis. At E10, all 4 syndecans were found on the surface
of NECs, with syndecan-1 mRNA expressed at the highest level
(Ford-Perriss et al., 2003). Knockdown of syndecan-1 has been
observed to attenuate canonical WNT signaling in NECs and
RGCs, and severely diminish the proliferative capacity of these
cells (Wang et al., 2012). This suggests that syndecan-1 normally
functions to modulate proliferation-associated signaling cascades
in early CNS development, much like syndecan-4, which has
also been described to regulate proliferation during zebrafish
neurogenesis (Luo et al., 2016). Additionally, syndecan-3 has
been reported to facilitate neuroblast migration by triggering
actin cytoskeletal changes. HS-dependent interactions with
pleiotrophin and GDNF activate key intracellular signaling
proteins, such as SRC kinase, and induce morphological changes
required for cell motility (Raulo et al., 1994; Bespalov et al., 2011).

In addition to the syndecans, Ford-Perriss and colleagues
also reported mRNA expression of most of the glypicans in E10
murine neuroepithelial tissue, with the exception of glypican-5
(Ford-Perriss et al., 2003). While knowledge regarding the exact
functions of glypicans during neurogenesis remains limited, some
studies have suggested roles in regulating stem cell proliferation,
presumably via associations with FGFs. A loss of glypican-1 and
corresponding FGF17 interactions in homozygous-null murine
mutant embryos has been observed to hamper the proliferation
of neuronal precursors and induce premature differentiation
around E9, leading to a reduction in brain size (Jen et al.,
2009). Maintenance of a proliferative stem cell phenotype has
also been shown to depend on appropriate glypican-4 expression
and putative FGF-binding. Glypican-4 has been observed to be
persistently present in NECs within the ventricular zone but
downregulated in their post-mitotic progeny (Hagihara et al.,
2000). Although the mechanisms regulating such spatiotemporal
variations in HSPG expression are yet to be elucidated, dynamic
PG patterns seem to be hallmarks of neurogenesis, where distinct
PG combinations function to fine-tune NEC responses at each
stage of the developmental process. Such findings have led to
the identification of particular HSPGs as potential biomarkers for
neural lineage commitment, and have also suggested therapeutic
targeting of these HSPGs for regulating neural stem cell function
(Oikari et al., 2016; Yu et al., 2017).

HSPGS AS REGULATORS OF ADULT
STEM CELL AND PROGENITOR
FUNCTIONS

The role of HSPGs in adult stem cell (AdSC) populations is
less well understood compared to ESCs and their progeny,
primarily because such analysis is dependent on the ability to
identify and purify tissue-specific stem cells. While some AdSC
populations have been relatively easy to access for cell isolation,
others remain elusive.

Haematopoietic Stem Cells and
Progenitors
Studies investigating the presence and role of polysaccharides in
the bone marrow stroma gained momentum during the 1970s;
a 1978 study demonstrated that GAGs or mucopolysaccharides
could influence in vitro erythrocytic proliferation and
differentiation (Ploemacher et al., 1978). Other investigations
detected the presence of sulfated GAGs in the bone marrow
stroma and suggested a role for stromal cells in producing them
to support haematopoiesis (McCuskey and Meineke, 1973; Del
Rosso et al., 1981). Simultaneous inquiry into the conditions
required for long-term culture of HSCs and their progenitors
(HPCs) revealed the dependence of these cells on adhesion with
mesenchymal stromal cell feeder layers (Dexter et al., 1977;
Reimann and Burger, 1979; Gartner and Kaplan, 1980; Bentley
and Tralka, 1983), further endorsing the idea of stroma-derived
HS as a putative mediator of cell–cell and cell–matrix interactions
required for HSC survival and function.
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The significance of stromal cell HS for in vitro haematopoiesis
was confirmed when HS was found to be enriched in extracts
of stromal feeder cells of long-term haematopoietic cultures
and haematopoiesis-supportive bone marrow stromal cell lines
(Gallagher et al., 1983; Wight et al., 1986; Kirby and Bentley,
1987). In a study by Gallagher et al. (1983), high proportions
of disaccharide and tetrasaccharide species obtained by nitrous
acid digestion of stromal HS demonstrated the presence of
N-sulfate rich domains. Oligosaccharide mapping revealed that
HS produced by cultured bone marrow stromal cells is enriched
in highly sulfated disaccharides, indicating extensive protein-
binding properties (Turnbull and Gallagher, 1988). Furthermore,
work from our group has shown that in the presence of pro-
haematopoietic cytokines, an exogenous 6-O-sulfate-rich bone
marrow stromal cell-derived HS variant is capable of maintaining
a subset of primitive HSCs during ex vivo expansion. These
cells exhibit improved clonogenicity and an increased propensity
to form erythroid and granulocyte progenitors, highlighting
the capacity of 6-O-sulfate-rich HS fragments to enhance HSC
properties (Bramono et al., 2011). Other studies have detailed
the role of extracellular HS in inducing differentiation of naïve
HPC-like cells. For example, HL-60 promyelocytic leukemia
cells were observed to acquire a mature phenotype when
grown on marrow stroma-derived matrix, which was abrogated
upon heparinase treatment (Luikart et al., 1990). Moreover,
the pro-differentiation effect was recapitulated when exogenous
heparin was added to the cultures. The ability of HS/heparin
in trans to guide HPC fate was similarly exhibited, when
addition of HS to megakaryocyte progenitor cultures augmented
megakaryocytopoiesis (Han et al., 1996).

To better understand the function of stromal HS during
haematopoiesis, several studies investigated HS binding to bone
marrow-relevant signaling molecules. Gordon and colleagues
found that stroma-derived GAGs, of which HS was a major
constituent, were capable of binding to granulocyte-macrophage
colony stimulating factor (GM-CSF), while negligible binding
was observed between liver-derived GAGs and GM-CSF (Gordon
et al., 1987). They posited that this selective binding was due
to stroma-specific structural features of GAGs that enabled
compartmentalization and appropriate presentation of signaling
molecules important for HPC function. In addition to GM-CSF,
stroma-derived HS was also capable of binding interleukin (IL)-3,
a key multilineage haematopoietic signaling factor (Roberts et al.,
1988). Subsequently, various heparin/HS-binding proteins were
found in the bone marrow stroma including GFs, chemokines as
well as morphogenetic proteins such as BMPs, WNT, and SHH
(reviewed in Papy-Garcia and Albanese, 2017).

In addition to its involvement in signaling events, HS
produced by the bone marrow stroma was also found to be
involved in the adhesion of HPCs and HSCs to stromal cells.
Treating HPC-stromal cell cultures with sodium borohydride was
observed to strip HS from cell-surface protein cores and destroy
cell–cell binding activity (Siczkowski et al., 1992). De-sulfation of
HSPGs as a result of sodium chlorate treatment was also found to
decrease HPC adhesion to stromal feeder cells (Zweegman et al.,
2004). Apart from adhesion, HSPGs in the marrow stroma are
important participants in CXCL12/CXCR4-dependent cascades

that orchestrate HPC migration, homing and retention, especially
after transplantation. Netelenbos and colleagues conducted a
study where subendothelial matrices produced by bone marrow
endothelial cells were used to coat filters in a transwell migration
assay using HPCs (Netelenbos et al., 2002). Cells were observed
to migrate through the filters toward CXCL12 (stromal cell-
derived factor-1; SDF-1)-enriched media, which did not occur
in the absence of CXCL12. Importantly, HPC migration was
significantly reduced when the matrix filter was treated with
heparinases. This indicated that subendothelial ECM-associated
HS was essential for trans-matrix migration in response to
CXCL12 and is likely involved in CXCL12 presentation. A follow-
up paper by the same group demonstrated that HS produced by
bone marrow endothelial cells binds to cell surface CXCL12 in an
autocrine manner, and assists in its interactions with CXCR4 on
migrating HPCs (Netelenbos et al., 2003).

While the requirement of stromal HS in mediating HSC
and HPC function has been well established, the significance of
specific sequence motifs and particular PG core proteins remains
to be understood. In-depth compositional analysis of stroma-
derived HS coupled with gene expression profiling of HSPG
core proteins in stromal cells may provide preliminary insights.
Nonetheless, studies exploring the significance of HS in HSC and
HPC function has progressed at a rapid pace, whereas evidence
of the roles of HS in other marrow resident progenitor functions
has unfolded more slowly. An important factor that has facilitated
thorough investigations of HSC properties is a well-defined,
robust in vitro culture system. This highlights the need for
similar approaches to be adopted to further our understanding
of other tissue-specific stem cell types that may be less amenable
to ex vivo expansion.

Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) were initially described
as marrow-derived proliferative, colony-forming and plastic
adherent cells (Friedenstein et al., 1974). Subsequent studies
led by Caplan’s group to better characterize these cells led
to the discovery of their multilineage potency: they were able
to form osteoblasts, chondrocytes and adipocytes in vitro and
when transplanted in vivo (Osdoby and Caplan, 1976; Caplan,
1991). Although the in situ identity and function of MSCs
has remained controversial, these cells continue to be widely
studied and are valuable tools for use in cell therapy applications,
especially by virtue of their immunomodulatory secretome
(Weiss and Dahlke, 2019).

An important challenge for the successful clinical use of
MSCs is their inherent heterogeneity, particularly after culture
expansion. MSCs have been reported to show variability in
both surface marker expression and function, including biased
differentiation potential and clonogenic capacity, depending
on their tissue of origin and/or culture conditions (da Silva
Meirelles et al., 2006; Traktuev et al., 2008; Hagmann et al., 2013;
Holley et al., 2015; Elabd et al., 2018). While transcriptomic
approaches have dominated the toolkit for MSC analysis,
glycomic analysis and GAG profiling of MSCs are yet to be
adopted for more comprehensive characterization. As discussed
earlier (see section “Heterogeneity in HSPG Composition and
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Localization Can Influence Stem Cell Fate”), heterogeneity in
HS composition can influence stem cell fate decisions. Owing
to the significant tissue-dependent differences observed in
MSC functional properties, it is highly likely that these are
accompanied by distinct tissue-specific HS signatures. Therefore,
we deem it prudent to investigate the status of HSPGs, as well as
other GAGs/PGs, in MSCs.

Together with transcriptomic analysis, glycomic data will
allow for a better understanding of the mechanisms related to the
functional heterogeneity of these cells. Furthermore, knowledge
regarding the roles of particular HS signatures in mediating MSC
properties will allow for the synthesis of desirable HS adjuvants
to culture media (see section “Exploiting the HSPG-Stem Cell
Relationship for Therapeutic Use: HS as an Adjuvant for the
Expansion of Potent MSCs”). This approach may permit the
development of improved expansion regimens, wherein tailored
HS oligosaccharides are capable of maintaining reservoirs of
appropriate GFs and other signaling molecules in the ECM for
better control of MSC fate in vitro.

Osteogenic and Chondrogenic
Progenitors
Osteogenic and chondrogenic differentiation have been widely
studied in vitro. Both trajectories involve drastic changes in the
composition of the ECM, with the laying down of a mineralized
matrix being a hallmark of osteogenesis (Assis-Ribas et al., 2018).
Importantly, alterations in the expression of genes encoding PG
core proteins and HS biosynthetic machinery have been reported
during osteogenesis (Haupt et al., 2009). Pre-osteoblasts cultured
in osteogenic media were observed to increase the mRNA and
protein levels of several PG core proteins as they matured. While
glypican-3 displayed the most significant increase, followed by
all 4 syndecans, glypican-2 and glypican-4 showed moderate
increases. There were also variations in gene expression levels of
some biosynthetic enzymes: a decrease in Ext1/2 gene expression
was noted, with contrasting increases in Ndst1/2, Hs2st1, and
Hs6st1 as differentiation progressed.

A study from Zhao and colleagues also reported an
upregulation of 6OST3 at the mRNA and protein levels as MSCs
underwent calcification (Zhao et al., 2015). Collectively, data
from these studies indicate that as pre-osteoblasts or MSCs
progress through osteogenesis, HS chain initiation may decrease
while overall chain sulfation may be increased. Moreover,
siRNA knockdown of glypican-3 or 6OST3 was found to
decrease differentiation down the osteogenic lineage (Haupt
et al., 2009; Zhao et al., 2015), suggesting the necessity of
unique HSPG motifs for progression through the lineage
commitment process. Further investigations into the functional
features of unique HS/heparin signatures in osteogenesis have
demonstrated distinct binding properties for proteins that
mediate important pro-differentiation signaling cascades. For
example, bone marrow-derived HS is able to bind with high
affinity to, and enhance the osteoinductivity of BMP2 (Bramono
et al., 2012). In another study, highly sulfated heparin was found
to bind WNT3A with high affinity and promote the osteogenic
activity of pre-osteoblasts (Ling et al., 2010). To improve our

understanding of how the heparanome may be altered during
osteogenesis and the resulting functional effects this may have on
stem cell differentiation, additional studies may be undertaken
where HS pools are extracted from cultures at various stages
of the osteogenic process. Subsequent HS disaccharide isolation
and characterization would provide information regarding the
compositional features of HS during differentiation, and also
offer evidence to complement existing gene expression data for
biosynthetic enzymes.

The role of HS as an important regulator of chondrogenesis
was first demonstrated in 1987 using micromass cultures of
chick limb bud mesenchyme (San Antonio et al., 1987). Addition
of either exogenous HS or heparin was found to enhance
chondrogenesis and cartilage nodule formation in a dose-
dependent manner. The involvement of HSPG core proteins
in chondrogenesis has also been demonstrated in vitro (Gomes
et al., 2004). The ability of perlecan to induce chondrogenesis
was tested by plating MSCs on surfaces coated with intact
perlecan or recombinant perlecan domain 1. Plated cells were
found to attach and aggregate into dense cell condensations,
and proceed to express chondrogenic differentiation markers
such as collagen type II and aggrecan. This phenotype was not
obtained with cells plated with other PGs or perlecan domains,
suggesting that only certain HSPGs possess structural features
that support chondrogenesis. Other groups have further explored
the role of HS in chondrogenesis primarily by assessing the
effects of exogenous HS on chick limb mesenchymal cells (LMCs)
or MSC cultures. Addition of HS or BMP2 alone to LMC
cultures led to only a moderate improvement of Alcian blue
staining (Fisher et al., 2006). However, the addition of HS and
BMP2 together significantly accentuated staining compared to
individual treatments. The presence of HS was able to potentiate
the activity of BMP2, as indicated by increased phosphorylation
of SMAD proteins, and lowered the concentration required
to stimulate chondrogenesis to an equal or even greater
extent as compared to high concentrations of BMP2 alone.
Similarly, combined exposure of HS and TGF-β3 resulted in
higher cartilage-specific gene expression levels and even induced
remodeling of the surrounding microenvironment by increasing
cartilage matrix protein production compared to TGF-β3-only or
HS-only treatments (Chen et al., 2016).

While the significance of HSPGs in mediating chondrogenesis
has been documented mainly through examining the effects
of exogenous HSPGs on differentiation, the heparanome
status of the stem cells themselves during chondrogenic
lineage commitment is unknown. Gene expression analysis of
biosynthetic enzymes coupled with glycomic profiling of cultures
undergoing chondrogenesis would strengthen our knowledge
of how HSPGs may influence this differentiation process.
Furthermore, such data would provide a basis for subsequent
mechanistic studies that probe into the functional attributes of
the heparanome as chondrogenesis ensues.

Muscle Satellite Cells and Myoblasts
Satellite cells (MuSCs) are stem cells within skeletal muscle that
are normally quiescent within a specialized niche located between
the plasma membrane and basement membrane of myofibres
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(Mauro, 1961). They exit quiescence, resume cell cycle activity
and acquire a myoblast identity for muscle regeneration, in
response to triggers such as exercise or injury. A fine balance of
signaling events is essential for an appropriate MuSC response.
Of the many families of signaling factors, FGFs emerged as
key participants in mediating MuSC activity (Pawlikowski et al.,
2017). Studies in the 1980s showed that exposure of muscle
progenitors to FGF1 or FGF2 resulted in strong mitogenic effects
and concomitant repression of terminal differentiation (Lathrop
et al., 1985; Clegg et al., 1987). FGF deprivation of cells that were
initially exposed resulted in withdrawal from the cell cycle and
simultaneous expression of myosin heavy chain. The indication
of FGFs as inhibitors of myogenic differentiation was further
corroborated when it was shown that exposure of myoblasts to
FGF also inhibited myogenin expression (Brunetti and Goldfine,
1990). Not long after, the integral role of HS, and their 6-O-
sulfated residues in particular, in facilitating FGF signaling in
MuSCs became evident. Rapraeger and colleagues demonstrated
that treatment of MM14 cultures with either sodium chlorate or
heparinase abolished FGF signaling (Rapraeger et al., 1991). Cells
ceased proliferation and stained positive for myosin heavy chain,
recapitulating results obtained upon FGF deprivation (Lathrop
et al., 1985; Clegg et al., 1987). In a follow up study, the group
reported that the addition of heparin to chlorate-treated cultures
rescued FGF signaling, further highlighting the role of HS in
mediating FGF-dependent repression of myogenic differentiation
(Olwin and Rapraeger, 1992).

The use of the MM14 culture system has provided information
on another key feature of myogenesis, which is a change
in the expression of myoblast HSPG core proteins. Analysis
of MM14 PGs showed a decrease in syndecan expression in
differentiated cells compared to proliferative counterparts (Olwin
and Rapraeger, 1992). A decrease in syndecan-3 expression
along with perlecan, at both protein and mRNA levels, was
also observed as C2C12 myoblasts differentiated into myotubes
(Larraín et al., 1997; Fuentealba et al., 1999). Inhibition or
genetic ablation of syndecan-3 expression in myoblasts or MuSCs
drastically decreases sensitivity to FGF2-dependent inhibition
of myogenesis, and also precludes signaling via the Notch
pathway (Fuentealba et al., 1999; Pisconti et al., 2010). As
a result, cells undergo reduced self-renewal and precocious
acquisition of a differentiated phenotype, which can be reversed
by exogenous heparin. In contrast to syndecan and perlecan,
glypican-1 expression has been observed to be maintained
both on the cell surface and as a secreted form in the ECM
throughout the myogenic process (Campos et al., 1993; Brandan
et al., 1996). Localization of glypican-1 in lipid rafts at the
cell membrane was found to be an important mechanism
that sequesters FGF2, prevents interactions with FGFRs and
inhibits myoblast differentiation. A deficiency in glypican-1 was
unable to restrict FGF:FGFR interactions and led to defective
differentiation of C2C12 cells (Gutierrez and Brandan, 2010).
Collectively, these results indicate that intricate spatiotemporal
variation and control of HSPG expression in vitro is pivotal in
modulating FGF signaling for myogenic activity.

Further investigations of the roles of HSPGs in myogenesis
have extended such in vitro findings and shown that

heterogeneity in core protein expression in vivo is crucial
during muscle development and in adult skeletal muscle.
While syndecans-1, -3, and -4 were found to be enriched in
developing mouse skeletal muscle tissue, only syndecan-3 and
syndecan-4 expression persisted in adult muscle, colocalized
with FGFR1 (Cornelison et al., 2001; Olguin and Brandan,
2001). Cornelison and colleagues observed that the expression of
both these FGFR-associated syndecans overlapped with c-MET,
a key MuSC marker, suggesting a role for HSPG-mediated
signaling in MuSC function in vivo. Moreover, treatment of
adult myofibre explant cultures with sodium chlorate led to
a significant decrease in MuSC numbers, and an associated
increase in the percentage of cells expressing MyoD (Cornelison
et al., 2001). Thus, a switch from MuSC proliferation to
differentiation could be triggered in response to disruption of
HS-dependent FGF signaling in MuSCs. The significance of
specific patterns of HSPG expression in adult skeletal muscle
was further supported by a study conducted by Casar and
colleagues. They detected widespread HSPG expression by
immunostaining [using the 3G10 monoclonal antibody (David
et al., 1992)] in the myofibres of healthy mouse muscle (Casar
et al., 2004). Following injury, an increased 3G10 signal was
detected in the regenerating myotubes. Subsequent analysis of
upregulated HSPGs identified syndecan-3, syndecan-4, glypican,
and perlecan, with syndecan-3 upregulated the earliest in
regenerating structures. In comparison, dysregulated HSPG
expression, as in the case of syndecan-3−/− and syndecan-4−/−

mice, severely impacted the ability to maintain homeostasis in
the myogenic tissue and activate regenerative programs upon
injury (Cornelison et al., 2004).

Apart from dynamic PG core protein expression patterns,
variability in HS biosynthetic enzyme expression has also been
identified in MuSCs. Langsdorf and colleagues found that only
SULF1 was expressed, both at protein and mRNA levels, in
quiescent mouse MuSCs. However, following muscle injury, a
shift in Sulf expression was observed such that both SULF1 and
SULF2 were detected in Pax7-positive MuSCs. To investigate the
role of the SULF enzymes in myofibre regeneration, the group
went on to characterize Sulf double mutant mice (Langsdorf
et al., 2007; Tran et al., 2012). In the absence of Sulf1 and
Sulf2, the animals displayed an acutely delayed and compromised
ability to regenerate muscle. GAG disaccharide analysis revealed
that the lack of SULF enzymes led to a significant increase
in 6-O-sulfation, with a notable rise in trisulfated disaccharide
levels. Such an overtly sulfated HS signature was associated with
an overactivation of the FGF pathway as well as an elevation
in non-canonical WNT signaling, leading to an inhibition of
differentiation and myoblast fusion (Langsdorf et al., 2007; Tran
et al., 2012). These results identified SULF proteins as repressors
of inhibitory FGF signaling in activated MuSCs and important
gatekeepers of HS composition.

Although specific patterns of PG and biosynthetic enzyme
expression seem to be important for myogenic activity
during development and regeneration, the significance of
specific HS domain structures and sulfation patterns in
mediating these processes is largely unknown. Future studies
focused on glycomic characterization are required for a better
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mechanistic understanding of the functions of HS in regulating
myoblast or MuSC fate.

Skin Stem Cells and Progenitors
Homeostasis within the skin layers and its appendages is
maintained by several distinct stem cell and progenitor
populations. The epidermal basal layer consists of rapidly diving
stem cell progenitors (transit-amplifying cells) that work to
continually replenish the epidermal layers (Potten and Morris,
1988; Fuchs and Raghavan, 2002). In response to appropriate
triggers, these cells lose their attachment, both to one another
as well as the underlying basement membrane (BM), and
differentiate into keratinocytes (KCs) destined for stratification
(Barrandon and Green, 1987; Blanpain and Fuchs, 2009). The
involvement of HS and its PGs in the functional fidelity of KCs
and the structural integrity of the skin BM has been an important
area of research.

The role of HSPGs as key regulators of signaling is conserved
in epidermal progenitors, as in the case of other previously
discussed AdSC types. Several studies have highlighted the
necessity of HS-binding GFs, including FGFs, GM-CSF and TGF-
β, for the control of basal layer progenitor proliferation as well
as differentiation (Mansbridge and Hanawalt, 1988; Finch et al.,
1989; Szabowski et al., 2000; Zhu et al., 2014). The expression
of HSPG core proteins has also been well established within
the epidermis as well as along the entire length of the dermo-
epidermal junction in the BM (Hassell et al., 1980; Caughman
et al., 1987; Horiguchi et al., 1989). Importantly, the patterns of
core protein expression within the epidermis are dynamic and
have been found to change as KCs progress through terminal
differentiation. Syndecan-1 expression was reported as modest
in the basal layer, enriched in the suprabasal layer, and absent
in superficial layers (Sanderson et al., 1992). This trend in
syndecan-1 expression was recapitulated when stratification of
KC monolayers was induced in vitro. The purified syndecan-1
from stratified samples was found to be more abundant than in
monolayer controls and also had a lower molecular mass, which
was attributed to differences in the composition of HS chains
(Sanderson et al., 1992).

Unlike the syndecans, the expression patterns of glypicans are
less well known in the epidermis. A study from 2006 utilized an
immunohistochemical staining approach and detected diffused
glypican-1 expression throughout the epidermis, while glypican-
3 appeared restricted to the basal layer (Patterson et al., 2008).
These results collectively indicate that unique profiles of HSPGs
at different stages of KC differentiation serve specific functions
in mediating cell fate decisions. In this regard, Sanderson et al.
(1992) suggested that changes in HSPG composition are essential
to facilitate the drastic alterations in KC adhesive properties
required for detachment from the basal layer and subsequent
migration. Likewise, the presence of HSPGs, such as perlecan,
within the ECM has been found to heavily influence KC
migration and organization. In a study by Sher et al. (2006),
perlecan was detected in all epidermal layers apart from the
stratum corneum when KCs were seeded on dermal equivalents.
However, upon transfecting a perlecan antisense construct into
KCs, differentiation was significantly altered. The cells formed an

aberrantly organized epidermis that was only 1–2 layers thick.
Notably, exogenous perlecan addition rescued the ability of KCs
to form a well-differentiation, stratified epidermis.

Apart from the epidermis, HSPGs, syndecans in particular,
have been identified in stem cell-rich hair follicles (HFs)
(Couchman, 1993). To elucidate the role of HS in the HF,
Coulson-Thomas et al. (2014) characterized a transgenic mouse
model that was devoid of Ext1 only in the outer root sheath
(ORS), inner root sheath (IRS) and hair shaft. They observed
a significantly increased number of HFs in transgenic mice
compared to littermate controls. These HFs were observed to
be arrested at anagen, unable to transition into catagen and
telogen. Subsequent analysis revealed that cells within these
HFs had impaired differentiation potential, due to uncontrolled
signaling involving SHH. Thus, in the absence of HS, control
of the intricate molecular networks that preside over stem cell
fate decisions during HF cycling and homeostasis is severely
perturbed. Widespread HSPG expression has also been observed
in dermal papillae (DP), important stem cell-containing signaling
centers at the base of HFs that regulate epithelial stem cells
and keratinocytes for HF cycling (Driskell et al., 2011; Morgan,
2014). Notably, HSPG expression patterns have been found to
be spatiotemporally variable in the DP matrix and the adjacent
ORS (contiguous with the epidermal BM) throughout HF cycle
stages, except for telogen (Couchman, 1986; Westgate et al., 1991;
Couchman, 1993). While perlecan expression persisted in both
the BM and DP, syndecans localized at different positions during
the HF cycle (Kaplan and Holbrook, 1994). During anagen,
syndecan-1 is strongly detected in the ORS of the HF and to a
lesser extent in DP (Malgouries et al., 2008). As follicles proceed
through catagen, syndecan-1 levels diminish in the ORS, below
that within the DP (Bayer-Garner et al., 2002).

Stem cell populations within the epidermis, HF and DP
appear to share a commonality in that distinct PG core protein
expression patterns appear to correlate with specific stem cell
responses and fate decisions. However, the role of HS chains
attached to these proteins and their functional significance is
currently unknown. The extraction of HS from epidermal tissue
and subsequent structural analysis may provide preliminary
insights into the overall status of the epidermal heparanome,
and may also help identify sequence motifs that impart protein-
binding properties.

Cancer Stem Cells
Dysregulated HSPG biosynthesis and aberrant chain
modifications have been documented in several solid tumors and
hematological malignancies. Changes in HS sulfation patterns
due to alterations in expression of the sulphotransferases and
SULF enzymes, coupled with increased cleavage by HPSE, have
long been implicated in key tumorigenic events (Vlodavsky
et al., 2007; Rosen and Lemjabbar-Alaoui, 2010; Hammond
et al., 2014; Nagarajan et al., 2018). Increased localization of HS
binding signaling factors and ECM remodeling events (such as
breakdown of HSPGs in the basement membrane) are known
to underpin tumor proliferation, angiogenesis and metastasis
(Knelson et al., 2014). Research over the last decade has also
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uncovered vital roles for HSPGs in mediating cancer stem
cell (CSC) function.

CSCs have been described to fuel tumor growth and
heterogeneity due to their highly proliferative, phenotypically
plastic, and treatment-resistant nature (Plaks et al., 2015;
Batlle and Clevers, 2017). Several HSPG signatures have been
identified to promote CSC survival and oncogenic properties.
For example, upon profiling triple negative inflammatory breast
CSCs, Ibrahim, and colleagues found significantly high levels
of syndecan-1 mRNA and protein levels (Ibrahim et al., 2017).
Notably, siRNA knockdown of syndecan-1 was observed to
directly affect CSC survival and decrease the pool of available
cells. These knockdown cells were unable to efficiently form
colonies and spheroids, highlighting a perturbation in their
self-renewal capacity. Such a dependency on syndecan-1 for
maintaining oncogenic CSC activity was also observed in murine
mammary glands (Liu et al., 2004). Overexpression ofWnt1 failed
to trigger the accumulation of mammary CSCs and progenitors
for oncogenic transformation in syndecan-1-null mice, whereas
an enrichment in the progenitor population and tumor initiation
were induced in syndecan-1 expressing counterparts. A follow
up study showed that the tumor resistance conferred by the
absence of syndecan-1 extended beyond the mammary glands
in null mice and was a multi-organ effect (McDermott et al.,
2007). While this evidence clearly indicates an involvement of
syndecan-1 in augmenting the tumorigenic properties of CSCs,
it is unclear whether this phenomenon relates to the properties
of the HS chains they carry. Further investigation is required to
establish if syndecan-1-dependent enhancement of CSC activity
is an HS-independent feature or not.

Although syndecan-1 may be important for tumorigenesis
in certain tumor types, patterns of HSPG expression in CSC
populations appear to be contextual and tissue-specific. For
example, decreases in syndecan-1 expression have been observed
to correlate with epithelial-mesenchymal transitions (EMT) and
poorly differentiated phenotypes in colon cancer (Hashimoto
et al., 2008). To understand the significance of syndecan-
1 in colon CSCs, Kumar Katakam et al. (2020) performed
an siRNA knockdown study. Silenced cells showed enhanced
expression of stemness markers, such as SOX2 and NANOG,
an accentuated ability to self-renew and a greater tendency
to undergo EMT compared to control cells. Furthermore,
it was observed that dampened syndecan-1 levels in the
knockdown cells were accompanied by a concomitant rise in
WNT signaling and expression of downstream transcription
factors of the TCF/LEF family, boosting the CSC phenotype.
Attenuated HSPG expression in colon CSCs was thus sufficient
to induce pro-oncogenic features and trigger associated signaling
events. In a follow-up study, the group also found that HPSE
expression was elevated in syndecan-1 depleted colon cancer
cells (Katakam et al., 2020). These cells exhibited enhanced
stem cell properties including sphere formation capacity and
strong expression of stemness markers. While such observations
suggest the involvement of HS remodeling mechanisms in
tumor progression, accompanying analyses at the level of HS
compositional characterization and associated bioactivity will
be essential to confirm this, and to discern whether particular

glycan signatures are associated with enhanced CSC function.
Apart from the syndecans, variations in CSC glypican expression
have also been reported. Enriched glypican-4 expression has
been identified in chemotherapy-resistant pancreatic CSCs (Cao
et al., 2018). Knockdown of glypican-4 resulted in a dramatic
decrease in stemness marker expression (such as OCT4, SOX2,
and NANOG) in these cells and increased their vulnerability to
5-fluorouracil, a chemotherapeutic agent. Moreover, glypican-
4 knockdown cells exhibited suppressed WNT signaling and
a decreased level of nuclear β-catenin. This highlights a
dependence on the expression of particular HSPGs for the
progression of important signaling cascades that accentuate
stemness features in CSCs.

In addition to the HSPG core proteins, the significance of
unique HS fragments in mediating CSC responses has also
emerged as an important area of research, mainly through
investigating the effects of exogenous HS on CSC properties.
Patel et al. (2016) adopted a screening strategy to test the effects
of treating CSCs with a library of heparin/HS oligosaccharides
of varying chain lengths. These oligosaccharides shared a
common repeating disaccharide structure comprising a 2-O-
sulfated iduronic acid residue linked to a glucosamine residue
with sulfate moieties at the C6 and N positions (i.e., IdoA2S-
GlcNS6S). The group discovered a chain length-dependent
inhibition of self-renewal in CSCs across a variety of tumor
cell lines. Spheroid growth was inhibited upon exposure to
HS chains from dp6 to dp12, while longer and shorter chains
were ineffective. Importantly, the dp6 oligosaccharide was the
most potent and treatment was found to induce a decrease in
the expression of CSC markers CD44 and LGRF5. The group
found that these effects on CSCs were brought about by a
dp6-dependent activation of a specific isoform of p38, a stress-
activated mitogen activated protein kinase (MAPK) with tumor
suppressive functions. Although the mechanistic details of this
interaction are yet to be fully elucidated and the functional
properties of the HS fragments require validation, the results
from this study offer important insights into the roles of HS
oligosaccharides as anti-cancer therapy agents, depending on
their compositional signatures.

Examining how chain attributes, such as length, domain
organization, sulfate modifications and protein binding sites, may
be tailored for the synthesis of HS oligosaccharides with desirable
therapeutic properties holds immense promise in expanding the
scope of glycotherapeutics. Moreover, modulating the expression
levels and localization of HSPG core proteins, and utilizing
methods to enhance or inhibit HS function may be adopted as
potential approaches to regulate the heparanome of CSCs and
consequently, ameliorate their aberrant behavior.

EXPERIMENTAL METHODS TO
STRENGTHEN OUR UNDERSTANDING
OF THE HSPG-STEM CELL RELATIONSHIP

Current knowledge regarding the specific compositional and
associated functional features of HSPGs in mediating AdSC fate is
limited, with unaddressed gaps in mechanistic understanding and
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restricted clinical relevance. To acquire a holistic appreciation
of the HSPG-stem cell relationship, future studies may adopt
a multi-omics approach that examines the heparanome of
different stem cell types using a combination of glycomic,
genomic, chemical, and proteomic methods. Thorough HS
compositional profiling would be useful for uncovering distinct
glycomic signatures that may predominate during differentiation
down a particular lineage. Employing liquid chromatography-
tandem mass spectrometry (LC-MS/MS) would allow for the
necessary identification of fine structural features of HS and
associated temporal changes, with a high level of sensitivity and
accuracy (Zaia, 2013). Additionally, perturbation of HS structure
and subsequent loss-of-function effects in differentiating stem
cells may be investigated to identify the required structural
nuances and roles of HSPGs at distinct time-points during
lineage commitment.

Apart from traditional genetic manipulation approaches,
gene editing through drug-inducible CRISPR/Cas9 systems may
be utilized to knockout key HS biosynthetic and regulatory
enzymes or PG core proteins (Cao et al., 2016; Sun N.
et al., 2019). The loss of such key HSPG-related proteins
at specific stages of differentiation will provide insights into
the relationship between the HSPG profiles of progenitors or
stem cells and their differentiation status. A range of chemical
methods have also been developed to inhibit HS function
in vitro, including the use of sodium chlorate, xylosides, and
surfen (Humphries and Silbert, 1988; Garud et al., 2008; Weiss
et al., 2015). Xylosides serve as primers for HS chain synthesis,
while fluoroxylosides prevent chain elongation and effectively
inhibit HS and CS/DS biosynthesis (Garud et al., 2008). In
a 2018 study, Huang and colleagues investigated effects of
the heparin/heparan sulfate antagonist surfen (bis-2-methyl-4-
amino-quinolyl-6-carbamide) (Weiss et al., 2015) on HS function
in Oct4-GFP and Sox1-GFP mESC reporter lines (Huang et al.,
2018). Treated cells showed persistent pluripotency and an
inability to differentiate, iterating a requirement of HS in
mediating lineage commitment decisions. Moreover, this effect
was reversible through the removal of surfen, suggesting that
this molecule could prove useful for the temporal inhibition of
HS activity throughout various stages of differentiation in vitro
(Huang et al., 2018).

Other than chemical inhibition, the most widespread method
to perturb HS function is the use of heparinases isolated from
bacteria (Flavobacterium heparinum). When all three enzymes
are used together, HS chains are cleaved into constituent
disaccharides. Whilst this approach is simple to execute in cell
culture models, the rapid turnover of cell surface HS allows only
for a limited period to conduct subsequent live cell experiments.
Alternatively, heparinase digestion may be carried out prior to
fixation of cells, followed by immunostaining and flow cytometry
analysis (Ayerst et al., 2017). HS participation as a signaling
co-receptor can also be inhibited through a variety of peptide
or protein-based methods. The HS/heparin-binding domain of
HS binding proteins may be engineered, such that GAG-protein
interactions are precluded. A non-HS binding variant of BMP2
has been generated in this manner, through the replacement of
the first 12 of the 17 N-terminal amino acids which constitute the

heparin-binding domain (Ruppert et al., 1996; Kuo et al., 2010).
Alternatively, HS-protein interactions can be hindered by ligand
binding competition. For example, synthetic heparin-binding
peptides competed with and prevented the attachment of
cytomegalovirus envelop proteins to cell surface HS in fibroblasts
(Dogra et al., 2015). Another approach involves the use of soluble
decoy FGFR fusion proteins, which compete with cell surface
FGFR for FGF binding and affect ternary complex formation with
HS (Harding et al., 2013; Li et al., 2014). HS/heparin binding to
protein partners and signaling complex formation may also be
intercepted by the use of custom designed antibodies that mask
the GAG binding site on the protein. Our lab has previously
developed an antibody (IMB-R1) that was able to bind to FGFR1
and prevent FGFR1-heparin interactions (Ling et al., 2015).

EXPLOITING THE HSPG-STEM CELL
RELATIONSHIP FOR THERAPEUTIC
USE: HS AS AN ADJUVANT FOR THE
EXPANSION OF POTENT MSCS

The critical roles HS plays in mediating stem cell function in vitro
and in vivo makes it an ideal candidate for use as an adjuvant
in cell therapy and associated culture expansion strategies.
Our own work has focused on enhancing the expansion of
potent human MSCs (hMSCs) by using exogenous HS as
a supplement to culture media throughout expansion. Initial
studies using rat MSCs revealed that the addition of exogenous
HS resulted in enhanced proliferation and enhanced osteogenic
differentiation (Dombrowski et al., 2009). Importantly, this
effect was potentiated through FGFR1, a mechanism that has
since become an extensive focus in our studies. In 2012, we
sought to understand the effects of adding exogenous HS (HS2,
a murine embryonic forebrain-derived variant that displays
enhanced binding affinity toward FGF2) to hMSCs during in vitro
culture (Helledie et al., 2012). As with rat MSCs, addition
of exogenous HS augmented hMSC proliferation, especially of
subpopulations with long telomeres and high expression of
multipotency markers as well as the cell surface marker STRO-
1. When HS2-treated hMSCs were assessed in an animal model
of a critical-sized bone defect, bone regeneration was enhanced
over hMSCs which were not pre-cultured with HS2. This gave
us some indication that HS, specifically the HS2 variant, could
contribute to the selection and expansion of a more potent
sub-population of hMSCs.

Due to the difficulties of isolating sufficient HS2 from
developing mouse brains for extensive analyses, we went on
to develop an affinity isolation platform that utilizes the
heparin-binding domain (HBD) of proteins. HBDs were peptide
synthesized and bound to streptavidin-functionalised resin
through a terminal biotin molecule (Murali et al., 2013; Wang
et al., 2014; Wijesinghe et al., 2017). Using such methods,
we developed a peptide modeled on an HBD from within
FGF2. We then fractionated commercial porcine intestinal
mucosal HS over the column. The retained material, termed
“HS8,” was subjected to comprehensive testing against hMSCs
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(Wijesinghe et al., 2017). Addition of HS8 to culture media
enhanced the proliferation and colony-forming efficiency of
hMSCs, much like the effects observed after the addition of
HS2. HS8 enhanced the stability of FGF2 in media and led to
an accumulation over time, resulting in prolonged FGFR1 and
ERK1/2 phosphorylation in hMSCs treated with sub-optimal
concentrations of FGF2. The affinity isolation methodology
demonstrated our ability to effectively scale production of a
desired HS variant, yielding larger quantities suitable for more
extensive biochemical and cellular analysis, including larger
animal studies. HS variants isolated in this manner proved to
be amiable to gamma irradiation, without a loss of structure or
function (Smith et al., 2018). This technique could be used to
sterilize potential HS-based cell media supplements prior to use
in stem cell expansion. We next employed a microbioreactor
array to further elucidate the mechanism by which HS8 functions
in the in vitro hMSC microenvironment (Titmarsh et al., 2017).
Using microfluidics, various concentrations of HS8 and FGF2
were mixed and applied to hMSCs under constant flow across
sequential flow cells. The addition of HS8 not only increased
production of endogenous FGF2, but also facilitated release
of FGF2 from the cell surface (and likely ECM), resulting in
perfusion of released FGF2 into downstream flow cells. HS8 also
sustained FGF2 availability over time, an effect we have observed
in previous studies.

Our most recent work explored the therapeutic potential
of clinically sourced hMSCs isolated from fresh bone marrow
aspirates (Ling et al., 2020). Extensive analysis revealed that HS
supplementation of culture media increased hMSC proliferation,
telomere length, expression of desirable cell surface markers
and multipotency. We hypothesize that this is a result of the
expansion of a sub-population of MSCs that display a more
“naïve” phenotype. MSCs were subsequently expanded in media
with or without HS8 and used in two animal models of a
knee osteochondral defect (rat and pig). In the rat model,
MSCs cultured with HS8 demonstrated enhanced defect healing
over the control groups (empty, carrier, MSCs cultured without
HS8), including increased type II collagen and GAG deposition
within the wound site. Using a large animal model of an
osteochondral defect, the micro pig, we found that animals
treated with cells cultured in HS8 showed a marked improvement
in wound healing, increased collagen II and GAG deposition,
and improved mechanical properties at 4 and 8 months post-
surgery. Throughout these studies, there was clear indication that
supplementation of HS to the in vitro MSC microenvironment
leads to an expansion of an MSC subpopulation with increased
potency. HS supports this potent MSC cell type at least in
part through its influence as a co-receptor in the FGF2:FGFR1
signaling cascade. Indeed, the rapid expansion of MSCs to
desirable quantities for cell therapies often utilizes large quantities
of FGF2 and other recombinant factors, many of which are
heparin-binding. For this reason, the development of HS variants
for the purpose of stem cell expansion could yield greater
numbers of more potent cells by promoting the secretion of
autocrine factors, or by increasing the stability of decreased
concentrations of the exogenous factors ordinarily supplemented
into the culture media.

Apart from media supplementation, HS may be introduced
into cell cultures in other formats. In a 2019 study, Treiger and
colleagues developed a novel heparinoid-bovine serum albumin
(BSA) bioconjugate, wherein a copper-free click reaction was
used to conjugate various heparin derivatives to cyclooctyne-
functionalized BSA (Trieger et al., 2019). These constructs
were passively adsorbed onto tissue culture plastic surfaces and
served as ECM PGs. They were found to variably sequester
FGF2 based on their sulfation patterns, resulting in increased
proliferation of cultured hMSCs. One benefit of such reactions
and methodologies is the ability to use a generic anchoring
molecule (in this case, BSA) for surface coating, whilst a
library of different functional moieties may be generated and
employed depending upon the required use. Surface coatings
offer potential advantages over traditional supplementation in
solution: firstly, a much lower quantity of HS is required to
achieve a maximum surface coating. Secondly, surface coatings
more effectively recapitulate the extracellular environment of a
typical stem cell, as HSPGs are either found contained within
the ECM, on the cell surface or immediately adjacent to it,
not as free-floating HS chains in solution. Finally, the large-
scale culture of hMSCs requires the use of large bioreactors,
utilizing microcarriers to which hMSCs may bind and proliferate
in suspension. The use of HS-coated microcarriers should greatly
reduce the amounts of HS required for such culture systems over
HS supplementation into the bulk media. The last of these points
is yet to be investigated but could provide useful insights into
the importance of HS localization during stem cell expansion in
artificial environments.

CONCLUDING REMARKS

HSPGs have emerged as key mediators of stem cell function,
essential for the regulation of development, homeostasis and
regeneration. Early evidence from ESC studies highlighted the
significance of HSPGs and their biosynthetic machinery in
mediating key lineage commitment and cell fate decisions. Recent
observations have indicated conservation in HSPG function
and compositional regulation across AdSC types, as well as
perturbation in analogous mechanisms in CSC populations. The
use of HS variants as media adjuvants offers an encouraging
avenue for the development of customized media formulations
for bioprocessing cells suitable for clinical application. However,
further investigations are required to unravel the importance
of particular HSPG compositional characteristics and associated
functional features in guiding the behavior of various stem cell
types, especially prior to clinical adoption.

It is worth noting that in our own experience, the structure
and composition of HS varies widely depending upon the source,
with highly sulfated HS variants more akin to heparin. We and
others have previously discussed the negative impact of long-
term culture supplementation with heparin has on the molecular
phenotype of MSCs (Hemeda et al., 2013; Ling et al., 2016), in
addition to the negative impact heparin has on GDF5 signaling
(Ayerst et al., 2017). Yet, we do not observe such phenomena
with HS, a molecule which relies on smaller but distinctly
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heparin-like NS domains to facilitate interactions with ligands
and receptors. These subtle distinctions in structure, which
yield significant differences in subsequent biological events,
require more exhaustive examination. Rigorous inquiry into the
biochemistry of HSPGs will accelerate their development as tools
and pharmacological agents to modulate stem cell responses
in vitro or in vivo, and is a necessary step to be undertaken if
HS is to see widespread therapeutic application. Despite this,
the amalgamation of glycotherapeutics and stem cell therapy
holds considerable promise in bringing forth novel strategies for
regenerative medicine.
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Proteoglycans are a diverse group of molecules which are characterized by a central
protein backbone that is decorated with a variety of linear sulfated glycosaminoglycan
side chains. Proteoglycans contribute significantly to the biochemical and mechanical
properties of the interstitial extracellular matrix where they modulate cellular behavior by
engaging transmembrane receptors. Proteoglycans also comprise a major component
of the cellular glycocalyx to influence transmembrane receptor structure/function and
mechanosignaling. Through their ability to initiate biochemical and mechanosignaling
in cells, proteoglycans elicit profound effects on proliferation, adhesion and migration.
Pathologies including cancer and cardiovascular disease are characterized by perturbed
expression of proteoglycans where they compromise cell and tissue behavior by
stiffening the extracellular matrix and increasing the bulkiness of the glycocalyx.
Increasing evidence indicates that a bulky glycocalyx and proteoglycan-enriched
extracellular matrix promote malignant transformation, increase cancer aggression and
alter anti-tumor therapy response. In this review, we focus on the contribution of
proteoglycans to mechanobiology in the context of normal and transformed tissues.
We discuss the significance of proteoglycans for therapy response, and the current
experimental strategies that target proteoglycans to sensitize cancer cells to treatment.

Keywords: proteoglycans, GAG, cancer, mechanosignaling, glycocalyx

Abbreviations: bFGF, basic fibroblast growth factor; CSC, cancer stem cell; CAFs, cancer-associated fibroblasts; CNS,
central nervous system; CS, chondroitin sulfate; JNK, c-Jun N-terminal kinase; DS, dermatan sulfate; EGFR, epidermal
growth factor receptor; EMT, epithelial to mesenchymal transition; ER, estrogen receptor; ECM, extracellular matrix;
FGF, fibroblast growth factor; FAK, focal adhesion kinase; FA, focal adhesion; GlcA, glucuronic acid; GPI, glycosyl-
phosphatidyl-inositol; GPC3, GPC4, glypican-3, 4; GAG, glycosaminoglycan; HS, heparan sulfate; HSPG, heparan sulphate
proteoglycans; HIF1α, hypoxia-inducible factor 1α; IdoA, iduronic acid; IGFR1; insulin-like growth factor receptor 1; KS,
keratan sulfate; Lrp4, lipoprotein-related receptor-4; MAPK, MAP kinase; MMPs, matrix metalloproteinases; MUSK, MMP
domain-containing muscle-specific kinase; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; NCAMs, neural
cell adhesion molecules; NG2, Neural/glial antigen 2; NRP1, Neuropilin-1; PDAC, pancreatic ductal adenocarcinoma; TAZ,
PDZ-binding motif; ROCKI and ROCKII, Rho-associated protein kinase 1 and 2; SLRPs, small leucine-rich proteoglycans;
Sdc-1, 2, Syndecan 1 and 2; TGFβR3, transforming growth factor β-receptor 3; VEGFR, vascular endothelial growth factor
receptor; VASP, vasodilator-stimulated phosphoprotein; YAP, yes-associated protein; ADAM 12, protein 12.
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INTRODUCTION

Proteoglycans are proteins with covalently attached GAG
chains, which regulate tissue development and have been
implicated in pathologies such as cancer. Proteoglycans
engage cell surface receptors to induce biochemical signaling,
and help modulate the mechanical properties of the ECM
including its stiffness. Alongside glycoproteins and glycolipids,
proteoglycans act as structural components of the cellular
glycocalyx, where they influence cell signaling by regulating
the structure function of transmembrane receptors. Here
we focus on the role of proteoglycans in tumor mechanics
including their impact on extracellular matrix stiffness and the
tumor glycocalyx.

MECHANO-SENSING IN CANCER

In cancer development, oncogenic mutations and the loss
of tumor suppressors have long been viewed as the critical
initiating events. Nevertheless, there is a growing consensus that
even the cells carrying the most powerful oncogenic mutations
require an intricate set of microenvironmental conditions to
foster their malignant transformation and cancer progression.
Among these microenvironmental factors, tissue stiffening which
accompanies the fibrotic response that characterizes all solid
tumors, has emerged as a key factor that can foster malignancy
and collaborate with oncogenes to disrupt tissue organization
and promote the growth, survival, invasion and ultimately the
metastatic dissemination of the cancer cells (Northey et al.,
2017). Maintaining tissue organization requires retention of a
state of tensional homeostasis that is mediated by a balance
between the stiffness of the tissue stroma and the actomyosin
contractility of the cells within the tissue. An abnormal and
sustained increase in the stiffness of the stroma such as occurs
with fibrosis will increase the contractility of the cells in the
tissue to destabilize cell-cell junctions, compromise polarity and
destroy tissue architecture. Similarly, an increase in cellular
contractility, that is induced following oncogene activation (e.g.,
Ras or Her2), disrupts tissue architecture as well. It destabilizes
cell-cell adhesions, and stimulates the remodeling and stiffening
of the ECM until such time as the cell reaches a state of tensional
equilibrium with its mechanical microenvironment (Paszek et al.,
2005). Thus, chronically elevated tension will compromise tissue
architecture and this in turn can foster malignant transformation
and promote tumor progression (DuFort et al., 2011; Samuel
et al., 2011).

A stiffened tissue is frequently accompanied by chronic
inflammation which, in turn, increases stiffness even further
(Maller et al., 2020). Consistently, pathologies such as kidney,
lung and liver fibrosis are characterized by inflammation as
well as increased levels of ECM proteins including interstitial
collagen, that stiffen the stroma of the tissue. Tissue fibrosis is
accompanied by increased risk of cancer development (Adler
et al., 2016; Noguchi et al., 2018). Moreover, tissue stiffening
correlates clinically with tumor progression and aggression in
malignant gliomas (Miroshnikova et al., 2016; Barnes et al., 2018),

as well as adenocarcinoma of the breast (Acerbi et al., 2015), and
pancreas (Laklai et al., 2016).

MECHANICAL STRESS AND
MECHANO-TRANSDUCTION

There are three types of mechanical stress that tumor cells
experience: tensile, compressive and shear pressure, reviewed in
(Butcher et al., 2009; Northey et al., 2017) (Figure 1).

Tensile Stress
Tensile stress, or tension, arises from an increase in the local
tissue stiffness caused by a rigid ECM and its ability to stimulate
actomyosin contractility in the cells within the tissue. This
is associated with ECM remodeling, accumulation of proteins
such as fibronectin and increased abundance and cross-linking
of collagen fibers (Levental et al., 2009; Schedin and Keely,
2011). While type I collagen is critical for increasing the tensile
strength of most peripheral tissues, hyaluronic acid, tenascin and
small proteoglycans including biglycan and lumican, contribute
substantially to the stiffness of the brain parenchyma (Kim and
Kumar, 2014; Miroshnikova et al., 2016).

Cellular tension can also arise through the increased activity
of GTPases such as Rho that are stimulated by elevated
cytokine activation of G protein coupled receptors or by
activated oncogenes such as Ras (Samuel et al., 2011; Sanz-
Moreno et al., 2011; Laklai et al., 2016). High mechanical
tension is sensed by cellular transmembrane receptors such as
integrins. Integrins are hetero-dimeric transmembrane proteins
that serve as primary receptors of ECM components. Integrins
consist of dimeric α and β chains that each have multiple
isoforms, creating 24 known unique combinations that are
expressed in a tissue-specific way and selectively bind to the
ECM proteins (Humphries et al., 2006). Integrin activation can
be induced either outside – in via ligand binding or inside
- out via intracellular signaling. In either instance, integrin
activation induces a conformational change in the heterodimer
that unfolds the integrin to potentiate its ligand binding and
facilitate recruitment of cytoplasmic proteins that initiate integrin
clustering to form nascent adhesions.

Focal adhesion formation, however, requires cellular
actomyosin contractility to reach a sufficient level that is
proportional to the stiffness of the ECM. At a critical threshold
talin-vinculin binding is favored as is the recruitment and
activation of focal adhesion kinase (FAK), ROCKI and
ROCKII, Src, as well as several adaptor proteins, including
paxillin that foster the assembly of focal adhesions. Within
these adhesion complexes vinculin and talin function as
“molecular clutches” linking the integrin directly to the
network of actin filaments underneath the cell membrane.
When cellular tension is sufficiently high and prolonged,
these molecular clutches will promote the formation of
stress fibers which will then be further strengthened and
stabilized with participation of the final components of the focal
adhesion complex – zyxin and VASP (Kanchanawong et al.,
2010) (Figure 2).
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FIGURE 1 | Within a growing tumor, cells are subjected to mechanical forces, in response to which the cells exert tensile, compressive or shear stress. Tensile
pressure (tissue tension), stems from ECM stiffening and remodeling; compressive pressure applied occurs when tumor cells proliferate in a confined space leading
to vascular compression and damage; and shear force that is experienced by the cancer cells in the circulation.

In response to focal adhesion assembly, FAK and Src kinases,
phosphorylate a large scaffolding protein p130Cas. p130Cas acts
as a docking block for multiple signaling proteins that can activate
each other in close proximity, therefore amplifying their down-
stream signaling cascades. These include ILK – CDC42 and
ILK – Rac pathways, which regulate filopodia and invadopodia
formation and cell polarization and contractility (Alexander et al.,
2008). These functions allow the cells to initiate movement in
response to mechano-stimulation, or, in the case of cancer cells,
to move toward and invade the neighboring tissues after being
exposed to a stiff environment.

In addition, cell survival and proliferative pathways are also
induced via interaction with p130Cas. Erk and PI3K signaling is
up-regulated upon integrin activation in a p130Cas-dependent
manner (Cabodi et al., 2010; Janoštiak et al., 2014). Further
evidence of p130Cas involvement in mechanosignaling comes
from a study which determined that physical stretching of the
cells on elastic substrates induced p130Cas to assume an unfolded
conformation, open to phosphorylation by Src. This, in turn,
promoted down-stream signaling. Notably, p130Cas unfolding

and phosphorylation is significantly higher among the cells on
the edges of the 3D in vitro colonies, compared to the bulk of
the cells inside. This suggests that mechanical stretching directly
activates pro-survival signaling in invading cells enabling them to
migrate and disseminate (Sawada et al., 2006).

Elevated cellular contractility is also characteristic of the cells
that carry a bulky glycocalyx. Glycocalyx is a dense cell surface
coating composed of glycoproteins and proteoglycans, which
reinforce the external barrier of a cell, and actively regulate
mechano-transduction and growth factor signaling. In aggressive
metastatic cancer cells, glycocalyx is frequently enhanced (Paszek
et al., 2014; Barnes et al., 2018). Bulky glycocalyx was shown
to facilitate adhesion assembly and augment integrin-mediated
signaling (Paszek et al., 2014).

Finally, stiff microenvironment activates a critical
mechanosignaling pathway –YAP and transcriptional coactivator
with a PDZ-binding motif (TAZ) (Dupont et al., 2011). YAP/TAZ
are transcriptional co-activators that shuttle between cytoplasm
and the nucleus, where they bind to DNA transcription factor
TEAD and activate expression of its target genes, supporting
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FIGURE 2 | Mechano-transduction in cells is mediated through integrin activation upon binding to the ECM components, such as fibronectin. Syndecans (S)
facilitate this interaction by binding the ECM with HS chains. Intracellular syndecan domains activate signaling with PKCα (P) and via binding to PDZ-motif proteins.
Integrin activation recruits a host of focal adhesion components, including integrin-binding adaptor proteins – talin and paxillin (PX); actin binding cytoskeletal
proteins VASP and vinculin (V); and focal-adhesion associated kinases Src, FAK and ROCK. VASP and zyxin (Z) facilitate actin polymerization and connect it to the
focal adhesion complex. Phosphorylation of p130Cas by Src allows docking and activation of several signaling pathways, such as the MAPK, the c-Jun N-terminal
kinase (JNK) pathway and others.

cell survival and decreasing apoptosis. This signaling pathway
is mechano-responsive, and several mechanisms for mechano-
regulation of YAP/TAZ have been proposed. First, inhibition of
ROCK kinase prevents YAP/TAZ nuclear localization (Dupont
et al., 2011), which suggests that focal adhesion assembly is
required for YAP/TAZ signaling. In addition, inhibitors of
actomyosin and actin polymerization, as well as integrins, also
inhibit YAP/TAZ (Dupont, 2016). Finally, it has also been shown
that in cells stretched out on a stiff substrate, the nucleus is
compressed. This causes YAP/TAZ to translocate directly inside

via nuclear import channels, bypassing up-stream regulation,
and to induce expression of its target genes (Elosegui-Artola
et al., 2017). These results point to YAP/TAZ activation as a
sensor of mechanosignaling.

Several approaches have been developed to explore the causal
relationship between tissue tension and disease development
including malignant transformation and tumor progression.
Cellular mechanosignaling and actomyosin actomyosin tension
reduction can be achieved by inhibiting integrin focal adhesion
signaling or integrin focal adhesion assembly via knockdown
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or inhibition of key adhesion components including talin,
vinculin, focal adhesion kinase and ROCK. Mechanosignaling
and actomyosin tension can be enhanced through expression of a
β1-integrin engineered to promote inter-molecular associations
that foster clustering of the molecules by introducing a mutant
β1-integrin with a single amino acid substitution: V737N.
This single substitution of hydrophobic valine residue with a
hydrophilic asparagine promotes integrin clustering by reducing
repulsive forces in the transmembrane domain of the integrin.
Expression of the V737N β1-integrin enhances the assembly of
focal adhesions accompanied by elevated p397FAK and increased
ROCK activity that translate into higher actomyosin contractility
and potentiate growth factor receptor dependent activation of
MAPK, PI3K and Stat3 signaling (Paszek et al., 2005; Levental
et al., 2009; Laklai et al., 2016). Conversely, reducing tenascin C
expression in aggressive glioblastoma cells significantly decreases
the stiffness of the brain tumor ECM leading to significantly lower
tumor aggression (Miroshnikova et al., 2016).

In matrix collagen-rich tissues, higher stiffness coupled with
the reorganization of the collagen into thickened, oriented fibers
facilitates the directed invasion of the cancer cells to promote
their migration through the interstitial stroma that ultimately
favors their dissemination and metastasis (Ahmadzadeh et al.,
2017). Cells exposed to a chronically stiffened ECM with
sustained myc, catenin, YAP/TAZ and TGFβ activity often
undergo an EMT that promotes their phenotypic switch
to a motile state that is highly resistant to anti-cancer
treatments (Barnes et al., 2018). Epithelial tumor cells that have
undergone an EMT down-regulate cell-cell adhesion receptors
such as E-cadherin that compromise their potential to maintain
polarized tissue structures. In addition to the loss of E-cadherin,
polarization is also accompanied by a decrease in syndecan-1
proteoglycan on the cell surface (Sun et al., 1998). Syndecan-1
loss was later found to independently induce the EMT in several
cancers, leading to increased migration and invasion (Wang et al.,
2018). Cells that have undergone EMT are also more contractile
and exert higher forces at their integrin adhesions (Mekhdjian
et al., 2017), decrease cytokeratin expression and upregulate the
intermediate filament protein vimentin and exhibit a softening of
their nuclei (Liu et al., 2015; Northey et al., 2017). Intriguingly,
EMT substantially increases expression of glycoproteins that
contribute to the cellular glycocalyx. Cells with a bulky glycocalyx
can relax the bulk of their cortical tension and this allows
them to squeeze through the confined spaces often encountered
within a rigid, dense tumor microenvironment (Shurer et al.,
2019). Consistently, tumors that express a bulkier glycocalyx are
often more aggressive and metastatic and circulating tumor cells
frequently express high levels of glycoproteins that contribute to
a bulky glycocalyx (Paszek et al., 2014).

Not surprisingly, the stiffened, high-tension tumor
environment stimulates growth factor and cytokine dependent
cancer cell growth and survival, and promotes invasion,
migration and dissemination of the tumor cells. Consistently,
breast and pancreatic tumor cells and glioblastoma cells in which
integrin-dependent mechanosignaling was potentiated through
expression of the V737N mutant β1-integrin, undergo an EMT
that fosters their motility and invasion in culture and in vivo, and

reduces the survival of experimentally manipulated mice (Laklai
et al., 2016; Mekhdjian et al., 2017; Barnes et al., 2018).

Compression Stress
The rapid proliferation of tumor cells within a confined area can
increase compression stress. Compression stress in tumors can
also arise through elevated water retention mediated by increased
concentration of proteoglycans and hyaluronic acid (DuFort
et al., 2016). Compression stress within a confined tumor can
create a mechanical stress gradient with the forces declining at the
tumor periphery. High compression stress within the tumor can
occlude blood and lymphatic vessel integrity that induces tumor
hypoxia and increases interstitial fluid pressure (Sarntinoranont
et al., 2003). High tumor compression stress contributes to cancer
aggression either by directly activating signaling pathways or by
indirectly inducing hypoxia to stimulate HIF1a-dependent gene
expression that each can increase tumor cell growth, survival
and invasion, and promote EMT to drive cancer aggression and
metastasis (Tse et al., 2012).

Shear Stress
Shear stress is yet another type of mechanical stress cancer
cells experience in the tumor tissue. The shear stress is
created by the blood and interstitial fluid flow the cancer
cells encounter once they extravasate into the vasculature or
lymphatics during their metastatic dissemination. These shear
stresses can stimulate signaling pathways that enhance tumor cell
aggression and influence vessel patency. For instance, Polacheck
et al. (2017) show how vascular flow can induce cleavage of
the transmembrane Notch 1 receptor that permits the resulting
Notch transmembrane domain to form a complex with adherens
junctions that enhanced cell-cell adhesion stability. In cancer
cells, continuous exposure to fluid flow promotes migration and
invasion capacity. Some reports suggest that proteoglycan-rich
glycocalyx acts as a mechano-sensor of the interstitial flow and
enables mechanosignaling activation, while enzymatic reduction
of glycocalyx bulk inhibits flow-induced signaling (Shi et al.,
2011; Qazi et al., 2013).

In summary, as structural components of the glycocalyx
and the ECM, proteoglycans function as integral regulators
of bio-mechanics in both normal and malignant tissues. The
following sections provide an overview of the proteoglycan
diversity, describe their known function in cancer development,
and summarize the reports of proteoglycans’ involvement in the
regulation of mechanosignaling.

GLYCOSAMINOGLYCAN (GAG)
ATTACHMENTS TO PROTEOGLYCANS

Proteoglycans are a class of glycosylated proteins widely
expressed in various tissues, which play an important role in a
variety of cellular interactions and signaling events (Couchman
and Pataki, 2012). Proteoglycans are one of the principal
components of the mammalian glycocalyx, which along with
glycoproteins and glycolipids form the sponge-like mix of
proteins and lipids which acts as a barrier between the cell
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surface and the extracellular matrix (ECM), and regulates the
inter actions between the two (Monne et al., 2013; Buffone and
Weaver, 2020). In addition, proteoglycans are a major component
of the ECM and are also present intracellularly and pericellularly.
Proteoglycans are characterized by at least one covalently bound
GAG chain, although they can also contain other N-, and
O-linked glycans found in glycoproteins or glycolipids (Mulloy
and Rider, 2006; Nikitovic et al., 2018). These GAG chains have
very distinct glycosylation patterns which consist of repeating
disaccharide units, are long (∼80 monosaccharides for GAGs
while ∼10–15 for N-glycans), are sulfated at various different
points of the GAG chain and of each monosaccharide, and
have a much more linear structure as compared to N- or
O-glycans (Iozzo and Schaefer, 2015; Lindahl et al., 2015).
Furthermore, GAG chains are characterized by the Galactose–
Galactose–Xylose motif (Gal–Gal–Xyl), which initiates the chains
and can contain either IdoA or GlcA, monosaccharides unique
to GAG (Gandhi and Mancera, 2008; Pomin and Mulloy, 2018).
Furthermore, GAGs differ from glycoproteins and glycolipids
in that the GlcA/IdoA and hexosamine sugars form repeating
disaccharides which compose the long GAG chains.

There are five main GAG chains: heparin, CS, DS, KS,
and HS, all of which are sulfated (Soares da Costa et al.,

2017). Each GAG consists of unique monosaccharide building
blocks as: heparin contains GlcNAc, GalNAc, IdoA, and GlcA
(Shriver et al., 2012), CS contains GalNAc and GlcA, DS
contains IdoA and GalNAc, KS contains galactose (Gal) and
GlcNAc (Funderburgh, 2002), and HS contains GlcNAc, GalNAc,
IdoA, and GlcA (Lindahl et al., 2015). The differences in
composition of each of the GAGs, which have been determined
by sequencing for most of the GAGs except for KS, expressed on
proteoglycans have profound effects on their function both inside
and outside of the cell.

CELLULAR LOCALIZATION OF
PROTEOGLYCANS

An important distinction between proteoglycans and other
glycosylated molecules such as mucins, glycoproteins,
and glycolipids, which are primarily present on the cell
surface (Buffone et al., 2013, 2017; Mondal et al., 2016), is
that proteoglycans can be localized either intracellularly,
pericellularly, on the cell surface, or be shed into the extracellular
matrix (Figure 3) (Vogel and Peterson, 1981; Yanagishita, 1993;
Lin, 2004; Iozzo et al., 2009). The different members of the

FIGURE 3 | Proteoglycans’ localization. Serglycin (SG) is the only intracellular proteoglycan, found in secretory vesicles (SV). It carries both HS (blue) and CS (red)
GAG chains. Transmembrane proteoglycans include, but are not limited to phosphacan (P), betaglycan (B), syndecans (S) and glypicans (G). In the ECM, SLRPs are
short proteoglycans that carry either a CS or a DS (green) GAG chain. Other proteoglycans include testican (T) and hyalectins that aggregate with hyaluronic acid
(HA). Basement membrane (BM) contains agrin (A), perlecan (PR) and collagens XV (XV) and XVIII (XVIII).
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proteoglycan classes and their functions have been beautifully
reviewed by others (Iozzo and Schaefer, 2015), but we will
briefly cover the pertinent proteoglycans in terms of the
topic of this review.

Intracellular Proteoglycans
There is only one proteoglycan in the mammalian genome which
resides in the intracellular space and that is serglycin. Serglycin
is interesting as it is located in the secretory granules of cells and
holds together all of the proteases and other components of the
granule (Kolset and Tveit, 2008). Serglycin can carry a variable
number of heparin or CS side chains (Nugent, 2000).

Cell-Surface Proteoglycans
There are two major families of cell-surface proteoglycans:
syndecans 1–4 (Cheng et al., 2016) which have a transmembrane
domain and glypicans 1–6 (Li N. et al., 2018) which are anchored
to the cell membrane through a GPI lipid. Syndecans have
primarily HS GAGs but can also have CS chains which are
implicated in a variety of biological processes, most critically in
binding growth factors in tissues (Forsten-Williams et al., 2008).
Enzymatic processing of syndecans represents an important
regulator of their function. Syndecans can be secreted into
the pericellular environment by MMPs (Rossi et al., 2014)
and into the extracellular matrix through partial degradation
of their domains by proteases to perform other functions
(Teng et al., 2012).

Heparanase is an endoglycosidase that can cleave heparan
sulfate side chains. This can result in the release of growth factors
or chemokines bound by syndecans. In many malignancies,
high expression of heparanase has been associated with an
aggressive tumor phenotype (Ramani et al., 2013). Furthermore,
post-assembly processing by plasma membrane-bound endo-
6-O-sulfatases (SULF1 and SULF2) changes the sulfation
pattern of HS chains, which in turn leads to an altered
ligand/receptor interaction (Bishop et al., 2007). In liver cancer,
the activation of SULF1/SULF2 promotes the tumor growth
(Graham et al., 2016).

Glypicans are HSPGs, that are linked to the cell surface
by GPI anchor. Glypicans can modulate a variety of
cell signaling pathways including Wnt, frizzled, BMP,
hedgehog (Hh), and bFGF (Cassiman et al., 1992; Capurro
et al., 2005, 2008; Filmus and Capurro, 2014). Increased
expression of glypicans has been found in pediatric cancers
and liver cancer (Li N. et al., 2018). Other proteoglycans
which reside at the cell surface include betaglycan
(Bilandzic and Stenvers, 2012) and phosphacan (Maurel
et al., 1994). They are discussed further in other reviews
(Iozzo and Schaefer, 2015).

Pericellular Proteoglycans
There are four pericellular proteoglycans that reside
predominantly within the basement membrane: perlecan,
agrin, and collagens XV and XVIII (Iozzo et al., 2009). Perlecan
is a massive proteoglycan (>500 KD) which contains HS GAG
chains that cross-link cell surface molecules to ECM components

in the basement membrane (Gubbiotti et al., 2017). Perlecan
is secreted by smooth muscle and vascular cells and plays a
role in a variety of cellular processes including cell adhesion,
inflammation, wound healing, endocytosis, and cardiovascular
development (Whitelock et al., 1999; Sasse et al., 2008; Zoeller
et al., 2008; Jung et al., 2013). Agrin is a similar proteoglycan
in structure to perlecan that also cross-links the cell surface to
the ECM that differs from perlecan by having both HS and CS
GAGs and is expressed primarily in the brain where it is known
to interact with NCAMs (Tsen et al., 1995; Winzen et al., 2003).
Finally, collagen XV, which carries CS GAG chains, and collagen
XVIII, with HS chains, are proteoglycans which are present in all
human and mouse basement membranes that play distinct roles
in the structural support and angiogenesis (Heinämäki et al.,
1994; Eklund et al., 2001).

Extracellular Matrix Proteoglycans
The ECM proteoglycans are the largest class of proteoglycans.
This group of molecules consists of the calcium binding
testican family, the SLRPs and lectin (hyalectin). Hyaluronic
acid is also frequently present in the extracellular space.
Testican proteoglycans carry HS and CS GAGs (Bonnet
et al., 1992), are modular in structure like perlecan, and
are found in both the testis and CNS where they play a
strong role in neuronal development (Schnepp et al., 2005).
Conversely, SLRPs contain over 18 distinct members and are
much smaller than other proteoglycans (30–40 kDa). They
are defined by a core that consists of leucine-rich repeats
(Iozzo et al., 2011). SLRPs are widely present in almost all
of the ECM in the meninges, pericardium and peritoneum
and are involved in regulating organ shape (Iozzo, 1997,
1999).

The hyalectin class of proteoglycans has four members:
aggrecan, versican, neurocan, and brevican, which are
characterized by tri-domain structure in which the N-terminus
binds hyaluronan, the C-terminus binds lectins, and the central
domain contains the GAG (predominantly CS) side chains
(Iozzo, 1998). The hyalectins play important roles in maintaining
the structure of the brain, cartilage, and vasculature. Aggrecan is
known to form large complexes (∼200 MDa) with hyaluronan,
collagen, and other proteoglycans and glycoproteins and
this hydrated gel-like ECM structure forms the load bearing
component of cartilage (Heinegård, 2009; Wight et al., 2011).
Versican has four isoforms (V0, V1, V2, and V3) which are
differentially expressed in tissues such as the brain, heart, and
vascular smooth muscle (Zimmermann and Ruoslahti, 1989;
Naso et al., 1994; Zimmermann and Dours-Zimmermann, 2008).
Versican’s function is to facilitate cell migration and resolution
of inflammation as it interacts with cell surface receptors on the
leukocyte surface to enhance interactions with the vasculature
(Wight et al., 2014). Neurocan is a proteoglycan with CS GAGs
expressed in the brain that binds to NCAM, tenascin, and
hyaluronan and inhibits neurite outgrowth at the sites of injury
(Davies et al., 2004; Liu et al., 2006). Finally, brevican is a
critical proteoglycan in brain function as its expression has
been linked to glioblastoma, brain tissue injury, and Alzheimer’s
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disease (Yamada et al., 1994; Frischknecht and Seidenbecher,
2012).

PROTEOGLYCANS IN CANCER

Several distinct functions of proteoglycans define their complex
role in biological systems. To begin with, proteoglycans promote
cell-to-cell and cell-to-matrix interactions. Proteoglycans also
trap and release various growth factors and cytokines. For
example, HS GAG chains of transmembrane proteoglycans
can bind bFGF (Faham et al., 1996; Li Y. et al., 2016).
As bFGF and other growth factors trapped by the GAG
chains of proteoglycans are gradually dissolved, they
prompt proliferation of the neighboring cells, and induce
vascular growth and tissue regeneration (Hao et al., 2018;
Li R. et al., 2018). In addition, enzymatic processing of
proteoglycans by proteases and heparanases represents
another important factor that modifies their biological activity
(Cheng et al., 2016).

Proteoglycans, most prominently HSPGs, are often
dysregulated during tumor development (Fjeldstad and Kolset,
2005; Varki et al., 2016). However, their role in cancer is highly
context dependent. The following section describes the known
contribution of intracellular, pericellular and ECM proteoglycans
in cancer development and progression.

Intracellular
Heparin- and CS-decorated serglycin is the sole known
intracellular proteoglycan, expressed most prominently by the
endothelial, hematopoietic and myeloid cells. It can be detected
both intracellularly, where it localizes to the secretory vesicles,
and is secreted into the extracellular space (Schick et al., 2001;
Kolseth et al., 2015). Serglycin secreted by both cancer-associated
stroma cells, as well as the cancer cells themselves, binds to the
transmembrane glycoprotein CD44 (Guo et al., 2017).

Activation of CD44 in cancer cells promotes stemness,
drives sphere formation, and increases invasion and
migration (Skandalis et al., 2019). These effects are
mediated through a transcription factor, Nanog, which
sustains the non-committed state of the cells (Guo et al.,
2017). Completing a positive-feedback loop, serglycin itself
appears to promote CD44 expression, since a knock-down
of serglycin leads to a drop in the cells with high CD44
levels (Zhang et al., 2020). In lung and colorectal cancer,
high expression and secretion of serglycin is associated
with a poor clinical outlook and treatment resistance
(Xu et al., 2018), while the knock-down of serglycin
decreases tumor burden in vivo (Guo et al., 2017). In line
with these findings, serglycin was also found to support
stemness in glioblastoma cells, where it prevents astrocytic
differentiation and promotes cell proliferation and tumor growth
(Manou et al., 2020).

Pericellular
The clinical consequence of high expression of transmembrane
proteoglycans is variable among cancer patients. The current

consensus emphasizes a highly context- and cancer type-
dependent manner in which certain proteoglycans regulate the
tumor development and progression.

Syndecan-1 (Sdc-1)
Sdc-1 is found in several normal tissues, as well as in the
malignant tumors (Kind et al., 2019). In some cases, high
expression of Sdc-1 has been linked to poor prognosis. Notably,
high levels of Sdc-1 in breast cancer cells correlated with higher
incidence of brain metastasis (Sayyad et al., 2019). Sdc-1 is also
more abundant in the ER-negative tumors, suggesting that its
expression marks this more aggressive breast cancer phenotype
(Barbareschi et al., 2003; Baba et al., 2006; Qiao et al., 2019). This
has been corroborated by reports showing that Sdc-1 expression
is directly repressed by ER (Fleurot et al., 2019). In agreement
with this, recent work described Sdc-1 as an important marker
of CSC phenotype in inflammatory breast cancer – a subtype
with a notoriously poor prognosis (Ibrahim et al., 2017). In
that study, Stat3, NFκB, Notch-1, Notch-2, and EGFR signaling
was significantly reduced upon Sdc-1 knock-down. These data
suggest that Sdc-1 could serve as a modulator of CSC phenotype
and may be a promising therapeutic target. Notch pathway
activation may specifically rely on the HS GAG chains of the
Sdc-1, as a recent study showed that overexpression of HS-
sulfotransferase enzymes regulates Notch signaling in breast
cancer cells. However, this effect is specific to the triple-negative
breast cancer (TNBC) (Teixeira et al., 2020).

These findings are in contrast with other work, where Sdc-
1 depletion led to the increased breast cancer cell motility
and invasion facilitated by stronger integrin adhesion to ECM
components, such as fibronectin (Ibrahim et al., 2012; Hassan
et al., 2013). Some of this discrepancy in the role of Sdc-1 in
breast cancer development may also be due to its differential
expression between cell types. For example, one study of the
normal breast tissue found that Sdc-1 expression was higher
in the stromal component compared to lobular epithelium
(Lundström et al., 2006). The authors found that in women
with high mammographic density (MD), Sdc-1 expression shifted
from epithelial to stromal cells. As high MD has been linked
to increased breast cancer incidence (Vachon et al., 2007), this
suggests that stromal Sdc-1 expression is important for breast
cancer development. In support of this, orthotopic injection of
aggressive murine mammary tumor cell lines into Sdc-1–/– mice
prevented lung metastasis compared to wild-type animals. These
findings identify Sdc-1 as a key component of a lung metastatic
niche (Chute et al., 2018).

Pro- and anti-tumorigenic role of Sdc-1 may also be context-
dependent. In colorectal cancer cells, high expression of Sdc-1
reduced tumor growth and invasion through down-regulation
of MAPK and Stat3 signaling (Wang et al., 2019). Additionally,
low expression of Sdc-1 corresponded with poor prognosis
in colorectal cancer patients (Li K. et al., 2019). In this
cancer type, Sdc-1 silencing promoted EMT and a stem-like
phenotype and stimulated integrin signaling through FAK kinase
phosphorylation. This resulted in accelerated tumor growth
and possible resistance to radiation therapy (Katakam et al.,
2020). Similarly, in gastric carcinomas, high Sdc-1 expression
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correlated with a less aggressive tumor phenotype (Charchanti
et al., 2019). Notably, normal tissues of the gastro-intestinal
tract have high levels of Sdc-1 (Schick et al., 2001), which
suggests that Sdc-1 expression is lost at some point during cancer
development and progression in some of the patients, conferring
a survival advantage.

This is supported by several studies, which show that Sdc-1
expression is lost during EMT in both cancer (Yang et al., 2011;
Farfán et al., 2018; Kalscheuer et al., 2019) and normal tissues
(Sun et al., 1998). EMT is an important developmental program
of embryogenesis, which can be hijacked by the cancer cells
during tumor growth to promote invasion and metastasis. As
previously mentioned, increased tissue stiffness promotes EMT
and up-regulates mechanosignaling in cancer (Wei et al., 2015;
Zhang et al., 2016; Matte et al., 2019). This raises a possibility that
high tumor stiffness promotes a mesenchymal-like phenotype in
cancer cells, which in turn leads to the loss of Sdc-1, among
other consequences.

Syndecan 2, NG2, Betaglycan
Several other transmembrane proteoglycans have also been
linked to an aggressive cancer phenotype. Syndecan 2 (Sdc-
2) expression is increased in a range of cancers including
lung adenocarcinoma and colon cancer, where it promotes
expression of matrix metalo-proteinase 9 and 7 (MMP9 and
MMP7) respectively (Jang et al., 2016; Tsoyi et al., 2019). MMPs
regulate cancer cell invasion by digesting the ECM immediately
surrounding the cancer cells, and by inducing shedding of
E-cadherin adhesion proteins. Sdc-2 is therefore linked to the
EMT and cancer invasion (Mytilinaiou et al., 2017). Similarly,
Syndecan 4 (Sdc-4) has been shown to promote EMT in the
papillary thyroid carcinoma cells (Chen L.L. et al., 2018). NG2
is another transmembrane proteoglycan, which is often over-
expressed in cancer and has been linked to poor prognosis
(reviewed in Nicolosi et al., 2015).

In contrast to the transmembrane proteoglycans discussed
above, betaglycan, also known as TGFβ-receptor 3 (TGFβR3),
has been associated with positive outcome in cancer patients
(Nicolosi et al., 2015). Nicolosi et al. found that abundant
betaglycan inhibits NF-κB and MAPK signaling and reduces
tumor growth and invasion. In line with this, the loss of
betaglycan in renal cell carcinoma lifts this inhibition and
induces TGF-β signaling. This results in rapid metastasis in vivo
(Nishida et al., 2018).

Transmembrane
Glycosyl-Phosphatidyl-Inositol (GPI) –
Anchored Proteoglycans
Glypicans
A recent study described activation of Wnt/β-catenin/c-Myc
signaling axis by one of the transmembrane GPI-anchored
proteoglycan glypican-4 (GPC4), and the resulting up-regulation
of glycolysis in colorectal cancer. Moreover, proteasomal
degradation of GPC4 resulted in Wnt/β-catenin/c-Myc signaling
attenuation and metabolic reprogramming, which was favorable
for the survival of the tumor-bearing mice (Fang et al., 2019).

By contrast, glypican-3 (GPC3) has been reported to act as
a tumor suppressor. GPC3 silencing promoted breast cancer
growth, while ectopic re-expression of GPC3 inhibited growth
in vitro (Xiang et al., 2001).

Neuropilin-1
The transmembrane proteoglycan Neuropilin-1 (NRP1) is one
of the proteoglycans which serves as a co-receptor in several
growth-factor signaling pathways, including EGFR-Akt (Rizzolio
et al., 2012), fibroblast growth factor 2 (FGF2) (West et al., 2005),
PDGF – TGFβ (Cao et al., 2010) and VEGF signaling. Notably,
NRP1-mediated activation of the VEGF signaling is dependent
on the HS or CS GAG chain attachment to its core protein.
In the absence of full glycosylation, stimulation with VEGF no
longer promotes growth, invasion and formation of blood vessels
(Shintani et al., 2006; Hendricks et al., 2016).

Pericellular and Basement Membrane –
Anchored Proteoglycans
Perlecan
Perlecan is a proteoglycan highly expressed in basement
membranes, peri-vascular regions and tumor-adjacent stroma
regions in most solid cancer types (Figure 3) (Cruz et al., 2020).
Multiple HS chains attached to perlecan protein core account
for its ability to bind a variety of growth factors, cytokines and
cell surface receptors (Whitelock et al., 2008). Controlled gradual
release of these bound growth factors maintains structured
tissue homeostasis, which becomes impaired in malignant tumors
(Cruz et al., 2020).

Perlecan has been identified in a recent study, as a mediator
of the intricate relationship between cancer cells and CAFs in
PDAC (Vennin et al., 2019). The authors found that PDAC
cells carrying a p53-gain of function (GOF) mutation, induced
a transcriptional change in CAFs, prompting them to support
invasion and metastasis. In these tumors, CAFs stimulated cross-
linking of collagen fibers, which resulted in higher mechanical
stiffness levels compared to the less aggressive counterparts with
the loss of p53. Notably, conditioned media, collected from CAFs
of p-53-GOF tumors was sufficient to induce collagen remodeling
in vitro, suggesting that some of the soluble secreted factors are
responsible for this change. A mass spectrometry analysis of the
CAF-derived secretome revealed a high abundance of perlecan.
Further experiments demonstrated that perlecan was necessary
and sufficient for induction of collagen remodeling, increase in
cancer cell actomyosin contractility and promotion of invasion of
the PDAC cells into the matrix (Vennin et al., 2019). Moreover,
immune response against the tumor cells was significantly
increased following perlecan depletion. In line with this, antibody
targeting perlecan inhibited tumor growth in a PDX mouse
model of TNBC. Interestingly, a stronger anti-tumor effect was
observed in nude mice than in the Nod/scid (NSG) mice,
suggesting that perlecan helps create an immunosuppressive
tumor microenvironment (Kalscheuer et al., 2019).

It has also been reported that during bone metastasis in
prostate cancer, accumulation of perlecan promotes cell-cell
adhesion instead of cell-ECM, preventing spreading of the
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cancer cells. Perlecan cleavage by matrix metalloproteinase-
7 (MMP-7) facilitates cancer cell-ECM adhesion, dispersion
and eventually leads to bone metastasis via induction of FAK-
dependent invasion (Grindel et al., 2018). These examples
underscore the highly context-dependent manner in which
various proteoglycans impact tumor progression.

Agrin
In addition to perlecan, other pericellular proteoglycans have
also been shown to have pro-metastatic functions. Agrin,
another HS-bearing proteoglycan, has a limited expression in the
normal tissue, but is progressively up-regulated during malignant
transformation in oral cancer (Rivera et al., 2018). A knock-
down of agrin reduced cancer cell proliferation, invasion and
sphere formation. Similarly to perlecan, agrin from conditioned
media was sufficient to rescue proliferation and invasion in the
agrin-silenced cells, suggesting that soluble agrin mediates its
pro-metastatic function. In addition, it has been shown that agrin
facilitates angiogenesis. Agrin produced by cancer cells, binds to
and stabilizes its receptors β1-integrin and Lrp4 on the surface of
the vascular endothelial cells. Coupled with an increasing stiffness
inside a tumor, this interaction promotes formation of focal
adhesions and stabilization of VEGFR2. Activation of VEGFR2,
in turn, leads to branching and proliferation of the endothelial
cells, and formation of new blood vessels (Njah et al., 2019).

Collagen XVIII and Collagen XV
Other pericellular and basal membrane proteoglycans, such as
collagen XVIII and collagen XV have also been implicated in
cancer progression support, however, limited evidence has been
reported on this subject. In metastatic gastric cancer, as well
as in non-small cell lung cancer, high expression of collagen
XVIII correlated with a poor clinical outcome (Iizasa et al.,
2004; Lee et al., 2010). However, both collagen XVIII and XV
are integral components of the basal membrane. While their
expression in the tumor may be up-regulated, both collagens
are often depleted from the basement membrane. This makes it
more permeable and thus enables epithelial tumor cells to invade
(Amenta et al., 2003).

Extracellular
Abundance of extracellular proteoglycans in the ECM has been
linked to a more aggressive phenotype of the tumors and stiffer
microenvironment (Varga et al., 2012). Accumulation of ECM
proteoglycans is also known to result in higher tissue stiffness.
In a normal breast, higher tissue stiffness corresponds to higher
mammographic density (MD), a well-established risk-factor for
breast cancer development, as mentioned above (Vachon et al.,
2007). High MD is characteristic for breast tissue rich in
ECM proteoglycans, including hyalectans (aggrecan, versican,
neurocan, and brevican), basement membrane proteoglycans (ex.
perlecan), and SLRPs such as lumican and decorin (Alowami
et al., 2003; Shawky et al., 2015).

It is important to note, however, that while proteoglycan
expression level is often associated with cancer, the extent of their
modification with GAG chains may be even more important.
A recent study examined a pattern of extracellular proteoglycans

in the ECM of malignant brain tumors. The authors discovered
that CS-modified proteoglycans, such as aggrecan, versican,
neurocan, and brevican, concentrated on the edge of the low-
grade gliomas. The CS GAGs promoted adhesion between tumor
cells and attracted reactive astrocytes, thus helping limit the
invasion of the tumor cells into the brain tissue. The more
aggressive high-grade tumors, however, had a low abundance of
CS GAGs, which the authors connected to the invasive nature
of those lesions (Silver et al., 2013). This proposed barrier
function is supported by evidence from previous reports, where
extracellular proteoglycans were found to direct brain tissue
development by imposing spatial limits between distinct regions
of the nervous tissue and the outer borders of the brain and spinal
cord (Golding et al., 1999).

Testicans
Testican 1, encoded by SPOCK1 gene, has been shown to
promote cancer growth. SPOCK1 knock-down strongly reduces
tumor growth and metastasis in an in vivo model of breast
cancer (Perurena et al., 2017). Similarly, in colorectal cancer,
SPOCK1 was found to be over-expressed and contributed to
the activation of PI3K-Akt signaling (Zhao et al., 2016). This is
in agreement with a recent report that demonstrated activation
of the same signaling cascade in glioma cells (Yang et al.,
2016). In all cases, tumor-supporting role of testican 1 was
linked to induction of EMT and activation of Wnt signaling
(Miao et al., 2013). A link between testican 1 expression
and EMT is further supported by evidence that resistance
to a broad range of targeted inhibitors, associated with a
mesenchymal-like phenotype, is reversed upon testican 1 knock-
down (Kim et al., 2014).

The role of other members of the testican family is less
clear, as there are only a handful of published reports on this
subject. It appears that testicans have a role in the inhibition of
MMPs, a group of enzymes that catalyze matrix digestion and
facilitate tumor cell invasion. Testican 3 was found to inhibit
certain MMPs, potentially preventing cancer spread. Conversely,
testican 2 was found to have an opposite effect, counteracting the
inhibition imposed by testican 3 (Kim et al., 2014). In summary,
contribution of the broader testican family to cancer progression
requires further investigation.

Small Leucine-Rich Proteoglycans (SLRPs)
The role of SLRP family of proteoglycans, which includes decorin,
biglycan and lumican, in cancer is different between its members
(reviewed in Appunni et al., 2019). SLRPs are abundant in
the ECM of most tissues, where they bind to various cell
receptors, regulating signaling cascades. For example, one of
the SLRPs, decorin, has been shown to bind multiple receptor-
tyrosine kinases, inhibiting their activation (Neill et al., 2016).
Decorin was shown to have a particularly high affinity for
the EGFR. Binding of decorin to EGFR led to ERK-mediated
expression of p21 and subsequent cell cycle arrest (Moscatello
et al., 1998). In addition, decorin can engage toll-like receptors
2 and 4, inducing inflammatory response. These functions
explain the tumor suppressive and anti-metastatic role of decorin,
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which has been reported across several cancer types (reviewed in
Neill et al., 2016).

Hyalectins
Some of the members of the hyalectin family of proteoglycans
have been shown to play a role in cancer. For instance, elevated
levels of versican have been reported in gastric (Shen et al.,
2015), lung (Asano et al., 2017), and endometrial cancer (Kodama
et al., 2007), where its expression correlated with poor clinical
prognosis. In breast cancer, expression of versican was only
enriched in malignant tumors, but not in the non-malignant
lesions (Vachon et al., 2007).

Brevican, has been found to promote motility of astrocytoma
cells, supporting progression of this cancer from low- to high-
grade glioma (Lu et al., 2012). Neurocan, another hyalectan
that is found in the CNS, is increased in neuroblastomas.
Several studies found that high neurocan expression has a strong
correlation with shortened patient survival (Su et al., 2017;
Zhong et al., 2018).

Hyaluronan
Hyaluronan, also referred to as hyaluronic acid, is a unique
GAG which is composed entirely of the non-sulfated repeating
disaccharides made of N-acetyl glucosamine (GlcNAc) and D-
GlcA residues. As it does not have a protein core, it cannot
be considered a proteoglycan. However, hyaluronan binds to
multiple proteins and proteoglycans within the ECM and
contributes greatly to structural integrity of different tissues, as
well as to cancer development and progression. Its role in cancer
is diverse and has been a subject of several comprehensive reviews
(Rankin and Frankel, 2016; Liu et al., 2019).

PROTEOGLYCANS ARE INVOLVED IN
MECHANOSIGNALING

ECM Proteoglycans
Stiffer tumors are characterized by two important changes
involving proteoglycans: a bulkier glycocalyx of the cancer cells,
and a stiffer, denser ECM. Both of these changes require abundant
proteoglycans with long, bulky GAG chain modifications
(Table 1). Proteoglycans and hyaluronan, in either unbound or
bound form, make up a significant part of cancer ECM and are
actively involved in the regulation of its stiffness. One of the
starkest pieces of evidence to support this comes from an unusual
source – a study of the human tooth. The authors describe the
proteoglycans present at the interfaces between different regions
of the tooth that come under high levels of mechanical stress.
These KS- and CS-decorated SLRPs are essential for the structural
integrity of the tooth, as their enzymatic digestion reduces the
stiffness of the tissue, making it less resistant to mechanical
loads (Kurylo et al., 2016). The implication of this finding is
that proteoglycans can markedly contribute to the regulation of
tissue mechanics.

In cancer, perhaps the most notable example of this are
the tumors of the CNS. Brain ECM contains large quantities
of hyaluronan (Wolf et al., 2019), CS-modified proteoglycans,
predominantly lecticans, as well as small glycoproteins and
adhesive molecules – laminin, tenascin C, and fibronectin.
Proteoglycans interact with the adhesive molecules, creating a
network of varying density. For example, hyaluronan binding
to tenascin C results in a more rigid ECM with higher stiffness.
This is coupled with the fact that tenascin C is over-expressed
in malignant tumors and is distributed in a gradient manner,
with the highest abundance in the central regions, decreasing

TABLE 1 | Proteoglycans control mechanical properties of the tissue and regulate mechanosignaling.

PGs regulate ECM stiffness

Biglycan and fibromodulin Maintain structural integrity and load-bearing capacity in the
human periodontal complex

Kurylo et al., 2016

Biglycan and decorin Control collagen fiber assembly Iozzo et al., 1999; Zhang et al., 2006; Lewis et al., 2010;
Robinson et al., 2017

Biglycan Controls collagen crosslinking and fiber density Andrlová et al., 2017

Agrin Stabilizes focal adhesion complexes, promotes ECM
stiffness and mechanosignaling

Chakraborty et al., 2015, 2017; Njah et al., 2019

Aggrecan Prevents ECM stiffening in cartilage tissues Nia et al., 2015

PGs modulate glycocalyx bulk and tune mechanosignaling

Sdc-1 Promotes β1-integrin signaling, invasion, cell spreading and
re-alignment in response to shear force

Iba et al., 2000; Beauvais and Rapraeger, 2010; Sarrazin
et al., 2011; Vuoriluoto et al., 2011; Yang et al., 2011;
Ebong et al., 2014

Sdc-4 Conveys direct mechanical cues to β1-integrins, binds ECM
protein, supports adhesion complexes and
mechanosignaling

Woods and Couchman, 2001; Okina et al., 2012;
Cavalheiro et al., 2017; Kennelly et al., 2019; Chronopoulos
et al., 2020

Syndecans Interact with PDZ-domain proteins, control cytoskeletal
remodeling, cell spreading and migration

Grootjans et al., 1997; Hsueh et al., 1998; Tkachenko et al.,
2006; Sulka et al., 2009; Kashyap et al., 2015; Keller-Pinter
et al., 2017

Serglycin

Serglycin Promotes FAK signaling and mechanosignaling Zhang et al., 2020

Notable examples outlined in this review.
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toward the periphery. This was shown to be controlled by
HIF1α (Miroshnikova et al., 2016; Chen J.E. et al., 2018),
which is highly expressed in the poorly vascularized, hypoxic
regions in the core parts of the tumors. Both the presence of
hypoxic areas and high stiffness have a strong association with
poor prognosis in glioblastomas, suggesting that hypoxia-driven
production of tenascin C, and its binding to hyaluronan underlie
the mechanism of stiffness increase, which fuels glioblastoma
progression (Miroshnikova et al., 2016). Other studies have
shown that ECM enrichment with hyaluronan independently
induces a stretched, contractile phenotype in glioma cells,
promoting their invasion (Wang et al., 2014; Pogoda et al.,
2017). Notably, hyaluronan abundance does not induce tumor
cell proliferation, but instead reduces tumor volume. Despite this,
it is associated with poor prognosis, as abundant hyaluronan
promotes cancer cell invasion and dissemination, rather than the
growth of a single parental tumor.

Outside of the CNS, proteoglycans are involved in mechano-
transduction by modulating ECM composition and organization.
Two SLRPs – decorin and biglycan are known to be essential for
the regulation of collagen fiber assembly in tendons. A knock-
down of these proteoglycans results in larger collagen fibers
that can tolerate smaller mechanical loads. The overall tendon
stiffness is also reduced upon decorin and biglycan knock-down
(Zhang et al., 2006; Robinson et al., 2017). In a follow-up study,
it was determined that the DS GAG chains attached to decorin
were required for binding and remodeling of collagen (Lewis
et al., 2010). These and other studies link decorin to mechano-
regulation and indicate that the presence of SLRPs is important
for the maintenance of soft ECM environments. In support of
this, decorin acts as a tumor suppressor in many cancer types,
while its loss precipitates cancer progression (Iozzo et al., 1999).
Another SLRP, biglycan also contributes to the ECM remodeling.
In melanoma models, the loss of biglycan expression in mouse
embryonic fibroblasts results in softer ECM with less collagen
crosslinking and reduced collagen fiber density. Among patients
with melanoma, low expression of biglycan, either by the tumor
or the stroma cells, is strongly linked to better clinical prognosis
(Andrlová et al., 2017). In summary, the evidence of SLRPs’
involvement in regulation of mechanosignaling in cancers is still
limited and merits further investigation.

Agrin
Mounting evidence points to another secreted proteoglycan –
agrin as a modulator of mechanosignaling in cancer. Agrin
was first described as a ligand of Lrp4, which binds to a
scaffolding protein MUSK. This complex serves as a platform
for multiple signaling pathways, supporting cancer growth and
preventing apoptosis (Zong and Jin, 2013). One of the down-
stream signaling cascades that is activated by agrin is YAP/TAZ
(Chakraborty et al., 2017).

In the same study, the authors uncovered the mechanism
of mechano-sensing by agrin. Cells cultured on stiff substrates
produce and secrete higher amounts of agrin. In turn, abundant
agrin in the ECM potently increases stiffness of the tumors
in vivo, which is dependent on collagen accumulation. Through
its receptors, agrin stimulates YAP signaling, inducing YAP

nuclear localization. Conversely, a knock-down of agrin results
in YAP translocation back into the cytosol and a decreased
expression of YAP target genes. Notably, this effect is exclusively
mediated through agrin, while stiffness alone in absence of
agrin expression is not sufficient to activate YAP and its target
genes (Chakraborty et al., 2017). Corroborating the role of
agrin in mechanosignaling, in the subsequent study of hepato-
carcinomas, it was determined that agrin stabilizes focal adhesion
complexes and facilitates FAK signaling. As a consequence,
agrin depletion impedes cell adhesion and invasion and has a
dramatic effect on tumor growth, practically eliminating tumors
completely (Chakraborty et al., 2015).

In support of these findings, it was shown that agrin, produced
both by the cancer cells, as well as the vascular endothelial
cells, is required for activation of angiogenesis, blood vessel
sprouting and cancer cell adhesion to the endothelial cells
(Njah et al., 2019). The authors found that agrin binding to its
Lrp4 receptor, induced β1 integrin – FAK signaling, formation
of focal adhesion complexes and stabilized protein levels of
VEGFR2, which is critical for endothelial cell migration and
proliferation. Importantly, these agrin-mediated effects were
stiffness-dependent, suggesting that stiff environments in tumors
promote angiogenesis via agrin-mediated mechanosignaling
(Njah et al., 2019).

Aggrecan
Aggrecan is another proteoglycan of the ECM, whose expression
is primarily limited to cartilage. Its abundance and modifications
determine cartilage stiffness and elasticity. It has been shown
that the length of CS and KS GAG chains attached to aggrecan
decreases with age, along with an overall depletion of aggrecan.
This results in progressively stiffer tissue (Nia et al., 2015).
While this change occurs in normal development, it may become
exacerbated with age and lead to development of osteoarthritis –
degradation of cartilage (Alberton et al., 2019). It is feasible that
aggrecan expression and the length of its GAG chains contribute
to the regulation of osteosarcomas, or metastasis of other cancers
to the bone. However, to the best of our knowledge, this has not
yet been investigated.

Cell Surface Proteoglycans
The role of ECM proteoglycans in mechanosignaling has
not been fully investigated. However, more is known about
the transmembrane and peri-cellular proteoglycans in
the context of mechano-regulation. It has been reported
that tumors with up-regulated tissue mechanics have
bulkier glycocalyx (Barnes et al., 2018). In addition, bulky
glycocalyx further amplifies mechanosignaling through focal
adhesions, creating a positive-feedback loop which propagates
malignant phenotype (Figure 4) (Woods et al., 2017). As key
components of glycocalyx, proteoglycans at the interface of
the cell-to-matrix interaction, contribute to the regulation
of this response.

Syndecans
Some proteoglycans can serve as co-receptors of integrins. One
of the best-studied examples of that is syndecans, which facilitate
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FIGURE 4 | Stiff matrix, rich in tenascin (T) and proteoglycans promote bulkier
glycocalyx and up-regulate mechanosignaling through focal adhesions (FA)
and down-stream pathways. Activation of mechanosignaling results in
production of more proteoglycans that contribute to bulkier glycocalyx and
stiffer ECM, thus concluding a positive-feedback loop in tumor tissue.

recognition and binding of external ligands, including growth
factors and components of the ECM, through their HS chains
within the range of (≈300 nm (Sarrazin et al., 2011). Syndecans
interact with different integrins on the cell surface, forming
diverse combinations. Their binding can occur both within
the cytoplasmic and the extracellular domains, and facilitates
formation and maturation of the adhesion complexes. Examples
of this include interaction of Sdc-4 and Sdc-1 with α2β1 integrins,
which promotes invasion of KRAS-mutant cells into collagen
gels (Vuoriluoto et al., 2011). In addition, it was found that
Sdc-1 mediates coupling of αvβ3 integrin with IGFR1 (Beauvais
and Rapraeger, 2010). Sdc-1 directly binds to the integrins,
which prompts formation of an integrin-IGFR1 complex and
IGFR1 auto-phosphorylation. Integrin interaction with IGFR1
was found to be necessary for the activation of integrin signaling
and cell spreading on substrates (Beauvais and Rapraeger, 2010).

Sdc-1 binding to disintegrin and MMP domain-containing
protein 12 (ADAM 12) induces a conformational change that
promotes binding of β1 integrins and subsequent cell spreading
(Iba et al., 2000). In line with this, Sdc-1 expression in stromal
fibroblasts induces rearrangement of the collagen fibers, allowing
breast cancer cells to adhere and extravasate more efficiently

(Yang et al., 2011). In summary, these studies provide evidence
that Sdc-1 is involved in focal adhesion formation and supports
activation of the down-stream signaling.

In addition, cell surface proteoglycans have been shown to act
as mechano-sensors of shear force in vascular endothelial cells.
In normal conditions, the endothelial cells align themselves with
the direction of the flow, creating a uniform layer. One study
has found that debulking of the endothelial glycocalyx with HS
degrading heparinase III prevents such re-alignment of the cells.
The authors found that this effect is dependent on Sdc-1, as
the Sdc-1 knock-down also abolished cell realignment as well as
remodeling of the fibrillar actin network, while a knock-down
of glypican-1 did not (Ebong et al., 2014). The distinct roles of
these proteoglycans in shear force sensing may be explained by
the difference in their membrane tethering. Sdc-1 transverses the
plasma membrane with a transmembrane domain that serves as
a stable anchor connecting it to the cytoskeleton. In contrast,
glypican-1 is more loosely attached with a GPI anchor and is often
found within lipid rafts in the membrane. A recent study found
that shear stress conditions induce re-distribution and clustering
of glypican-1 on the cell surface, while Sdc-1 remains in place
(Zeng et al., 2013).

Sdc-4 has also been described as essential for the formation
and stabilization of focal adhesions (Woods and Couchman,
2001). Evidence in support of this includes a study, where
mechanical force applied directly to the Sdc-4 through magnetic
pulling of the conjugated beads, resulted in activation of β1-
integrins, activation of down-stream signaling and an increase
in cortical stiffness (Chronopoulos et al., 2020). Conversely, cells
with a knock-down of Sdc-4 lose FAK and β1 integrins expression
at the leading edge and fail to establish stable adhesions. Sdc-4
silencing also results in un-coupling of vinculin from filamentous
actin network and its dispersion in the cytosol. As a result
of these events, loss of Sdc-4 leads to reduced adhesion and
increased proliferation (Cavalheiro et al., 2017). Furthermore,
Sdc-4 has been shown to bind to the ECM proteins, such as
fibronectin, with the HS chains, forming a stable deformation-
resistant bond, adding to the strength of integrin-fibronectin
binding (Kennelly et al., 2019).

Sdc-4, has been shown to directly interact with an α-actinin.
α-actinin is an actin fiber-remodeling protein, which cooperates
with myosin II to facilitate cell contractility and locomotion
(Figure 2). Sdc-4 therefore serves as an important sensor of
mechano-stimulation and regulator of cellular traction force
(Okina et al., 2012).

All syndecans have also been shown to interact with a diverse
group of PDZ-domain carrying proteins, which are important
for tethering receptor proteins to the plasma membrane and
serve as scaffolding proteins in signaling cascades (Cheng et al.,
2016). Syndecans interact with PDZ-domain proteins through
a conserved tetra-peptide region of their intracellular domain
(Grootjans et al., 1997; Hsueh et al., 1998). These syndecan-PDZ
protein complexes have been shown to be important for the
cytoskeletal rearrangement, cell spreading and migration, with
implications for cancer dissemination and metastasis (Tkachenko
et al., 2006; Kashyap et al., 2015). Since there are four different
syndecans and over 250 PDZ-domain proteins, specificity of their
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interactions is regulated through post-translational modifications
of both the PDZ-domain and the cytoplasmic domain of
syndecans, within or next to the PDZ-binding region. For
example, phosphorylation of the cytoplasmic region of Sdc-
1 prevents its interaction with syntenin-1 (Sulka et al., 2009),
but it strengthens its binding with T-lymphoma invasion and
metastasis-inducing protein 1 (Tiam1) (Keller-Pinter et al.,
2017) – both PDZ-domain proteins, which regulate cytoskeletal
organization and cell migration.

Serglycin in Mechanosignaling
Finally, serglycin, as the only known intracellular proteoglycan
has not been thoroughly investigated in terms of its contribution
to mechanosignaling. One report has linked high abundance
of serglycin with up-regulation of both mRNA expression and
nuclear localization of YAP/TAZ (Zhang et al., 2020). YAP/TAZ
activation is known to occur in response to multiple different
inputs, although the mechanism of serglycin-mediated activation
of YAP/TAZ is not completely understood. Stimulation of
cells with either serglycin over-expression, or treatment with
conditioned media collected from serglycin over-expressing cells,
induced FAK signaling. This suggests that secreted serglycin
promotes focal adhesion signaling, which in turn activates
YAP/TAZ. In line with this, serglycin knock-down prevented
activation of YAP/TAZ and the down-stream genes in a breast
cancer model. This resulted in improved sensitivity to chemo-
therapeutic treatment (Zhang et al., 2020).

Considering this intriguing observation, further studies
are warranted to better understand the regulation of
mechanosignaling by serglycin in cancer cells.

PROTEOGLYCANS IN CANCER
THERAPY AND DIAGNOSIS

As outlined in chapters above, proteoglycans contribute to cancer
progression, which is at least partially mediated through their
role in mechanosignaling. From this perspective, proteoglycans
represent attractive potential therapeutic targets. The search for
clinical applications began in 1983 with the first report of the anti-
angiogenic and anti-tumor properties of unfractionated heparin
(Folkman et al., 1983). Since then, cancer type- and tumor stage-
specific expression of certain proteoglycans have been described,
positioning them as useful diagnostic and prognostic markers.
For example, high expression of pericellular agrin on the interface
between the cancer cells and the surrounding ECM, serves as
a strong negative prognostic marker in PDAC. Knock-down
of agrin, on the contrary, reduces both the primary and the
metastatic tumor load in vivo (Tian et al., 2020). The study
points to agrin’s role in the modulation of mechanosignaling,
and support of adhesion and migration as the likely explanation
for this effect. Changes in proteoglycan abundance and
modifications also contribute to the ECM remodeling during
tumor growth and the development of therapeutic resistance
(Theocharis and Karamanos, 2019). For example, in melanoma,
resistance against BRAF-inhibitor was accompanied by increased
ECM levels of versican and biglycan (Girard et al., 2020). There is
therefore evidence that inhibition of mechanosignaling, regulated

by certain proteoglycans holds substantial therapeutic promise,
although it mostly remains to be explored.

Another avenue of modifying proteoglycans for therapeutic
gain is through modulation of their enzymatic processing (Shen
et al., 2015). GAG chains attached to the protein cores of
proteoglycans can be modified by sulfatases, which remove a sulfo
group on HS chains, reducing the binding of growth factors.
GAG chains can also be shortened or cleaved with a similar
effect by appropriate enzymes, depending on the composition
of the chain. For instance, in pancreatic cancer, increased levels
of heparanase – the enzyme that cleaves HS GAGs, have been
implicated in angiogenesis and metastasis, and correlated with
poor prognosis (Pirinen et al., 2005).

This prompted investigation of heparanase inhibitors as
potential therapeutics. For example, a significant tumor cell
growth reduction in vitro and prolonged survival in vivo
were reported upon treatment with a HS-mimetic heparanase
inhibitor PG545. In addition to the survival advantage,
PGP545 treatment also changed tumor cell phenotype, with the
remaining tumor showing reduced levels of VEGF, vimentin,
and collagen I. Histological analysis of these tumors showed
high level of differentiation, suggesting that PGP545 may
reverse tumor EMT (Ostapoff et al., 2013). In agreement with
these findings, other studies found that PG545 treatment
inhibited angiogenesis and reduced tumor burden in mouse
models of breast, lung and prostate cancer (Kodama et al.,
2007). Despite these promising preclinical results, as of
2019, no heparanase inhibitor has been tested in patients,
as selective targeting of heparanase remains challenging
(Shen et al., 2015).

Additionally, expression of specific proteoglycans by the
tumor tissues can be exploited in various targeted drug
delivery systems (Fuster and Esko, 2005; Misra et al., 2015).
Nanocarrier systems such as liposomes or antibody-drug
conjugates can improve drug delivery and anti-tumor activity of
classical chemotherapeutics, while reducing their toxicity (Peer
et al., 2007). Lee et al. developed cisplatin-loaded CS-binding
liposomes, that effectively inhibited tumor growth in liver
metastasis murine model (Lee et al., 2002). Similarly, antibody-
drug conjugate targeting CSPG4 triggered melanoma regression
in vivo (Hoffmann et al., 2020). Several similar approaches
that utilize HSPGs have been proposed for treatment of breast
(Khatun et al., 2013) and liver cancers (Longmuir et al., 2009).

Several groups identified cell surface proteoglycan glypican-1
as a specific marker of circulating cancer-cell-derived exosomes
in pancreas and breast tumors. Glypican-1-positive exosomes
may therefore serve as a tool for early detection of cancer (Melo
et al., 2015). Similarly, HS proteoglycan Sdc-1 has been reported
as an exosome constituent specific for glioblastoma, but not
low-grade glioma (Indira Chandran et al., 2019).

Recently, chimeric antigen receptor (CAR) T-cells have
been developed as a therapeutic tool that showed an
impressive efficacy in B-cell lymphomas (Jackson et al.,
2016). Subsequently, several cell surface proteoglycans
have been suggested as CAR T-cell targets in solid tumors.
Pellegatta et al. reported CART treatment targeted at CS
proteoglycan 4 (CSPG4) was effective in glioblastoma mouse
models (Pellegatta et al., 2018). Similarly, Glypican-3 was
suggested as CAR-T-cell target for melanoma, lung and
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hepatocellular carcinoma, respectively (Shimizu et al., 2019).
Despite groundbreaking discovery of CAR T-cell therapy in
hematopoietic malignancies, their application in treatment of
solid tumors remains challenging, likely due to the characteristic
microenvironment of solid tumors (Newick et al., 2017). In
summary, application of proteoglycans in cancer therapy holds
potential, but requires further studies.

CONCLUSION AND FUTURE
PERSPECTIVES

The role of tissue mechanics and mechanosignaling in tumor
development and progression is slowly becoming appreciated.
Considering that proteoglycans make up a significant part of
the ECM and serve as an interface between the cancer cells
and their environment, it is safe to assume their involvement
in the regulation of mechano-sensing and mechanosignaling.
In this review, we summarize published reports that support
this assumption. We conclude that the role of proteoglycans

in mechanosignaling deserves thorough investigation, as it may
uncover novel therapeutic approaches that could potentially curb
cancer progression in patients.
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Chondroitin sulfate (CS) and dermatan sulfate (DS) are widely distributed on the cell
surface and in the extracellular matrix in the form of proteoglycan, where they participate
in various biological processes. The diverse functions of CS/DS can be mainly attributed
to their high structural variability. However, their structural complexity creates a big
challenge for structural and functional studies of CS/DS. CS/DS-degrading enzymes
with different specific activities are irreplaceable tools that could be used to solve this
problem. Depending on the site of action, CS/DS-degrading enzymes can be classified
as glycosidic bond-cleaving enzymes and sulfatases from animals and microorganisms.
As discussed in this review, a few of the identified enzymes, particularly those from
bacteria, have wildly applied to the basic studies and applications of CS/DS, such
as disaccharide composition analysis, the preparation of bioactive oligosaccharides,
oligosaccharide sequencing, and potential medical application, but these do not fulfill
all of the needs in terms of the structural complexity of CS/DS.

Keywords: chondroitin sulfate, dermatan sulfate, structure-function relationships, oligosaccharide, enzymes

STRUCTURE AND FUNCTIONS OF CHONDROITIN
SULFATE/DERMATAN SULFATE

As a major member of the glycosaminoglycan (GAG) family, chondroitin sulfate (CS)/dermatan
sulfate (DS) chains covalently attach to core proteins to form CS/DS proteoglycans (CS/DSPGs),
which are widespread on cell surfaces and within extra/pericellular matrices to regulate
the extracellular environment, involving in many biological and pathophysiological activities
(Sugahara and Kitagawa, 2000). As the side chains of PGs, CS is composed of repeating
disaccharides consisting of D-glucuronic acid (GlcA) and N-acetylgalactosamine (GalNAc) with
different sulfation patterns, once the GlcA residues are isomerized to L-iduronic acid (IdoA)
residues CS is converted to DS, also called CS-B, and CS and DS domains are usually detected in
one chain as co-hybrid structure CS/DS (Sugahara et al., 2003; Figure 1). The sulfated modification
of CS/DS chains at C-4 and/or C-6 of GalNAc or/and C-2 of GlcUA/IdoUA by various specific
sulfotransferases generates significant structural diversity (Kusche-Gullberg and Kjellen, 2003;
Figure 1). Monosulfated disaccharide GlcAβ1-3GalNAc(4S) (A unit) and GlcA β1-3GalNAc(6S) (C
unit), of which 4S and 6S stand for 4-O-sulfate and 6-O-sulfate, respectively, are the most common
components found in CS from terrestrial animals (Mathews, 1958; Table 1). Additionally, some
highly sulfated disaccharides, such as GlcA(2S)β1-3GalNAc(6S) (D unit), of which 2S stands for
2-O-sulfate, and GlcAβ1-3GalNAc(4S, 6S) (E unit), have been found in CS/DS from mammals,
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in which they account a relatively low proportion but play very
important roles in various functions of CS/DS chains (Nandini
and Sugahara, 2006; Table 1). In contrast, DS from mammals
is mainly composed of the iA unit (IdoAα1-3GalNAc(4S))
with a small amount of the iB unit (IdoA(2S)α1-3GalNAc(4S))
(Bao et al., 2005; Nandini and Sugahara, 2006). Interestingly,
some CS/DS chains from marine animals contain a high
proportion of rare highly sulfated disaccharides, such as the
D unit in CS from shark fin and the E unit in CS from
squid cartilage (Mizumoto et al., 2013a; Ueoka et al., 2000;
Table 1). Traditionally, CS/DS is named based the main common
disaccharide unit or enriched rare disaccharide unit, such as CS-
A from mammalian cartilage and sturgeon notochord containing
A unit as main disaccharide, CS-C from shark cartilage
containing C unit as main disaccharide, CS-D from shark fin
containing rare D unit, and CS-E from squid cartilage containing
rare E unit. CS/DS chains are widely present in connective
tissues of vertebrates and invertebrates, and the polymerization
degree and sulfation pattern of CS/DS polysaccharide chains
determine the physicochemical properties and physiological
and pharmacological activities of CS/DS and CS/DSPGs. The
structure complexity of CS/DS leads to its functional diversity.
More and more studies have shown that CS/DS is involved in
cell division and differentiation (Sugahara et al., 2003; Mizuguchi
et al., 2003; Bülow and Hobert, 2006; Izumikawa et al., 2010;
Schwartz and Domowicz, 2018; Shida et al., 2019), cell adhesion
(Sugahara et al., 2003; Handel et al., 2005; Bülow and Hobert,
2006; Sugahara and Mikami, 2007), morphogenesis (Klüppel
et al., 2005; Hayes et al., 2018), inflammation (Li et al., 2020;
Campo et al., 2009) and viral infection (Hsiao et al., 1999;
Bergefall et al., 2005; Kim et al., 2017). CS/DS chains carry out
these functions through interacting with target proteins such as
various growth factors fibroblast growth factor (FGF), hepatocyte
growth factor (HGF) and pleiotrophin (PTN) (Nandi et al., 2006;
Taylor and Gallo, 2006) and cytokines (Hwang et al., 2003;
Mizuguchi et al., 2003; Izumikawa et al., 2004; Mizumoto and
Sugahara, 2013).

CS/DS BIOSYNTHESIS

The biosynthesis of CS/DS is a complex, multistep and
enzymatically accommodated process that occurs in endoplasmic
reticulum/Golgi compartments and is initiated by the synthesis of
GAG-protein linkage region covalently linked to specific serine
residues embedded in different core proteins (Sugahara and
Kitagawa, 2000; Silbert and Sugumaran, 2002; Sugahara et al.,
2003). The linkage region is a specific tetrasaccharide structure
GlcAβ1-3Galβ1-3Galβ1-4Xylβ1, in which Gal and Xyl represent
galactose and xylose residues, respectively (Figure 1). This
structure is catalyzed by the corresponding glycosyltransferase in
the tetrasaccharide sequence. Firstly, a Xyl residue is connected
to a specific Ser residue of core protein through the catalyzation
of xylosyltransferase (Götting et al., 2000, 2007); then, β1,4-
galactosyltransferase I (Almeida et al., 1999; Okajima et al.,
1999) and β1,3-galactosyltransferase II (Bai et al., 2001) catalyze
the connection of two Gal residues in turn; and, finally, β1,3-
glucuronyltransferase I (Kitagawa et al., 1998; Bai et al., 1999,

2001) catalyzes the addition of GlcUA residue to form the
tetrasaccharide linkage region.

Once the synthesis of the linkage tetrasaccharide is completed,
the extension of CS/DS chain will be triggered by the transfer of
a GalNAc residue to the nonreducing terminal GlcA residue of
the tetrasaccharide linkage region by GalNAc transferase I, and
then GlcA and GalNAc residues will be added in turn to form the
chondroitin (Chn) skeleton composed of repeating disaccharide
GlcA-GlaNAc through alternating catalysis of GalNAc transferase
II and GlcA transferase II (Sugahara and Kitagawa, 2000; Silbert
and Sugumaran, 2002; Sugahara et al., 2003). During the process
of polymerization, some GlcA residues in the Chn skeleton
can be transformed into IdoA under the control of two GlcA
C-5 epimerases, thereby transforming the corresponding Chn
domains into its stereoisomer dermatan domains (Maccarana
et al., 2006; Pacheco et al., 2009). Furthermore, some hydroxyl
groups of GalNAc or GlcA/IdoA residues in the chains can
be site-specifically modified by a variety of sulfotransferases
by using 3’-phosphoadenosine 5’-phosphosulfate as a donor
substrate (Habuchi, 2000). Under the control of chondroitin 4-
O-sulfotransferase-1, 2 and 3 (Yamauchi et al., 2000; Hiraoka
et al., 2000; Kang et al., 2002), and dermatan 4-O-sulfotransferase
(Evers et al., 2001; Mikami et al., 2003) the sulfate group is
transferred to the hydroxyl group at the C-4 location of GlcA to
generate an A unit and an iA unit, respectively. The 6-O-sulfation
of the C unit is catalyzed by chondroitin 6-O-sulfotransferase-1
(Fukuta et al., 1998). The GalNAc 4-sulfate 6-O-sulfotransferase
transfers sulfate to the C-6 position of the A/iA unit to generate an
E/iE unit (Ohtake et al., 2001), and uronyl 2-O-sulfotransferase
sulfates GlcA in the C-2 position of the C/iA unit to generate
a D/iB unit (Kobayashi et al., 1999). The space-time-dependent
expression and combined action of these enzymes make the
structure of CS/DS chains extremely diverse and complex, which
presents significant challenges for the structural and functional
studies of CS/DS.

CS/DS-DEGRADING ENZYMES

As a reverse process of CS/DS synthesis, the degradation
of CS/DS chains in the organisms also involves various
enzymes including glycosidic bond-cleaving enzymes and
sulfatases, which correspond to glycosyltransferases and
sulfotransferases, respectively. Thus, the CS/DS-degrading
enzymes are indispensable tools for analyzing the structure
and function of CS/DS chains. Based on the enzymatic
mechanism, CS/DS glycosidic bond-cleaving enzymes are
accordingly classified as either hydrolases or lyases. According
to their similarities of amino acid sequences, hydrolases and
lyases are assigned to glycoside hydrolase (GH) families and
polysaccharide lyase (PL) families, respectively (Henrissat, 1991).
CS/DS hydrolases and lyases are usually found in animals and
microorganisms, respectively. CS/DS sulfatases belong to the
formylglycine-dependent family that specifically hydrolyzes
sulfate esters on poly- and oligosaccharides of CS/DS. These
CS/DS-degrading enzymes play key roles in the catabolic
metabolism of CS/DS polysaccharides and are widely found in
animals and microorganisms.
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Hydrolases
In animals, CS/DS glycosidic bond-cleaving enzymes are
hydrolases that cleave the β-1,4-glycosidic bond between GalNAc
and GlcA residues in CS chains via a hydrolysis mechanism
to produce saturated oligosaccharide products (Kreil, 1995).
In mammals, the so-called hyaluronidases (EC 3.2.1.35) have
been reported to be the only hydrolases that cleave CS chains,

and even some hyaluronidases do not degrade hyaluronan
(HA) but only degrade CS (Kaneiwa et al., 2010). In fact,
most animal-derived hyaluronidases and microorganism-derived
CS/DS lyases, which we will introduce later, show both HA-
and Chn/CS-degrading activities, which may be due to the very
similar structural features of the two GAG polysaccharides. Both
HA and CS chains have same types of β-glycosidic bonds in

FIGURE 1 | The structure of CS/DS. The CS/DS chain consisting of D-glucuronic acid (GlcA) or L-iduronic (IdoA) acid glycosidically linked to N-acetylgalacyosamine
(GalNAc) [(-4GlcAβ1-3GalNAcβ1-) or (-4IdoAα1-3GalNAcβ1-). CS/DS chains are covalently attached to the core protein by GAG-protein linkage region
tetrasaccharide.

TABLE 1 | The CS/DS disaccharide and unsaturated disaccharide produced by CS/DS lyase.

CS units DS units Unsaturated units

Unit Sequence Unit Sequence Unit Sequence

O unit GlcAβ1-3GalNAc iO unit IdoAα1-3GalNAc 1O unit 1HexA-GalNAc

A unit GlcAβ1-3GalNAc(4S) iA unit IdoAα1-3GalNAc(4S) 1A unit 1HexA-GalNAc(4S)

B unit GlcA(2S)β1-3GalNAc(4S) iB unit IdoA(2S)α1-3GalNAc(4S) 1B unit 1HexA(2S)-GalNAc(4S)

C unit GlcAβ1-3GalNAc(6S) iC unit IdoAα1-3GalNAc(6S) 1C unit 1HexA-GalNAc(6S)

D unit GlcA(2S)β1-3GalNAc(6S) iD unit IdoA(2S)α1-3GalNAc(6S) 1D unit 1HexA(2S)-GalNAc(6S)

E unit GlcAβ1-3GalNAc(4S,6S) iE(H) unit IdoAα1-3GalNAc(4S,6S) 1E unit 1HexA-GalNAc(4S,6S)

F unit GlcAβ1-3GalNAc(4S)
|

Fuc(α1-3)

iK unit IdoA(3S)α1-3GalNAc(4S) 1F unit 1HexA-GalNAc(4S)
|

Fuc(α1-3)

G unit GlcAβ1-3GalNAc(4S)
|

Glc(β1-6)

iL unit IdoA(3S)α1-3GalNAc(6S) 1G unit 1HexA-GalNAc(4S)
|

Glc(β1-6)

K unit GlcA(3S)β1-3GalNAc(4S) iT unit IdoA(2S)α1-3GalNAc(4S,6S) 1K unit* 1HexA(3S)-GalNAc(4S)

L unit GlcA(3S)β1-3GalNAc(6S) iU unit IdoA(2S)α1-3GalNAc 1L unit* 1HexA(3S)-GalNAc(6S)

M unit GlcA(3S)β1-3GalNAc(4S,6S) 1M unit* 1HexA(3S)-GalNAc(4S,6S)

T unit GlcA(2S)β1-3GalNAc(4S,6S) 1T unit 1HexA(2S)-GalNAc(4S,6S)

U unit GlcA(2S)β1-3GalNAc 1U unit 1HexA(2S)-GalNAc

*The disaccharides containing 1HexA (3S) are unstable and result in sulfated GalNAc.
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and between repeating disaccharide units consisting of GlcA
and hexosamine residues, and the only difference in structure
between them is that the acetylated hexosamine GlcNAc in
HA is replaced by the GalNAc in the Chn skeleton of CS. In
addition, like other glycoside hydrolases, hyaluronidases exhibit
certain transglycosidase activities (Hoffman et al., 1956), which
can be used for synthesizing of HA (Kobayashi et al., 2003),
Chn (Kobayashi et al., 2003), CS (Fujikawa et al., 2005), their
derivatives (Ochiai et al., 2007b; Kobayashi et al., 2003), and
hybrids of HA-Chn and HA-CS (Ochiai et al., 2007a).

In human genome, six highly homologous genes have
been found to encode hyaluronidase-like sequences including
five functional hyaluronidases genes (HYAL1, HYAL2, HYAL3,
HYAL4 and SPAM1) and a pseudogene HYALP1(also called
HYAL6P) that is transcribed in humans but is not translated
(Csoka et al., 2001; Stern and Jedrzejas, 2006). HYAL1, HYAL2,
and HYAL3 are clustered in the chromosome 3p21.3 locus,
whereas the HYAL4, SPAM1(encodes PH-20) and HYALP1 genes
are found on chromosome 7q31.3 (Csoka et al., 2001; Stern,
2003). Based on the optimal pH, most of these hyaluronidases
show their highest activity at an acidic pH (Lokeshwar et al.,
2001; Sabeur et al., 1997). As mentioned above, these so-called
hyaluronidases from humans also show a certain degree of CS-
degrading activity. The sperm-specific enzyme PH-20 shows
much higher activity against Chn than CSA and HA at pH 4.5,
whereas prefers HA and CS to Chn at pH 4.0 (Honda et al., 2012).
In contrast, plasma hyaluronidase HYAL1 prefers to degrade CS-
A than HA at pH 4.5 but prefers HA than CS-A at pH 3.5 (Csoka
et al., 2001; Honda et al., 2012; Yamada, 2015). Furthermore, C
units in CS-C negatively affect the hyaluronidase activity of PH-
20. More interestingly, HYAL4 has been shown to be a specific
CS-degrading enzyme without any activity toward HA, which
means that the name of hyaluronidase is a misnomer for this
enzyme (Csoka et al., 2001; Stern, 2003; Jedrzejas and Stern, 2005;
Kaneiwa et al., 2010). The HYAL1 and PH-20 with CS-degrading
activity cannot cleave the galactosaminidic linkages in -GalNAc-
IdoA- and -GalNAc-GlcA(2S)- sequences, which are often found
in DS chains and in highly sulfated D unit-containing domains of
CS chains, respectively. In contrast, HYAL4 could strongly cleave
the galactosaminidic linkages in -GlcA(2S)-GalNAc(6S)-GlcA-
GalNAc(4S or 6S)- (Kaneiwa et al., 2010), suggesting that HYAL4
plays an important role in the degradation of CS in mammal.
However, the degradation mechanism of DS chains in animals
remains to be further investigated. Enzymes HYAL1 and HYAL2
are the main HA-degrading enzymes in somatic tissues. HYAL1
is a lysosomal enzyme and by contrast HYAL2 binds to plasma
membrane via a glycosylphosphatidylinositol anchor (Afify et al.,
1993; Rai et al., 2001). The traditional HA degradation model is
that high molecular weight HA is digested into low molecular
weight HA oligosaccharides by extracellular HYAL2, then, the
HA oligosaccharides are internalized by interaction with cell
surface receptors, and the internalized HA oligosaccharides
are further decomposed by lysosomal HYAL1, exoglycosidases
β-glucuronidase and β-hexosaminidase (Hex) (Stern, 2003; Stern,
2004; Figure 2 and Table 2). As a dimeric enzyme, human
Hex exists in two main isoforms HexA (αβ) and HexB (ββ), of
which the α- and β-subunits are encoded by HexA and HexB
genes, respectively (Chiricozzi et al., 2014). Interestingly, HexA

can hydrolyze HA and CS chains from their non-reducing ends
but HexB cannot (Thompson et al., 1973; Bearpark and Stirling,
1978). Like HA, CS can be internalized by interaction with cell
surface receptors and degraded in the lysosome (Wood et al.,
1973). Indeed, mice lost both HYAL1 and Hex activity show the
accumulation of HA and CS (Gushulak et al., 2012).

Lyases
Unlike the hyaluronidases from animals, CS/DS-lyases from
microorganisms cleave the β-1,4-glycosidic linkage between
hexosamine and hexuronic acid residues in HA or CS/DS
chains through an elimination reaction to yield an unsaturated
double bond between C-4 and C-5 on the uronic acid residue
14,5hexuronate (1HexA) at the nonreducing end of the resulting
oligosaccharide products. Conventionally, CD/DS lyases are
named as chondroitinases (CSases), although some of them
cannot digest CS, such as CSase B, which shows specific
activity towards DS only. Moreover, CS/DS lyases can be
classified into endolytic and exolytic types according to their
substrate-degrading patterns, in which endolyases cleave CS/DS
chains initially into larger oligosaccharides and finally to small
disaccharides with a random cleavage pattern, whereas exolyases
successively release disaccharides from the end of the sugar
chains and do not produce any larger oligosaccharides in
the process. The unsaturated double bond of oligosaccharides
produced by lyases shows specific absorption of ultraviolet light
at 232 nm, which is beneficial for the detection of CS/DS
oligosaccharide products. In addition, CS/DS lyases have many
advantages such as more diversity, better stability and activity
and simpler preparation compared with hydrolases. Due to the
outstanding features above, lyase has a wide range of applications
in the preparation of oligosaccharides (Li et al., 2007; Mizumoto
et al., 2013a), treatment of nerve damage (Janzadeh et al., 2017;
Mondello et al., 2015; Sarveazad et al., 2017), and other CS
structure-activity relationship studies.

Commercialized CS/DS Lyases
Based on their substrate specificity, CS/DS lyases are subdivided
into three types CSase ABC, AC and B. The CSase ABC can digest
CS, DS and HA, irrespective of their sulfation/C-5-epimerization
pattern. Currently, the CSase ABC from Proteus vulgaris is widely
used for GAG structure analysis. The commercially available
CSase ABC comprises a mixture of the CSase ABC I (EC 4.2.2.20)
with endolytic activity and the CSase ABC II (EC 4.2.2.21) with
exolytic activity (Yamagata et al., 1968; Hamai et al., 1997). The
CSase AC (EC 4.2.2.5) is highly sensitive to the 5-epimerization
of GlcA residues in GAG chains and can act only on CS, HA
and CS domains in CS-DS hybrid chains (Yamagata et al., 1968;
Hiyama and Okada, 1975; Linhardt et al., 2006), whereas, the
CSase B (EC 4.2.2.19) is specifically cleaves DS and DS domains
in CS-DS hybrid chains (Yamagata et al., 1968; Gu et al., 1995).
The CSase AC I from Flavobacterium heparinum and CSase
AC II from Arthrobacter aurescens are well-known CS/DS lyases
showing endolytic and exolytic activities, respectively (Yamagata
et al., 1968; Hiyama and Okada, 1975). The CSase B from
Flavobacterium heparinum is the only commercialized lyase with
specific endolytic activity to DS (Yamagata et al., 1968). Notably,
the CSase ABC and CSase AC belong to the polysaccharide
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FIGURE 2 | The substrate degradation properties of hyaluronidases and sulfatases in animals. IDS, iduronate-2-sulfatase; ARSK, glucurono-2-sulfatase; GALNS,
N-acetylgalactosamine-6-sulfatase; ARSB, N-acetylgalactosamine-4-sulfatase.

lyase (PL) family 8, but the CSase B belongs to PL family 6,
which comprises alginate lyases (www.cazy.org) (Figure 3 and
Table 2). Structural heterogeneity has hampered structure-
function relationship studies of CS/DS chains. However, there are
only a few CS/DS lyases that have been characterized in detail and
commercially available, which is far from meeting the needs of
CS/DS-related researches and applications.

Newly Identified CS/DS Lyases
Most recently, some unique CS/DS lyases have been identified
in various microorganisms (Table 2). Most of them are CS
and HA lyases. Hyaluronidase-B from Bacillus sp. A50 and
the hyaluronate lyase BniHL from the deep-sea bacterium
Bacillus niacin show endolytic activity towards CS and HA at
an approximately neutral pH (Guo et al., 2014; Kurata et al.,
2015). A Chn lyase ChoA1 from Arthrobacter sp. MAT3885 can
degrade Chn, CS and HA (Kale et al., 2015). Namburi et al. found
a CSase AC from Helicobacter bizzozeronii in canine stomach,
and this enzyme exhibited specific endolytic activity on HA and
various CSs with different sulfation patterns at an optimum

low pH between pH 4.0 and pH 5.5 and might represent one
of several factors involved in the development of gastritis in
dogs (Namburi et al., 2016). The CSase AsChnAC identified
from Arthrobacter sp. SD-04 displays exolytic activity toward
HA and various CSs too (Chen et al., 2019). Sugiura et al.
identified two highly homologous occlusion-derived variants
of virus envelope protein 66s from Autographa californica
nucleopolyhedrovirus and Bombyx mori nucleopolyhedrovirus,
and both of the variants showed specific lyase activity towards
non-sulfated and 6-O-sulfated CS (Sugiura et al., 2011; Sugiura
et al., 2013). BtCDH from the human gut microbe Bacteroides
thetaiotaomicron belongs to a new PL family (PL29) and shows
optimum endolytic activity toward HA and CS, particularly large
chains longer than decasaccharide, at a very high temperature
of 60 ◦C (Ndeh et al., 2018). Two novel CS/DS lyases have
been found from Acinetobacter sp. C26 and Sphingomonas
paucimobilis, respectively, both of which have lower molecular
weights but similar broad-spectrum activities against CS, DS
and HA compared with CSase ABC (Zhu et al., 2017; Fu et al.,
2018). However, most of these studies have mainly focused on
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TABLE 2 | CS/DS-degrading enzymes from bacteria.

Name Substrate Source Degradation
mechanism

Action pattern EC number (Filmay) References

CSase ABC I HA, CS or DS Proteus vulgaris lysis endo EC 4.2.2.20 (PL8) Yamagata et al., 1968; Hamai et al.,
1997

CSase ABC II HA, CS or DS Proteus vulgaris lysis exo (from nonreducing
end)

EC 4.2.2.20 (PL8) Yamagata et al., 1968; Hamai et al.,
1997

CSase AC I HA or CS Flavobacterium heparinum lysis endo EC 4.2.2.5 (PL8) Yamagata et al., 1968; Gu et al.,
1995

CSase AC II HA or CS Arthrobacter aurescens lysis exo (from reducing end) EC 4.2.2.5 (PL8) Lunin et al., 2004; Yin et al., 2016

CSase AC-III HA or CS Flavobacterium sp. Hpl02 lysis endo EC 4.2.2.5 (PL8) Miyazono et al., 1990

CSase C HA or CSC Flavobacterium heparinum. lysis endo EC 4.2.2.-(PL8) Michelacci and Dietrich, 1976

CSase B DS Flavobacterium heparinum lysis endo EC 4.2.2.19 (PL6) Yamagata et al., 1968; Gu et al.,
1995

CSase B II DS Flavobacterium sp. Hpl02 lysis endo EC 4.2.2.19 (PL6) Miyazono et al., 1990

Hyaluronidase-B HA or CS Bacillus sp. A50 lysis endo EC 4.2.2.- (PL8) Guo et al., 2014

AcODV-E66 HA or CS Autographa californica nucleopolyhedrovirus lysis endo EC 4.2.2.- (PL8) Sugiura et al., 2011

BmODV-E66 HA or CS Bombyx mori nucleopolyhedrovirus lysis endo EC 4.2.2.- (PL8) Sugiura et al., 2013

HCLase HA or CS Vibrio sp. FC509 lysis endo EC 4.2.2.- (PL8) Han et al., 2014

HCDLase HA, CS or DS Vibrio sp. FC509 lysis exo (from reducing end) EC 4.2.2.- (PL8) Wang et al., 2017

HCLase Er HA or CS Vibrio sp. FC509 lysis endo EC 4.2.2.- (PL8) (Peng et al., 2018)

BniHL HA or CS Bacillus niacin lysis endo EC 4.2.2.- (PL8) Kurata et al., 2015

ChoA1 HA or CS Arthrobacter sp. MAT3885 lysis endo EC 4.2.2.- (PL8) Kale et al., 2015

BtCDH HA or CS Bacteroides thetaiotaomicron lysis endo EC 4.2.2.-(PL8) Ndeh et al., 2018

BHCSase AC HA or CS Helicobacter bizzozeronii lysis endo EC 4.2.2.-(PL8) Namburi et al., 2016

AsChnAC HA or CS Arthrobacter sp. SD-04 lysis exo (undetermined) EC 4.2.2.- (PL8) Chen et al., 2019

HYAL HA Streptomyces hyalurolyticus lysis endo EC 4.2.2.1 (PL8) Ohya and Kaneko, 1970

HYAL HA Streptococcus dysgalactiae lysis endo EC 4.2.2.1 (PL8) Sting et al., 1990

4-O-endosulfatase 4-O-sulfate on GalNAc of CS and DS Vibrio sp. FC509 sulfatase endo (from reducing
end)

EC 3.1.6.- (S1_27) Wang et al., 2015; Wang et al.,
2019b

BT_3349 4-O-sulfate on GalNAc of CS and DS Bacteroides thetaiotaomicron sulfatase endo EC 3.1.6.- (S1_27) Ulmer et al., 2014

BT_3333 6-O-sulfate on GalNAc Bacteroides thetaiotaomicron sulfatase exo (nonreducing end) EC 3.1.6.- (S1_15) Ulmer et al., 2014

BT_1596 2-O-sulfate on 1HexA of HS/CS
degradation products

Bacteroides thetaiotaomicron sulfatase exo (nonreducing end) EC 3.1.6.- (S1_9) Ulmer et al., 2014

chondro-4-sulfatase 4-O-sulfate on GalNAc of CS Proteus vulgaris sulfatase exo (reducing end) EC 3.1.6.9 (S1_27) Yamagata et al., 1968; Sugahara
and Kojima, 1996

chondro-6-sulfatase 6-O-sulfate on GalNAc of CS Proteus vulgaris sulfatase exo (reducing end) EC 3.1.6.10 (S1_15) Yamagata et al., 1968; Sugahara
and Kojima, 1996

delta-hexuronate-2-
sulfatase

2-O-sulfate on 1HexA of HS/CS
degradation products

Flavobacterium heparinum sulfatase exo (nonreducing end) EC 3.1.6.- (S1_9) Sugahara and Kojima, 1996;
Myette et al., 2003

PB2SF 2-O-sulfate on 1HexA of HS/CS
degradation products

Photobacterium sp. FC615 sulfatase exo (reducing end) EC 3.1.6.- (S1_2) Wang et al., 2019a

exoPB4SF 4-O-sulfate on CS/DS GalNAc Photobacterium sp. FC615 sulfatase exo (reducing end) EC 3.1.6.12 (S1_27) Wang et al., 2019b

PL: Polysaccharide lyase family; S: Sulfatase famlily.
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FIGURE 3 | The substrate degradation properties of lyases and sulfatases in bacteria. Nonre-Exolyase, exolyase acted on the nonreducing end of CS/DS chains;
Re-Exolyase, exolyase acted on the reducing end of CS/DS chains.

the basic enzymatic properties and rough substrate specificity of
these novel CS/DS lyases, and there is a lack of in-depth studies
on their substrate-degrading mode and catalytic mechanism
of these enzymes.

Marine animals are enriched in CS/DS with unique structures,
which indicates that there must be a large number of
microorganisms owning corresponding enzymes that would
allow them to degrade and utilize these unique CS/DS
forms in the ocean. Consistent with our speculation, marine
bacteria-derived CS/DS-degrading enzymes show various unique
characteristics. HCLase is the first marine-derived CS/DS lyase
identified from the bacterium Vibrio sp., which is isolated from
sea mud. This enzyme has high endolytic activity towards HA
and CS with various sulfation patterns at an approximately
neutral pH and exhibits excellent biochemical characteristics,
such as halophilicity, pH stability and thermal stability. Although
HCLase can digest the β-1,4-glycosidic bond between GalNAc
and most disaccharide units, it is unable to act on the
galactosaminidic linkage between GalNAc and the D unit,
suggesting that the 2-O-sulfation of GlcA inhibits the action
of HCLase, which is similar to the case of CSase AC I (Han
et al., 2014). In contrast, HCLase Er from the same strain
is the first identified CS lyase that is specifically inhibited by
both 4-O- and 6-O-sulfation of GalNAc, which is very useful

for selectively preparing E unit–rich oligosaccharides from CS
polysaccharides (Peng et al., 2018). HCDLase is a novel exo-
type lyase from the same bacterial strain, which can degrade HA,
CS and DS from their reducing end by sequentially releasing
unsaturated disaccharides. In particular, it can effectively cleave
CS oligosaccharides with reducing ends that are labeled with
2-aminobenzamide (2-AB) to release the 2-AB-labelled reducing-
end disaccharides, which is a rare activity useful for the enzymatic
sequencing of CS chain (Wang et al., 2017). Taken together, these
studies suggest that the ocean is an untapped treasure trove of
new CS/DS-degrading enzymes.

CS/DS Sulfatases
The sulfation patterns of CS/DS chains play a key role in
various functions of CS/DS. Technically, sulfatases with specific
activity that allow them to selectively remove sulfate groups
from CS/DS chains should be another important tool for
the structural and functional studies of CS/DS. Based on
the positions of sulfate groups in CS/DS chains, there are
several types of specific sulfatases in animals and bacteria, such
as N-acetylgalactosamine-4-O-sulfatase (Yamagata et al., 1968;
Sugahara and Kojima, 1996; Wang et al., 2019b; Baum et al., 1959)
and N-acetylgalactosamine-6-O-sulfatase (Yamagata et al., 1968;
Sugahara and Kojima, 1996; Lim and Horwitz, 1981; Singh et al.,

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 December 2020 | Volume 8 | Article 560442178

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


fcell-08-560442 November 27, 2020 Time: 18:40 # 8

Wang et al. Enzymes in Chondroitin Sulfate/Dermatan Sulfate Study

1976), which specifically hydrolyze sulfate groups on the C-4 and
C-6 positions of GalNAc residues, respectively, and hexuronate-
2-O-sulfatase, which specifically removes C-2 sulfate groups
from saturated or unsaturated hexuronic acids derived from the
digestion of CS/DS by GAG lyases (Sugahara and Kojima, 1996;
Myette et al., 2003; Wang et al., 2019a; Tables 2, 3). Based on the
sequence similarities, the GAG sulfatases were recently classified
in the database SulfAtlas (http://abims.sb-roscoff.fr/sulfatlas/)
(Barbeyron et al., 2016). Animal CS/DS sulfatases are lysosomal
enzymes responsible for the degradation of endogenous CS/DS,
and genetic defects of these enzymes result in the formation
of several mucopolysaccharidoses (MPS) in humans, such as
MPS II, MPS IVA and MPS VI (Khan et al., 2017). The well-
studied animal CS/DS sulfatases are N-acetylgalactosamine-4-
O sulfatase (also named Arylsulfatase B, ARSB) (Baum et al.,
1959; Wicker et al., 1991), N-acetylgalactosamine-6-O-sulfatase
(GALNS) (Lim and Horwitz, 1981; Bielicki and Hopwood,
1991; Tomatsu et al., 1991), iduronate-2-O-sulfatase (IDS) (Lim
et al., 1974; Shaklee et al., 1985; Wilson et al., 1990) and
Glucurono-2-sulfatase (Arylsulfatase K, ARSK) (Dhamale et al.,
2017), which specifically remove the 4-O-sulfate group from
sulfated GalNAc residues of CS/DS, 6-O-sulfate group from
sulfated GalNAc residues of CS/DS and sulfated galactose of
keratan sulfate, 2-O-sulfate groups of sulfate IdoA residues
of DS and heparin (Hep), and 2-O-sulfate groups of GlcA
residues of heparan sulfate (HS), respectively (Parenti et al.,
1997; Tables 2, 3). All these animal CS/DS sulfatases belong
to exosulfatases.

In contrast, bacterial CS/DS sulfatases are essential for
the biodegradation and utilization of CS/DS from animals,
and a large number of potential sulfatase genes have been
found in the genomes of various bacteria. However, only a few
CS/DS sulfatases have been studied in detail. Three 14,5HexA-
2-O-sulfatases have been identified from Flavobacterium
heparinum, Bacteroides thetaiotaomicron and Photobacterium
sp. FC615, that can specifically remove 2-O-sulfate ester from
a 1HexA residue located at the nonreducing terminus of
an unsaturated oligosaccharide (Sugahara and Kojima, 1996;
Myette et al., 2003; Ulmer et al., 2014; Wang et al., 2019a). Two
N-acetylgalactosamine-4-O-sulfatases from Proteus vulgaris and
Photobacterium sp. FC615 specifically hydrolyze 4-O-sulfate
groups on GalNAc residues at the reducing ends of CS/DS
chains (Sugahara and Kojima, 1996; Wang et al., 2019b). An
N-acetylgalactosamine-6-O-sulfatase from Proteus vulgaris has
been shown to specifically act on 6-O-sulfates on GalNAc residues
at the reducing termini of CS/DS oligosaccharides (Sugahara
and Kojima, 1996), and another N-acetylgalactosamine-6-O-
sulfatase from Bacteroides thetaiotaomicron can only attack the
6-O-sulfate group on monosaccharide GalNAc residues (Ulmer
et al., 2014). Notably, most of the identified CS/DS sulfatases
are exo-type enzymes, which only remove sulfate esters from
the ends of CS/DS poly-/oligosaccharides and thus have very
limited applications to structural and functional studies of
CS/DS. Recently, two endo-type N-acetylgalactosamine-4-O-
sulfatases were identified from Bacteroides thetaiotaomicron
(Ulmer et al., 2014) and Vibrio sp. FC509 (Wang et al., 2015),
which can effectively remove 4-O-sulfate groups from GalNAc TA
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residues within the CS/DS chains (Table 2 and Figures 2, 3).
Compared with exosulfatases, endosulfatases should be more
useful enzymatic tools for CS/DS studies but seem to be very
rare in nature. Our recent study has shown that CS/DS sulfatases
with similar specificities have common signature sequences
and can cluster to form a single branch in the phylogenetic
tree, although they descended from separate ancestral genes
(Wang et al., 2019a). Based on this finding, a series of 14,5HexA-
2-O-sulfatases have been successfully predicted and verified
from sequences in GenBank (Wang et al., 2019a), and we
believe that some CS/DS endosulfatases could also be found
by using this method. In fact, the existence of endosulfatases
facilitates the catabolic metabolism of CS/DS by bacteria,
in which the degradation of CS/DS chains by lyases can be
significantly promoted via pre-desulfation by endosulfatases
(Wang et al., 2015).

APPLICATIONS IN CS/DS
STRUCTURE-FUNCTION STUDIES

Their great structural heterogeneity endows CS/DS chains with
various functions but also poses a great challenge to the
structure-function studies of CS/DS. A growing body of research
shows that CS/DS chains function through interacting with
target proteins and that some oligosaccharide domains with
specific structural features in CS/DS chains are involved in
these interactions (Sugahara et al., 2003; Raman et al., 2005;
Kastana et al., 2019; Pudelko et al., 2019). Thus, it is key for
studying the structure and function of CS/DS to investigate the
structural features in particular functional domains of the CS/DS
chains involved in an interaction with a specific target protein.
CS/DS-degrading enzymes with different specific activities play
irreplaceable tools in such studies (Linhardt et al., 2006; Li et al.,
2010; Wang et al., 2017).

Compositional Analysis of CS/DS
As a kind of highly heterogeneous polysaccharides, the exact
structures of all the chains in CS/DS samples cannot be
determined with current technology. Thus, the disaccharide
composition is used as a basic parameter to characterize
various CS/DS preparations used in basic studies and industrial
production. Commercial CS/DS preparations are extracted from
terrestrial and marine sources, such as the cartilages from
bovine, porcine, chicken, shark and squid, and are wildly
used in medicines and health products (Bao et al., 2005;
Deepa et al., 2007a; Volpi, 2007, 2009; Valcarcel et al., 2017).
However, the biological and pharmacological properties of these
CS/DS preparations are seriously affected by the raw materials,
manufacturing processes and many other factors impacting their
production. Disaccharide analysis has been commonly used to
evaluate the quality of CS/DS products. CS/DS lyases play a key
role in disaccharide composition assays of CS/DS. In general,
the disaccharide compositions of various forms of CS/DS with
different sulfation patterns can be easily determined by digestion
with the commercial CSase ABC followed by anion-exchange
HPLC. However, digestion by CSase ABC causes the conversion

of both GlcA and IdoA residues into unsaturated uronic acid
and thus CS and DS in the test sample cannot be distinguished
by this method. In this case, we can use the substrate specificity
of the CSase AC and CSase B to investigate the disaccharide
composition and proportions of CS and DS in samples.

For example, to determine the disaccharide composition of
CS/DS extracted from shark liver, we used CSases that differed
in their specificity (CSase ABC, mixture of CSase AC-I and
CSase AC-II or CSase B) to digest the sample, and then the
digests were labeled with 2-AB and analyzed by anion exchange
HPLC on an amine-bound silica PA-03 column using a solvent
system of 16 and 530 mM NaH2PO4 over a period of 1 h by
fluorescent detection. Although the shark liver-derived CS/DS
preparation contained highly heterogenous hybrid chains of CS-
DS, the disaccharide composition and contents of CS and DS
domains in the hybrid chains could be well determined by this
method (Li et al., 2007). In summary, CSases with different
substrate specificities play an important role in the disaccharide
composition assays of CS/DS.

Preparation of Oligosaccharides With
Specific Activity
The various biological functions of CS/DS are thought to
be due to their functional domains, some oligosaccharide
sequences with specific structural features. For a specific
target protein, the functional domains of CS/DS chains are
usually not a single specific structure but some oligosaccharide
domains with similar characteristics, such as a minimum
size requirement and the enrichment of specific oversulfated
disaccharide units (Trowbridge and Gallo, 2002; Trowbridge
et al., 2002; Sugahara et al., 2003; Sugahara and Mikami,
2007; Li et al., 2010). Therefore, isolation of the functional
oligosaccharide domains from CS/DS chains is key to not only
structure-function relationship studies of CS/DS but also the
preparation of functional oligosaccharides with specific activities.
Compared with the harsh conditions of chemical and physical
methods, the enzymatic method is mild and biocompatible
for degrading CS/DS to prepare the functional domains. In
general, functional oligosaccharides with specific activity can
be obtained through the partial digestion of CS/DS chains
with specific enzymes followed by a series of chromatographic
separations, especially affinity chromatography. Various CS/DS
glycosidic bond-cleaving enzymes, including hyaluronidases and
lyases, have been used to prepare CS/DS oligosaccharides.
As mentioned above, the CS/DS oligosaccharides produced
by lyases bear an unsaturated 4,5-bond between C-4 and
C-5 of 1HexA at their nonreducing ends, which can be
easily detected at 232 nm. Moreover, CS/DS lyases show
more flexibility in terms of substrate specificity. Thus, CS/DS
lyases, including CSase ABC, AC I and B, have been widely
used to partially digest various forms of CS/DS for preparing
functional oligosaccharides that specifically bind to certain
proteins (Fukui et al., 2002; Bao et al., 2005; Kim et al.,
2017; Li et al., 2007). In contrast, glycan arrays have the
advantages of low dosage, high sensitivity, high throughput,
and rapid analysis, which is suitable for the large-scale
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screening and investigation of potential biological functions
of various glycans and their conjugates including CS/DS
poly- and oligosaccharides (Fukui et al., 2002). By using this
technique, E unit-rich polysaccharides and structure-defined
tetrasaccharides have been shown to interact with TNF-α
(Tully et al., 2006), bFGF (Miyachi et al., 2015), and midkine-
derived and brain-derived neurotrophic factor (Gama et al.,
2006) with high affinity. Moreover, this method was used
to investigate the interaction between DS and its binding
proteins (Yamaguchi et al., 2006). Thus, glycan arrays can be
very a powerful tool for the identification of novel functions
of CS/DS oligosaccharides with different structures derived
from the digestion of CS/DS polysaccharides with various
degrading enzymes.

The selective degradation of inactive domains is an
ideal way to isolate functional oligosaccharides from CS/DS
polysaccharides. Technically, this can be achieved by selecting
enzymes with a certain substrate specificity. For example, in a
previous study we found that shark skin/liver-derived CS/DS
could strongly interact with PTN and HGF to promote neurite
outgrowth and this activity could be abolished by treatment
with the CSase B but not the CSase AC I. Based on this
finding, a PTN- and HGF-binding hexasaccharide containing
two iB units was eventually isolated from shark skin CS/DS
through selective digestion with the CSase AC I followed by
pleiotrophin affinity and anion exchange chromatographies
(Li et al., 2007, 2010). In addition to the different selectivity
of the CSase AC and B toward uronic acid epimers, some
enzymes show high sensitivity to specific sulfation patterns
of CS/DS chains, which is important for the preparation
of oligosaccharides with specific structures, such as E unit-
rich oligosaccharides, which play a key role in neuronal cell
adhesion and outgrowth (Ueoka et al., 2000; Mikami et al.,
2009; Nandini and Sugahara, 2006; Purushothaman et al., 2007),
cancer cell metastasis (Li et al., 2008; Mizumoto et al., 2012,
2013b) and virus infections (Bergefall et al., 2005; Kato et al.,
2010), and D unit-rich oligosaccharides, which significantly
promote hippocampal neurite outgrowth through interacting
with various growth factors and other proteins (Nandini
and Sugahara, 2006; Clement et al., 1998; Shida et al., 2019).
Testicular hyaluronidase can efficiently digest non-sulfated
and low sulfated domains but not highly sulfated domains
in CS chains, which makes it a good choice for the selective
isolation of highly sulfated domains from CS/DS chains, such
as the preparation of D unit-rich oligosaccharides from CS-D
(Nadanaka and Sugahara, 1997) and E unit-rich oligosaccharides
from CS-E (Kinoshita et al., 2001), respectively. Furthermore,
our studies have shown that HCLase like CSase AC I cannot
cleave the β–1,4–linkage between GalNAc and D unit (Han
et al., 2014), and in contrast, HCLase Er cannot efficiently act
on the β–1,4–linkage between E unit and GlcA (Peng et al.,
2018), which makes these enzymes more specific tools for
the selective isolation of D unit-rich domains and E unit-
rich domains in CS/DS chains. Figure 4 shows a schematic
diagram of the preparation of various structurally determined
hexasaccharides by CS/DS degradation of enzymes with specific
activities. In addition, various CS/DS sulfatases combined

with sulfotransferases can be potential tools to further edit
the sulfation pattern of the obtained oligosaccharides for
functional evaluation (Li et al., 2017; Shioiri et al., 2016; Wang
et al., 2015; Wang et al., 2019b). Recently, Li et al. developed
a method to synthesize CS oligosaccharides using multiple
glycosyltransferases and sulfotransferases, and synthesized 15
homogeneous CS oligosaccharide by this method (Li et al.,
2017). However, the de novo synthesis of CS/DS oligosaccharides
is very cumbersome, heavy workload, time-consuming and
costly. By contrast, it can be a relatively simple, efficient and
low-cost choice to prepare basic oligosaccharide structures from
CS/DS polysaccharides by treatment with various degrading
enzymes and further modify these basic structures with specific
synthetases to prepare structure-defined oligosaccharides (Cai
et al., 2012; Zhang et al., 2019).

In brief, CS/DS-degrading enzymes, including hydrolases,
lyases and sulfatases, are very useful tools for preparing
functional oligosaccharides with specific structures from CS/DS
polysaccharides. With the identification of an increasing number
of enzymes with novel substrate specificity, the directional
isolation and preparation of oligosaccharides with specific
structures from various CS/DS forms will be achieved, which
may represent a more feasible and low-cost way to prepare
CS/DS oligosaccharides with specific bioactivity compared with
synthetic methods.

Sequencing of CS/DS Oligosaccharides
Sequencing of the isolated functional oligosaccharides with
special structures is essential for structure-function studies of
CS/DS. Various methods, such as NMR and MS, have been
used to determine the structures of CS/DS oligosaccharides.
Ly et al. reported successful sequencing of bikunin CS chains
with up to 43 saccharide units with FT-ICR-MS/MS (Ly et al.,
2011). It is still difficult to distinguish different units with the
same sulfation degree, such as monosulfated A and C units
or disulfated D and E units. Meanwhile, the distinction of
hexuronate epimers and the loss of sulfate groups during analysis
are also major challenges. In addition, instrument requirements
formethods using NMR and MS are more sophisticated, and
NMR, in particular, requires a much greater amount of
sample. Sugahara lab has developed a method to analyze and
monitor CS/DS oligosaccharides with highly sensitively via
the fluorescent labelling of reducing ends with 2-AB followed
by anion exchange HPLC, and the detection limit for 2-AB-
oligosaccharides is as low as 1 pmol (Kinoshita and Sugahara,
1999). However, further study showed that the 2-AB labelling
completely inhibited the cleavage of the β-1,4- linkage in the
tetrasaccharide at the reducing end of the CS/DS chain by CSase
ABC (Kinoshita and Sugahara, 1999). Whereas, in most cases,
some exolyases, such as CSase AC II and HCDLase, can effectively
degrade 2-AB-labelled CS oligosaccharides to release the 2-
AB-labelled reducing-end disaccharides. By taking advantage of
these characteristics of enzymes, CS/DS oligosaccharides that
are shorter than decasaccharides can be easily sequenced by
enzymatic methods (Bao et al., 2005; Deepa et al., 2007b).
Recently, we exploited a novel exolyase HCDLase combined
with CSase ABC to sequence a complex octasaccharide
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FIGURE 4 | Schematic diagram of preparation of various structure-defined hexasaccharides by CS/DS-degrading enzymes with specific activity.

(1C-A-D-C) (Wang et al., 2017). In this method, the disaccharide
composition of the octasaccharide was determined by digestion
with the CSase ABC followed by 2-AB labelling and HPLC
assay. Then, the octasaccharide was labeled with 2-AB and
partially digested with CSase ABC to prepare the 2-AB-labelled
reducing-end hexasaccharides. The reducing-end C unit can
be directly determined through the digestion of the 2-AB-
labelled octasaccharide with HCDLase followed by HPLC-
fluorescence detection. To determine the first and second
disaccharide units from the nonreducing terminus, the 2-
AB-labelled octasaccharide and reducing-end hexasaccharide
prepared as described above were individually digested by the
CSase ABC and analyzed by HPLC after relabelling with 2-
AB. This strategy is theoretically feasible for sequencing longer
oligosaccharides but is not easy to achieve due to the rapid
increase in operating steps with the increase of saccharide
chains. Moreover, Shioiri et al. developed an enzymatic method
for the sequencing of a synthesized CS dodecasaccharide (C-
C-O-A-O-O) by using a strategy involving dual-fluorescence
labelling and dual-digestion (Shioiri et al., 2016). This provides
a possibility of sequencing longer CS/DS oligosaccharides.
However, the inability of testicular hyaluronidase to cleave DS
and highly sulfated CS limits the application of this method,
and thus, it is necessary to find alternative enzymes with
better features.

Potential Medical Applications
The abnormal expression of CS/DS has been shown to be closely
related to the occurrence and development of various diseases,
such as glial scar formation after brain injury, tumor metastasis,
skeletal disorder and viral infection, indicating that the treatment
with CS/DS-degrading enzymes should affect the progression

of the related diseases and these enzymes might be used as
therapeutic agent for the related diseases. In the research of
a spinal cord injury (SCI) model, Lemons et al. expounded
that CSPGs increased in the lesion and inhibited the growth
of axons, that is, inhibited the recovery of the function of the
lesion (Lemons et al., 1999; Mondello et al., 2015). Injecting of
CSase ABC induces abnormal axon growth or enhance axon
regeneration in zebrafish (Bernhardt and Schachner, 2000; Becker
and Becker, 2002), adult rats (Bradbury et al., 2002; Janzadeh
et al., 2017; Moon et al., 2001), mice (Li et al., 2013), and
cats (Mondello et al., 2015). Moreover, CSase ABC combined
with other operations such as human adipose derived stem cells
(Sarveazad et al., 2017) or low level laser therapy (Janzadeh et al.,
2017) can promote the treatment of SCI. Additionally,CSase ABC
is used to treat some diseases related to nerve damage, such
as glaucoma (Tribble et al., 2018), lumber intervertebral disc
(Hoogendoorn et al., 2007; Sugimura et al., 1996; Lü et al., 1997),
and to delay the progress of Parkinson’s disease (Kauhausen
et al., 2015) and Alzheimer’s disease (Howell et al., 2015).
Overall, these studies suggest that CS/DS-degrading enzymes,
in particular CSase ABC with broad substrate spectrum, are
very promising therapeutic agents for the treatment of nerve
injury-related diseases. Most recently, studies have also found
that 4-O-sulfated CS GAG chains are increased significantly
at the injury site after SCI (Wang et al., 2008) and optic
nerve injury (Pearson et al., 2018). ARSB, a mammalian 4-
O-sulfatase, treatment improves locomotor function recovery
after SCI (Yoo et al., 2013) and improves regeneration after
optic nerve injury (Pearson et al., 2018). Comparing with the
exo-sulfatases, the newly discovered 4-O-endosulfatases may
show better effect in nerve injury repair, which remains to
be investigated.
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The abnormal expression of CS/DS or CS/DSPGs in cells
and tissues is closely related to many tumorigenic processes
including cell growth and survival, adhesion, migaration and
invasion (Theocharis et al., 2010; Iozzo and Sanderson, 2011; Li
et al., 2008). A series of studies have shown that CSases have
potential application value in anti-tumor. For example, CSase
ABC and CSase AC could significantly inhibited the growth of
tumor while streptomyces hyaluronidase, and β-glucuronidase
could not (Takeuchi, 1972), CSase AC and CSase B can
inhibits the invasion and proliferation of melanoma (Denholm
et al., 2001), CSase ABC can assist temozolomide in the
treatment of glioblastoma (Jaime-Ramirez et al., 2017), the
adhere ability of squamous tongue carcinoma SCC-9 LN-1
cells can be reduced by treatment with CSaseABC (Kawahara
et al., 2014), the metastasis of Lewis lung carcinoma LM66-
H11 cells can be effectively inhibited by treatment with
CSase ABC (Li et al., 2008), and so on (Sullivan et al.,
2018). Moreover, Link et al. found that treatment with CSase
ABC enhanced integration of both immature and mature
self-assembled articular cartilage to native tissue, indicating
that Case ABC has a potential therapeutic target for the
integration of neocartilage (Link et al., 2020). In fact, some
hyaluronidases, such as ovine testicles hyaluronidase (Vitrase R©),
bovine testicular hyaluronidase (HydaseTM) and recombinant
human hyaluronidase PH20 (ENHANZE R©), have been clinically
used in ophthalmic surgery (Sarvela et al., 1994) and in cosmetic
dermatosurgery for the treatment of complications caused by
filler injection (Hirsch et al., 2007).

Additionally, the lack of sulfatase leads to the long-
term accumulation of highly sulfated oligosaccharides in the
lysosome, which cause lysosomal storage disorders MPSs. MPSII
(Hunter, OMIM 309900), MPS IVA (Morquio A, OMIM
253000) and MPS VI (Maroteaux-Lamy, OMIM 253200) resulted
from the deficiencies of IDS, GALNS and ARSB, respectively
(Bondeson et al., 1995; Matalon et al., 1974; Dorfman et al.,
1976). Enzyme replacement therapy is the standard treatment
option for MPSs, which can start treatment immediately
and improve prognosis. Recombinant human IDS (idursulfase
and idursulfase beta), GALNS (elosulfase alfa) and ARSB
(galsulfase) are clinically used to treat the corresponding MPSs
(Whiteman and Kimura, 2017; Sawamoto et al., 2020; Harmatz
and Shediac, 2017). Hematopoietic stem cell transplantation
is also available for MPSs treatment (Coppa et al., 1995;
Mullen et al., 2000). Moreover, gene therapy should be

another potential choice for MPSs (Sawamoto et al., 2018;
Ponder and Haskins, 2007).

However, the clinical application of CS/DS-degrading
enzymes still faces many problems such as immunogenicity,
instability and low activity in vivo, which need
further study to solve.

CONCLUSION

Undoubtedly, CS/DS-degrading enzymes with various specific
activities play indispensable roles in structural and functional
studies as well as other applications related to CS/DS,
such as disaccharide composition analysis, quality control
of products, preparation of bioactive oligosaccharides, and
oligosaccharide sequencing. However, the types and numbers
of well-characterized enzymes currently are far from meeting
the needs of the research and applications of CS/DS. Therefore,
it is an urgent task to identify more CS/DS-degrading
enzymes with novel specific activity and to carry out re-
examination of old enzymes whose action patterns remain to be
investigated in detail.
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Chondroitin sulfate (CS) is an important component of the extracellular matrix in multiple

biological tissues. In cornea, the CS glycosaminoglycan (GAG) exists in hybrid form,

whereby some of the repeating disaccharides are dermatan sulfate (DS). These CS/DS

GAGs in cornea, through their presence on the proteoglycans, decorin and biglycan, help

control collagen fibrillogenesis and organization. CS also acts as a regulatory ligand for

a spectrum of signaling molecules, including morphogens, cytokines, chemokines, and

enzymes during corneal growth and development. There is a growing body of evidence

that precise expression of CS or CS/DSwith specific sulfationmotifs helps define the local

extracellular compartment that contributes to maintenance of the stem cell phenotype.

Indeed, recent evidence shows that CS sulfation motifs recognized by antibodies 4C3,

7D4, and 3B3 identify stem cell populations and their niches, along with activated

progenitor cells and transitional areas of tissue development in the fetal human elbow.

Various sulfation motifs identified by some CS antibodies are also specifically located in

the limbal region at the edge of the mature cornea, which is widely accepted to represent

the corneal epithelial stem cell niche. Emerging data also implicate developmental

changes in the distribution of CS during corneal morphogenesis. This article will reflect

upon the potential roles of CS and CS/DS in maintenance of the stem cell niche in cornea,

and will contemplate the possible involvement of CS in the generation of eye-like tissues

from human iPS (induced pluripotent stem) cells.

Keywords: cornea, chondroitin sulfate, proteoglycan, glycosaminoglcyan, stem cell niche, human iPS cells

INTRODUCTION

Proteoglycans form key components of the extracellular matrix, typically consisting of a protein
core with one or more covalently attached glycosaminoglycan (GAG) chains. These molecules
play vital roles in cell-cell signaling, tissue homeostasis and wound healing. Chondroitin
sulfate/dermatan sulfate (CS/DS) and certain sulfation motifs of these GAG species are present in
the stem cell niche in various tissues (Hayes et al., 2008, 2016; Caterson, 2012; Melrose et al., 2012),
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and reportedly influence progenitor and stem cell function in
composite tissue scaffolds (Farrugia et al., 2018). The importance
of CS/DS as a structural extracellular matrix component in the
cornea is fairly well-established (Lewis et al., 2010; Chen and Birk,
2011; Parfitt et al., 2011; Chen et al., 2014, 2015), but its potential
role in the maintenance and development of the stem cell niche
in cornea has been little studied until recently.

The cornea is the transparent tissue at the front of the eye.
In humans, it is ∼0.5mm thick and 11–12mm in diameter,
wherein it merges with the white sclera of the eye at an
anatomical region known as the limbus. The bulk of the cornea
is composed of a collagen-rich extracellular matrix – the corneal
stroma – that contains ∼250 stacked and interwoven sheets or
lamellae, made up of uniformly thin (∼30 nm diameter), and
regularly-spaced, hybrid type I/V collagen fibrils. CS/DS and
keratan sulfate (KS) proteoglycans associate with collagen fibrils
to maintain the characteristic collagen architecture essential for
transparency of the corneal stroma (Kao et al., 2006; Hassell
and Birk, 2010; Lewis et al., 2010; Quantock et al., 2010;
Meek and Knupp, 2015). The anterior-most region of the
corneal stroma in most species is a thin, acellular, disorganized
meshwork of collagen fibrils called Bowman’s layer, which is
integral at its distal limit with a basement membrane that
supports the corneal epithelium. An intact and properly stratified
corneal epithelium is vital for clear vision. Throughout life,
superficial corneal epithelial cells are constantly shed into the
tear film, a loss that is counteracted by replenishment by
a population of corneal epithelial stem cells at the limbus
(Kinoshita et al., 2001).

THE CORNEAL LIMBAL STEM CELL NICHE

The concept of a limbal stem cell niche (Figure 1) was first
proposed almost 50 years ago, as a regenerative source of
epithelial cells migrating centrally from a distinct, pigmented
region of the peripheral cornea (Davanger and Evensen, 1971).
Further work revealed a distinct side-population of slow-
cycling cells within the basal layer of corneal limbal epithelium,
which appeared to be responsible for centripetal migration of
epithelium and the restoration of the corneal surface in wound
healing (Cotsarelis et al., 1989; Dua and Forrester, 1990). These
cells were subsequently distinguished by virtue of their small
size, characteristically high nucleus to cytoplasmic ratio, and
expression of various stem cell markers such as ABCG2 or
p63 and its various isoforms (Romano et al., 2003; Watanabe
et al., 2004; Di Iorio et al., 2005; Kawakita et al., 2009). Further
markers include ABCB5, which is essential for limbal epithelial
stem cell maintenance and development; cells isolated using
this marker are able to restore the cornea in limbal epithelial
stem cell-deficient mouse models (Ksander et al., 2014). A 3D
structural analysis has further elucidated the architecture of
the limbal stem cell niche, revealing the presence of limbal
crypts circumferentially around the eye, interspaced alongside
distal invaginations of stromal extracellular matrix, termed the
palisades of Vogt (Grieve et al., 2015). The identification of limbal
epithelial stem cells has galvanized the study of these cells for

therapeutic purposes to treat various corneal epithelial diseases
(Pellegrini et al., 1997; Bains et al., 2019; Le et al., 2020).

Damage or loss of resident corneal epithelial stem cells, either
through disease or injury, can lead to a limbal stem cell deficiency
that ultimately results in corneal blindness, necessitating corneal
surgery to restore vision. Transplantation is one treatment option
for late-stage corneal pathology, however, this carries the risk
of tissue rejection. Moreover, there is a distinct lack of donor
tissue, with only one cornea available for every 70 required
for transplantation worldwide (Gain et al., 2016). For this
reason, other therapies have been investigated, including ex vivo
expanded limbal epithelial stem cell transplantation (autograft
or allograft), and the generation of an epithelial multilayer
derived from oral mucosal epithelium (Oie and Nishida, 2016;
Bains et al., 2019), or induced pluripotent stem cells (Hayashi
et al., 2016, 2017). Whilst these pioneering technologies have
shown great clinical promise, they could be further optimized by
careful manipulation of culture conditions for these regenerative
cells, as well as through their selection. A further potential
avenue of exploration from a tissue engineering standpoint
might be recreating an extracellular matrix microenvironment
of the limbal stem cell niche seeded with isolated corneal limbal
epithelial stem cells or induced pluripotent stem (iPS) cell
derived-corneal epithelial cells.

The limbal region of the cornea also harbors a population of
mesenchymal stem cells, termed corneal stromal stem cells, in
the extracellular matrix subjacent to the corneal epithelial stem
cell niche (Du et al., 2005). Electron microscopy has provided
evidence for direct connections between corneal epithelial and
stromal cells at the limbus that traverse the epithelial basement
membrane (Higa et al., 2013; Dziasko et al., 2014; Yamada et al.,
2015). This, along with the results of studies of the behavior of
limbal epithelial and stromal cells in culture, has led to the notion
of a multicellular limbal niche complex at the edge of the cornea
involving both epithelial and stromal cells (Hertsenberg and
Funderburgh, 2015; Dziasko and Daniels, 2016; Funderburgh
et al., 2016). Work with bovine cells from the corneal stroma
in culture has shown that 35S-labeled CS/DS, when measured
by sensitivity to chondroitinase ABC, is increased 3–3.5-fold
in activated fibroblasts and myofibroblasts compared with
quiescent keratocytes (Funderburgh et al., 2003). To the best
of our knowledge, however, the association between corneal
stromal stem cells and CS has not been directly investigated.
Nevertheless, it is noteworthy that the peripheral human cornea
and limbus, where corneal stromal stem cells reside, contain
less acidic GAG than the central cornea, primarily because KS
levels are decreased (Borcherding et al., 1975). This work also
indicated that chondroitin was replaced by CS at the limbus
and that DS was present at detectable levels. More recently,
immunohistochemistry was conducted to probe the composition
of the bovine corneal stroma in which monoclonal antibody 2B6
was utilized after (i) chondroitinase ABC treatment to identify CS
and DS, (ii) chondroitinase ACII treatment to identify CS, and
(iii) chondroitinase B treatment to identify DS (Ho et al., 2014).
This revealed that DS was present throughout the corneal stroma
and into the sclera, with CS detected toward the outer periphery
of the cornea and the limbus.
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FIGURE 1 | Schematic representation of the corneal limbal stem cell niche and some of its constituent elements (LESC, limbal epithelial stem cell; CSSC, corneal

stromal stem cell; TAC, transient amplifying cell).

Investigations enabling us to accurately recreate the
microenvironment of the limbal stem cell niche would be
of great scientific value, not only in terms of understanding the
biological functions of different components of this environment,
but also because of the potential in regenerative medicine. To
this end, various attempts have been made to elucidate the
extracellular matrix molecules and cell-cell interactions that are
important for the maintenance of the corneal limbal stem cell
niche. Indeed, the corneal limbus has a distinct extracellular
matrix profile compared to the central cornea and conjunctiva
(Schlötzer-Schrehardt et al., 2007; Mei et al., 2012). CS, amongst
other matrix molecules such as laminin isoforms and tenascin-C,
are enriched at the corneal limbus where they co-localize with
putative stem and progenitor cells in the basal limbal epithelium
(Schlötzer-Schrehardt et al., 2007). The importance of tenascin-
C in several stem cell niches has been well-documented,
particularly within neural and hematopoietic environments
(Seiffert et al., 1998; Garcion et al., 2001; Chiquet-Ehrismann
et al., 2014). Tenascin-C, as mentioned, has been identified
in the corneal limbal stem cell niche (Maseruka et al., 2000),
and its spatial and temporal expression during development
and wound healing, aligned to its presence in the adult limbus
(Maseruka et al., 1997; Ljubimov et al., 1998; Ding et al., 2008)
advocate a potential role in the self-renewal and differentiation
of stem cells. It is likely that this can be achieved by providing
a favorable stem cell microenvironment via interactions with
other extracellular matrix components such as fibronectin
(Hunt et al., 2012; Singh and Schwarzbauer, 2012) and CS,

with an association between tenascin and CS having been
reported in experimental models of neural repair (Gates et al.,
1996).

CHONDROITIN SULFATE/DERMATAN

SULFATE STRUCTURE AND ANTIBODIES

CS and CS/DS GAG structures are typically heterogeneous and
polydisperse frommolecule to molecule. The disaccharide repeat
unit of CS consists of a (hex)uronic acid (glucuronic) and a
hexosamine (galactosamine, typically N-acetylated), whilst in DS
disaccharides the D-glucuronic acid residue is converted to αL-
iduronic acid, yielding DS. Linkage of these CS disaccharide
units occurs through ß3-linkage (GlcAß3GalNAc), whilst DS is
through ∂3 -linkage (IdoA∂3GalNAc) (Caterson, 2012). CS/DS
heterogeneity is further generated through sulfation of hydroxyl
groups at positions 2, 4 and C6 on the sugar molecules, giving
rise to great structural diversity (Sugahara et al., 2003; Hayes
et al., 2018). Indeed, recent estimates from Persson et al. (2020)
suggest, with a chain of 50 CS/DS disaccharides, an estimated
1650 theoretical variants arise from sixteen possible disaccharide
variants. Such structural diversity is believed to be responsible
for the ability of CS/DS to interact with a range of growth
factors, morphogens, cytokines and chemokines, to potentially
help regulate cell proliferation, cell differentiation, and tissue
development (Nandini and Sugahara, 2006; Caterson, 2012;
Purushothaman et al., 2012; Hayes et al., 2018; Karamanos et al.,
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2018). In a number of tissues, cornea included, CS exists as a co-
polymer with DS forming CS/DS hybrid GAGs (Habuchi et al.,
1973; Inoue and Iwasaki, 1976). An ability to recognize different
sulfation patterns on CS or CS/DS is useful for the study of
structurally diverse CS/DS isoforms within a tissue, and a range
of monoclonal antibodies have been developed to help with this
endeavor (Sorrell et al., 1990). For example, antibodies 6C3, 4C3,
7D4, and 3B3 (Caterson et al., 1985), can recognize distinct,
native (i.e. non-chondroitinase-digested) and non-native (i.e.,
chondroitinase-digested) epitopes on CS/DS chains.

Some examples of these antibodies and the location of their
respective CS/DS binding sites are shown in Figure 2 along
with a simplified structure of a typical CS/DS hybrid chain,
the location of the binding site having been deciphered by
sequential enzymatic digestion. Other CS antibodies developed
in our lab include 4D3 and 3B5, which also recognize a
specific pattern of carbon sulfation on sequential sugar molecules
within a polysaccharide chain (Sorrell et al., 1990). Whilst
the exact epitope for some of these antibodies remains to
be elucidated, other studies of D-type CS antibodies (which
bind sites of sulfation on carbon-2 of the glucuronic acid and
carbon-6 of the N-acetylgalactosamine sugar) have indicated
they require at least an hexasaccharide (in the case of 473HD),
or octasaccharide (in the case of CS-56 and MO-225), to
bind and recognize a specific tetrasaccharide within the chain
(Ito et al., 2005). Whilst useful, it is important to note that
the flanking regions of the recognized tetrasaccharide can
affect antibody affinity and in vivo growth factor binding.
This results in overlapping oligosaccharide binding regions,
termed “wobble motifs,” further increasing the complexity of
epitope definition and discussed in more detail elsewhere
(Caterson, 2012; Purushothaman et al., 2012).

Immunohistochemical investigations using these and other
antibodies have disclosed that a number of stem cell niches
exhibit specific or preferential sulfation patterns. For example,
in human skin, the 6C3 epitope is located just below the
basal lamina of the epidermis, adjacent to resident epidermal
stem cells (Sorrell et al., 1990). This is of particular interest,
given the similarities between epidermal stem cells and limbal
epithelial stem cells, which both form a stratified epithelium that
expresses the p63 stem cell marker (Pellegrini et al., 2001). Also,
of note, is the finding that epidermal stem cells can convert
into corneal epithelial-like cells when placed in corneal tissue
(Gao et al., 2007). CS GAGs are also present in primordial
stem cell populations in fetal tissue, such as hair bulbs and
perichondrium (Hayes et al., 2016), allowing us to hypothesize
a potential role for CS in maintenance of the corneal limbal
stem cell niche.

CHONDROITIN SULFATE IN THE

CORNEAL LIMBAL STEM CELL NICHE

Whilst much work has focused on the role of CS in the corneal
stroma, less attention has been paid to a potential role for
CS in the stem cell niche of the corneal limbus. The main
CS proteoglycans present in cornea are decorin and biglycan,
which are expressed widely throughout the corneal stroma, with
biglycan levels decreasing toward maturity. CS in the cornea
helps define stromal architecture, and decorin and biglycan null
mice have significantly disrupted collagen ultrastructure (Zhang
et al., 2009). Similar effects are seen in biglycan/lumican null
mice, which display significant corneal opacity compared to
mice with single proteoglycan knockouts (Chen et al., 2014).

FIGURE 2 | Schematic of CS/DS following the symbol nomenclature for the graphical representation of glycans (Varki et al., 2015), including the approximate location

of epitopes for antibodies 7D4, 6C3, and 3B3. Respectively, (+) and (–) indicate with and without chondroitinase ABC digestion.
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In terms of overall GAG distribution, the cornea is primarily
constituted of KS GAG (both high and low sulfated forms), with
CS/DS hybrid GAGs also present in slightly lower quantities,
and with CS located preferentially toward the limbus (Ho
et al., 2014). Heparan sulfate has also been shown to play a
role in maintenance of the corneal epithelium, as its absence
results in reduced corneal epithelial wound repair and improper
stratification of epithelial cells (Coulson-Thomas et al., 2015).

In order to determine in more detail the specific pattern
of CS distribution within the cornea, previous work by our
group used the aforementioned panel of CS antibodies to map
CS/DS in rabbit corneas (Yamada et al., 2015). The rabbit
eye, however, differs in its microanatomy to that of human
cornea and lacks a series of limbal epithelial crypts that are
located circumferentially around the limbus and which form the
palisades of Vogt. Limbal crypts are essentially downward focal
projections of epithelial cells into the underlying extracellular
matrix and run around the periphery of the cornea. The
porcine limbus is believed to have a series of epithelial crypts,
which is somewhat analogous to that of the human cornea.
However, the positioning of the crypts around the limbal
circumference of the pig eye is debated (Notara et al., 2011;
Grieve et al., 2015), and new evidence about their size, shape
and circumferential extent is adding to this debate (Hammond
et al., unpublished results). Porcine corneas are closer in size
to human corneas with a similar anatomical structure (Sanchez
et al., 2011) and protein composition (Sharifi et al., 2019),
thus their obvious value for corneal research. Both porcine and
human corneas have a Bowman’s layer – a thin, acellular layer
of the distal corneal stroma immediately subjacent to the corneal
epithelial basement membrane – as demonstrated by recent high-
resolution investigations (Hammond et al., 2020). Bowman’s
layer is often missing in many other species commonly used for
corneal research (Hayashi et al., 2002), identifying the pig as a
reasonable animal model.

Native CS sulfation motifs identified by the antibodies 7D4
and 6C3 were detected in the porcine cornea (Figures 3A,C),
specifically at the limbus in the case of 6C3 (Figure 3C), as
was observed in the presumptive stem cell niche in rabbit
cornea (Yamada et al., 2015). 3B3, an antibody recognizing non-
native, chondroitinase ABC-digested stubs without digestion
of a terminal disaccharide of the CS chain (6-O-sulfated
N-acetylgalactosamine adjacent to the terminal glucuronate),
also appeared to label CS structures surrounding the limbal
niche (Figure 3F). The 6C3 CS epitope also localized in close
proximity to putative limbal epithelial stem cells, as identified
by two markers, ABCB5 and keratin 19 (Figures 3G,H).
Although these are preliminary data, such co-localization of an
extracellular matrix component and putative stem cell identifiers
is an interesting discovery, which invites speculation as to
a causal link in terms of the potential for the matrix to
define a milieu that favorably sustains stem cell expression.
With this in mind and as alluded to earlier, we also note
that mesenchymal stem cells have been identified in the
corneal stroma, subjacent to the basement membrane at the
limbus, and are hypothesized to be supportive of the resident
limbal epithelial stem cells (Du et al., 2005; Pinnamaneni and

Funderburgh, 2012; Funderburgh et al., 2016). We speculate
whether the 6C3 antibodymight recognize cell surface-associated
CS on corneal stromal stem cells or sub-epithelial stromal
melanocytes that, when present within the epithelium, have
been shown to be supportive of the limbal epithelial stem cell
population (Dziasko et al., 2015). Ongoing studies will serve
to better characterize CS in the limbal environment and aim
to clarify its involvement as a potential modulator of the stem
cell niche.

CHONDROITIN SULFATE AND

REGENERATIVE MEDICINE

In recent years, CS has been highlighted as essential for the
functional integrity of pluripotent and multipotent stem cells,
and as an important factor in the maintenance of pluripotency
and differentiation propensity. For example, when CS is
depleted through genetic knockout or removed by enzymatic
digestion, mouse embryonic stem cells become arrested in a
pluripotent state and are unable to differentiate. The addition of
exogenous CS, however, recovers the differentiation propensity
thus pointing to an influential role for CS in pluripotent
stem cell biology (Izumikawa et al., 2014). Accordingly, CS
has considerable relevance to both embryological development
and stem cell biology and has been shown to be implicated
in the differentiation and proliferation of multipotent stem
cells from a range of tissues. Many of these studies focus on
neural-derived tissue and have indicated that the removal of CS
through enzymatic degradation, typically using chondroitinase
ABC, can have a marked effect on neural progenitor/stem cell
proliferation, differentiation and migration. The mechanism is
believed to be mediated by fibroblast growth factor-2 (FGF-2)
and epidermal growth factor (EGF) (Sirko et al., 2007, 2010;
Gu et al., 2009). Removal of CS can also cause spontaneous
differentiation of oligodendrocyte precursor cells (Karus et al.,
2016), whilst the disruption of CS/DS in mesenchymal stem
cells has been shown to influence osteogenic differentiation
(Manton et al., 2007). Owing to the localization of specific
CS motifs in corneal limbal stroma, we speculate that these
molecules could potentially facilitate maintenance of corneal
limbal epithelial stem cells and/or potentiate their differentiation
from iPS cells in vitro. Various researchers have developed
differentiation protocols for generating corneal epithelium from
both pluripotent and multipotent stem cells. Initial attempts
involved recreating the limbal niche using collagen IV and limbal
fibroblast-conditioned medium to differentiate pluripotent stem
cells toward a corneal epithelial phenotype. However, the cells
generated were not very robust and differed from native corneal
epithelium (Ahmad et al., 2007).

Other studies using pluripotent stem cells generated improved
corneal epithelial-like cells that displayed corneal epithelial
markers (K3/K12 and Pax-6), and showed how the regulation
of PAX6 is critical for in vitro differentiation (Hayashi et al.,
2012; Shalom-Feuerstein et al., 2012; Brzeszczynska et al.,
2014). Whilst promising, these studies failed to take into
account the elaborate nature of whole eye development with the
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FIGURE 3 | Immunohistochemical images of the peripheral porcine cornea (located to the right in each panel) and limbus. (A,C,E) Native 7D4, 6C3, and 3B3 epitope

localization is shown in green without [i.e., (–)] chondroitinase ABC pretreatment. (B,D,F) Staining with the same antibodies following chondroitinase ABC treatment

[i.e., (+)], which removes 7D4 and 6C3 epitopes and exposes the 3B3 epitope. Inlays in (A,C,F) magnify the limbal region (white box) and delineate the epithelial

basement membrane (dashed line). (G,H) 6C3 (green) is localized in close proximity to stem cell markers ABCB5 (G) and keratin 19 (H) (both red). Scale bars =

200µm. DAPI is employed as a nuclear stain shown in blue. Methods and negative control images with primary antibodies omitted are provided as

Supplementary Material.

plethora of spatial and temporal developmental cues that occur
between distinct cell types. One recently-developed method
demonstrated that human iPS cells can give rise to self-forming
ectodermal autonomous multi-zones (SEAMs), representing
concentric zones of cells of distinct ocular lineages, including
cells that resemble those of the corneal epithelium (Hayashi
et al., 2016, 2017; Supplementary Video). In the original
discovery of SEAM formation (Hayashi et al., 2016), which was
modified by other researchers (Li et al., 2019), the cellular zones
represented neuronal lineages (innermost zone 1), retina-like
and neural crest-like cells (zone 2, more peripherally), ocular

surface ectoderm-like cells (zone 3, more peripherally still), and
finally non-ocular surface epithelial-like cells in the outermost
zone 4. Lens-like cells appeared at the borders of SEAM
zones 2 and 3.

Further work involving manipulation within the substrate
of laminin, another extracellular matrix molecule present in
basement membrane of the corneal limbus, showed that
different isoforms differentially influence the differentiation
propensity of corneal epithelial cells derived from human
iPS cells (Shibata et al., 2018). Laminin can also influence
cell phenotype based upon the selective adhesiveness of the
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cells toward various substrates (Shibata et al., 2020). We
also note, in relation to the eye, that both CS and laminin
are temporally and spatially expressed during optic nerve
regeneration in fish (Battisti et al., 1992), and more recently
have been applied in the expansion of corneal endothelial
cells for potential transplantation (Kennedy et al., 2019). In
addition, CS and laminin are suggested to have counteractive
roles in precursor cell differentiation, due to regulation of
the β1-integrin signaling pathway (Sun et al., 2017), which
highlights potential impacting interactions (indirect and/or
direct) between these ECM molecules. As mentioned, laminin
influences SEAM development, and some recent preliminary
data indicate that CS, too, is likely involved in the differentiation
of human iPS cells in a developing SEAM as it is increasingly
deposited from weeks 4–6 (Figure 4). Specifically, the CS moiety
revealed by 7D4 was detected in SEAM zones 3, outward

to zone 4 (Figures 4A–C). Furthermore, CS is ubiquitously
deposited into the surrounding matrix by week 6 (Figure 4D).
Thus, facilitating deposition or exogenous supply of CS, could
potentially be used to modulate differentiation of human iPS cells
in SEAMs.

Whilst the application of CS to bioengineered scaffolds and
its use to promote cell differentiation is not new, there are few
investigations into defined species of CS and their influence
on stem cell differentiation in the context of the corneal
epithelium. Also, seldom considered is the fact that commercially
prepared CS can often contain significant impurities, for example
KS (Santos et al., 2017). Essentially, there has been relatively
little detailed exploration into possible modulatory roles for
CS, or indeed other GAGs, within the corneal limbal stem
cell niche, but emerging knowledge will provide an enhanced
understanding of the influence of CS upon the behavior of

FIGURE 4 | Localization of CS using antibody 7D4 within developing SEAM cultures at weeks 4 and 6 of differentiation. (A) Wide-field view of three SEAM colonies at

week 4 of differentiation, two of which are beginning to merge (7D4 is shown in green and nuclear Hoechst-334 staining in blue). (B) Bright-field image of a SEAM at

week 4 of differentiation with each zone (Z) indicated. (C) Higher magnification view of CS immunolocalisation in a selected region in (A). (D) High magnification of a

SEAM at week 6 of differentiation indicating a widespread deposition of CS. Scale bars = 100µm. Methods and negative control images with primary antibodies

omitted are provided as Supplementary Material.
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human stem cells and their potential involvement in corneal
regenerative medicine.
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