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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/DS with specific sulfation motifs 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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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 35 S-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.

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 ∼0.5 mm thick and 11–12 mm 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 slowcycling 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

Frontiers in Cell and Developmental Biology | www.frontiersin.org

2

January 2021 | Volume 8 | Article 567358

Ashworth et al.

Chondroitin Sulfate in Cornea

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).

with an association between tenascin and CS having been
reported in experimental models of neural repair (Gates et al.,
1996).

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 tenascinC 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,
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CHONDROITIN SULFATE/DERMATAN
SULFATE STRUCTURE AND ANTIBODIES
CS and CS/DS GAG structures are typically heterogeneous and
polydisperse from molecule 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 αLiduronic 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 copolymer 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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Funderburgh, 2012; Funderburgh et al., 2016). We speculate
whether the 6C3 antibody might 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.

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 highresolution 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 nonnative, 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
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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 =
200 µm. DAPI is employed as a nuclear stain shown in blue. Methods and negative control images with primary antibodies omitted are provided as
Supplementary Material.

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

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
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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 = 100 µm. Methods and negative control images with primary antibodies
omitted are provided as Supplementary Material.
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