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Time and the hour runs through the roughest day.

MacBeth I.III, William Shakespeare
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ABSTRACT

Purpose: The arrangement of lens cells is regulated by ocular growth factors. Although

the effects of these inductive molecules on lens cell behaviour (proliferation, survival, and

fibre differentiation) are well-characterised, the precise mechanisms underlying the regulation of

growth factor-mediated signalling in lens remains elusive. Increasing evidence

highlights the importance of heparan sulfate proteoglycans (HSPGs) for the signalling

regulation of growth factors; however, the identity of the different lens HSPGs and the

specific roles they play in lens biology are still unknown. HSPGs can be considered as the “dark

matter” of the biological universe: a major regulatory cellular component for which specific

functions are only beginning to be elucidated. Ubiquitous to all animal cells, HSPGs are a major

component of the cell surface and extracellular matrix, where they serve as the versatile interface

of cells with their environment through regulation of protein-protein interactions associated with

cellular events such as proliferation, differentiation and migration. Sulfated heparan sulfate

glycosaminoglycan (HS-GAG) chains attached to HSPGs, are required for the extracellular

distribution, gradient formation, and interactions of growth factors and their associated receptors.

Accumulating evidence suggests that altered HSPG sulfation can profoundly influence growth

factor-mediated processes, and drive pathology. Recent studies by our laboratory observed that

impaired HSPG sulfation potently and reversibly blocked murine lens epithelial cell proliferation

induced by growth factors, suggesting an important regulatory role for HSPGs in lens epithelial

cell behaviour. The present study aims to determine which specific HSPGs are involved in

regulating cell behaviour induced by ocular growth factors in the lens. To better understand the

role of HSPGs in lens biology, here, we aimed to i) Identify the HSPG-associated GAGs and

core proteins that are expressed in the postnatal and developing murine lens, ii) determine
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whether HSPG sulfation is required for growth-factor-induced lens cellular processes (lens cell

proliferation, fibre differentiation) in vitro, and iii) determine whether the expression of lens

HSPGs is altered in lens pathogenesis (fibrotic cataract), and whether HSPG sulfation is

required for TGF-ß-mediated d epithelial-to-mesenchymal transition (EMT) in vitro. We

hypothesised that lens architecture is tightly controlled by different HSPGs that regulate lens

development, ocular growth factor-induced lens cell proliferation and fibre differentiation, as

well as aberrant TGF-ß-mediated EMT and cataract development.

Methods: Semiquantitative real-time (RT)-PCR and immunolabeling were used to characterise

the spatial distribution of all known HSPG core proteins and their associated GAGs in the

postnatal and developing murine lens, and in a murine model of fibrotic cataract in situ. Lens

epithelial explants, cultured in the presence of different ocular growth factors and different

inhibitors of HSPG activity were used to investigate the requirement for HSPGs in lens cell

proliferation, fibre differentiation, lens EMT and their associated downstream signalling

pathways.

Results: The lens expresses all HSPGs, and HS-GAG is the predominant HSPG associated GAG

in the postnatal and developing lens. HSPG core proteins were differentially expressed in 10-day

old rat lens, and localised strongly to the germinative zone, and lens capsule, respectively. These

HSPGs are differentially localised to distinct functional regions of the lens. In the developing

lens, HSPG core proteins were differentially spatiotemporally regulated throughout lens

morphogenesis. HS-GAG chains are strongly localised to fibrotic plaques in transgenic mice

overexpressing TGF-beta. Compared with normal lenses, the level of expression and spatial
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localisation patterns of some HSPG core proteins were significantly modified in cataractous

transgenic lenses. Pharmacological inhibition of HS-GAG activity in vitro blocked lens epithelial

cell proliferation, fibre differentiation, and lens EMT highlighting that these cellular processes

are dependent on HSPG activity.

Conclusions: The differential spatial and temporal expression of HSPGs in different lens cells

and throughout lens morphogenesis suggests that lens cells acquire a distinctive repertoire of

HSPGs as they differentiate, resulting in selective patterns of HS-protein interactions and

activity. These data support differential roles for these HSPGs at key stages of lens induction and

morphogenesis. These findings suggest that HS-GAG sulfation is essential for growth

factor-induced cellular processes during embryogenesis, and the unique and divergent

localisation of different lens HSPG core proteins indicates that different HSPGs likely play

specialised roles during lens induction and morphogenesis.The identification of specific HSPG

core proteins in key functional lens regions, and the divergent expression patterns of closely

related HSPGs, suggests that different HSPGs may differentially regulate growth factor

signalling networks leading to specific biological events involved in lens growth and

maintenance. These findings support a requirement for HSPGs in lens cell proliferation and fibre

differentiation. The identification of specific HSPG core proteins in key functional lens regions,

and the divergent expression patterns of closely related HSPGs, suggests that different HSPGs

may differentially regulate growth factor signalling networks leading to specific biological

events involved in lens growth and maintenance. The requirement of HS for lens cell EMT,

combined with the differential expression of HS-GAG and specific HSPG core proteins in

cataractous lenses suggests that changes in the selective patterns and interactions and activity of
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specific HSPGs may point to candidate targets for the regulation of fibrotic changes

underpinning the pathogenesis of fibrotic cataract. By further characterising and specifically

modulating these sulfated proteins, we hope to develop novel ways of regulating cell behaviour

that will not only be relevant to lens biology and disease, but may extend to other growth

factor-mediated pathologies.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 The Ocular Lens

Located in the anterior aspect of the eye, the lens is a transparent, biconvex structure that, in

conjunction with the cornea, plays a crucial role in facilitating vision by focusing incoming light

onto the retina (Figure 1.1). Through the process of accommodation, the shape and curvature of

the lens can be changed to refract light rays to allow for visual focus of objects at different

distances. The lens is a relatively simple tissue, composed of two distinct cell types: a monolayer

of cuboidal epithelial cells that overlies the anterior surface of elongate and precisely aligned

fibre cells that make up the lens mass. The highly ordered spatial arrangement of the lens cells is

established during embryogenesis and is maintained as the lens grows throughout life (Lovicu

and McAvoy, 2005). The ocular lens is an elegant and well-established model for studying cell

behaviour. In particular, the study of cellular processes involved in the development and

maintenance of the lens in vertebrates has been a valuable and sophisticated framework for

understanding the complex interplay of signalling and transcription events (Wormstone and

Wride, 2011).
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Figure 1.1. Schematic drawing of the mammalian eye (A) and lens. (B) gross structure, (C)

mid-sagittal section.
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1.1.1 Lens Development

During the early process of vertebrate development, the eye first takes shape when surface head

ectodermal cells interact closely with the evaginating optic vesicle (McAvoy et al. 1999, Figure

1.2). This interaction leads to a thickening of the adjacent ectoderm, forming the lens placode.

The placode cells then undergo apical constriction, leading to their inward folding, creating a

surface depression known as the lens pit. Subsequently, the lens pit deepens and separates from

the neighbouring head ectoderm, forming a hollow ball structure called the lens vesicle (Figure

1.2). Within the lens vesicle, the anterior cells differentiate into the lens epithelium, while the

more posterior cells elongate to become the primary lens fibres (Lovicu and McAvoy 2005, see

Figure 1.2). These primary fibre cells extend towards the overlying epithelium, resulting in the

elimination of the vesicle cavity and the establishment of the lens's fundamental structure (Figure

1.2). From this stage onward, the lens continues to grow. Proliferating epithelial cells will exit

the cell cycle and undergo pronounced elongation and differentiate, giving rise to secondary lens

fibre cells (Figure 1.4). These new fibre cells displace the older fibres towards the centre of the

lens. As the fibre cells mature, their nuclear material and organelles degrade, and the cell

becomes primarily composed of water soluble crystallin proteins (Bassnett and Beebe 1992,

Wride 2011, Figure 1.4). They also develop specialised membrane interdigitations, acquiring the

transparency that is essential for the lens to fulfil its primary function: to transmit and focus light.

Hence this distinctive pattern of growth throughout life maintains the normal architecture of the

lens, and hence its transparency (Lovicu and McAvoy 2005).
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Figure 1.2. Schematic representation of key stages of mouse lens development. Embryonic day

(9.5-16.5) relates to days of gestation.

1.1.2 Normal Lens Physiology

The unique architecture of the crystalline lens is characterised by the proliferation of the anterior

lens epithelial cells and their differentiation into lens fibre cells (reviewed in Lovicu and

McAvoy, 2005, Figure 1.4). As all differentiated lens cells (both epithelial and fibre cells) are

derived from the lens epithelium, these cells can be considered as a ‘stem cell’ population,

precursors responsible for all ongoing lens growth. A notable feature of the lens epithelium is

that unlike most other epithelia in the human body, the lens cells continue to divide and

differentiate throughout life (Bhat 2001). Lens growth is dependent on the proliferation of

epithelial cells above the lens equator, in the germinative zone, and their subsequent

differentiation into fibre cells at the transitional zone (Dawes et al. 2014, Mochizuki et al. 2014,

Figure 1.3). This fibre differentiation is characterised by distinct molecular and morphologic

changes, such as exit from the cell cycle, cell elongation, loss of cytoplasmic organelles
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including nuclei, as well as the accumulation of fibre-specific crystallin proteins (Wride, 2011,

Figure 1.4).

Figure 1.3. Schematic representation of functional regions of the lens.

1.2 Growth Factor Regulation of Lens Development and Homeostasis

The refined architecture and well characterised biology of the vertebrate lens makes it an

excellent model to study how basic cellular processes are coordinated, through the specific

activity and interplay of a complex array of signalling pathways regulated by native ocular

growth factors (Lovicu and McAvoy, 2005, Lovicu et al. 2011). Growth factor activation of

associated receptor tyrosine kinases (RTKs) that are found on the surface of the lens cells

initiates signal transduction and activation of downstream effector pathways, subsequently

leading to the induction of transcription factors responsible for the induction or inhibition of each
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of the lens cellular responses. The interplay and tight control of these signalling pathways by

both intrinsic and extrinsic mechanisms maintains the vertebrate lens throughout life (Lovicu et

al. 2011).

Figure 1.4. Terminal differentiation of lens epithelial cells to lens fibre cells.

1.2.1 The ocular environment

Pioneering research conducted in the 1960's initially illuminated the significant influence of the

surrounding ocular milieu in establishing the distinctive polarity of the lens (Coulombre and

Coulombre 1963). These investigations involved the surgical inversion of the lens in embryonic

chicks, resulting in a repolarization phenomenon. The lens epithelium, now exposed to the

posterior compartment of the eye and immersed in vitreous humour, underwent elongation as the
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cells differentiated into fibre cells. Conversely, the anteriorly displaced primary fibre cells halted

growth, and were subsequently enveloped by a nascent epithelial monolayer originating from the

lens equator (Coulombre and Coulombre 1963). This led to the hypothesis that certain elements

in the ocular environment were instrumental in triggering and sustaining the typical

antero-posterior patterns of cellular proliferation, and fibre differentiation observed throughout

the lifespan of the vertebrate lens.

Decades of research since then have identified the elements within the ocular environment

responsible for controlling lens cell growth, and their individual and collective impact on lens

cell behaviour (Lovicu et al. 2011). The aqueous and vitreous humours, bathing the anterior and

posterior of the lens respectively, are a major source of mitogens and regulatory factors,

including members of the fibroblast growth factor (FGF), platelet-derived growth factor (PDGF),

insulin-like growth factor (IGF), epidermal growth factor (EGF), bone morphogenetic protein

(BMP), Wingless (Wnt), and transforming growth factor beta (TGF-β) families. Receptors for

many of these growth factors are found on lens epithelial and fibre cells (Lovicu et al. 2005). The

specific mitogens and morphogens comprising each ocular humour differ in makeup and

concentration, and lead to different outcomes in exposed lens cells (McAvoy and Chamberlain,

1989, Ibaraki et al. 1995, Iyengar et al. 2009). The aqueous, acting primarily on the anterior lens

epithelium, induces the survival and proliferation of this cell population (Iyengar et al. 2009).

The vitreous, on the other hand, induces the terminal differentiation of lens fibre cells (Wang et

al. 2010, Figure 1.4). Many of the growth factors present in both the aqueous and vitreous

humours primarily transmit signals through the MAPK/ERK and PI3K/AKT pathways (Iyengar
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et al. 2009). These signalling pathways are essential for both aqueous-induced lens epithelial cell

proliferation and vitreous-induced lens fibre differentiation (Lovicu et al. 2001).

1.2.2 Ocular Growth Factors

Decades of research have identified key ocular molecules and characterised their differential and

complementary roles in the coordination of specific morphogenetic events and cell behaviours.

For instance, in vitro studies have shown that growth factors native to aqueous humour promote

the mitogenic activity of the anterior lens epithelial cells (Iyengar et al. 2009), while posterior to

the lens equator, factors in the vitreous humour induce the terminal differentiation of lens

epithelial cells to secondary fibre cells (Lovicu and McAvoy, 2005, Wang et al. 2010). These

diffusible native factors are secreted primarily from the retina and ciliary body, and include: FGF

(Lovicu and McAvoy, 2005), IGF (Chamberlain et al. 1991, Shirke et al. 2001), EGF

(Gospodarowicz et al. 1978, Majima, 1995), PDGF (Brewitt and Clarke, 1988, Kok et al. 2002,

Li et al. 2019a), hepatocyte growth factor (HGF) (Choi et al. 2004, Tian, 2014), vascular

endothelial growth factor (VEGF) (Saint-Geniez et al. 2009), ephrins (Cheng and Gong, 2011),

as well as other non-RTK-binding morphogens, including BMPs (Boswell et al. 2008), TGF-β

(de Iongh et al. 2001, Dawes et al. 2009) and Wnts (Lyu and Joo, 2004, Dawes et al. 2013).

These factors traverse the ocular milieu to reach their target cells and act in concert to potentiate

and regulate lens cell behaviour (i.e. differentiation, proliferation, migration and cell death),

sometimes, in a concentration dependent manner, as reported for FGF (Schulz et al. 1993,

Lovicu and McAvoy, 2001, Iyengar et al. 2006, 2007, Wang et al. 2009).
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1.2.3 Growth factor signalling in the lens

Growth factors play a fundamental role in the development and maintenance of the lens. During

embryogenesis, the tightly controlled spatial and temporal modulation of the expression of these

growth factors regulates the induction, and antero-posterior patterning of the developing lens

(Reneker and Overbeek, 1996, Faber et al. 2002). Overall, the role of growth factors in lens

development is a complex and multi-faceted process. They are crucial for the normal

development of the lens and any aberration in their signalling pathways can lead to lens

abnormalities.

The importance of a better comprehension of the universally conserved signal transduction

mechanisms that control cell behaviour for the understanding of normal cell biology and

pathology is becoming increasingly evident. Crucial regulators of cell behaviour include the

signalling pathways triggered by the binding and activation of receptor tyrosine kinases, such as

mitogen-activated protein kinase/extracellular signal-regulated protein kinase (MAPK/ERK) and

phosphoinositide-3-kinase–protein kinase B (PI3K/AKT)-signalling, which have been

thoroughly studied (see Lovicu and McAvoy, 2001). The prevailing paradigm posits that the

ligand binding to its high-affinity receptor induces trans- and/or autophosphorylation of the

receptor’s intracellular domains, thereby activating one or more distinct pathways. In the lens,

growth factor-RTK signalling has been demonstrated to trigger various downstream pathways,

including Ras/Raf/MEK/ERK (Lovicu and McAvoy 2001, Iyengar et al. 2009, Qin et al. 2017),

PI3K/AKT (Lovicu and McAvoy 2001, Iyengar et al. 2009, Qin et al. 2017), Wnt/β-catenin

(Stump et al. 2003), and Hippo/YAP (Dawes et al. 2018), among others. The pathways activated

can be influenced by several factors, such as growth factor concentration and receptor (including

40



co-receptor) availability (Qin et al. 2017). Lens-specific studies have verified that ocular growth

factors activate these canonical pathways to induce lens cell proliferation and/or fibre

differentiation (Lovicu and McAvoy 2001, Stump et al. 2003, Iyengar et al. 2009, Qin et al.

2017, Dawes et al. 2018).

Multiple growth factors are implicated in the initiation and regulation of lens cell proliferation

and differentiation. For example, in vitro studies suggest that there is no one specific mitogen in

the aqueous humour that regulates lens cell proliferation (Iyengar et al. 2009), although FGF is

believed to play a pivotal role (McAvoy et al. 1991, Robinson, 2006). Moreover, several factors,

including FGF, IGF, EGF, PDGF, and BMPs, interact to strengthen the downstream signalling

pathways necessary for lens fibre differentiation (Richardson et al. 1993, Faber et al. 2002,

Iyengar et al. 2009, Wang et al. 2010, Li et al. 2019).

It appears that lens epithelial cell behaviour is coordinated by the synergistic interactions of

numerous ocular growth factors (Lovicu et al. 2005, Wang et al. 2010, Li et al. 2019). Although

FGFs essential role in regulating lens epithelial cell proliferation is clear, some redundancy with

other mitogens in aqueous-induced lens epithelial cell proliferation has been reported (Iyengar et

al. 2009). This redundancy, often observed in other systems (Salmerón-Sánchez and Dalby

2016), likely provides regulatory flexibility and complexity by ensuring optimal activation of

key downstream signalling pathways, offering an alternative activation mechanism. Given this

complexity, identifying the factors that coordinate these signalling events is critical to our

understanding of normal lens development and the lens pathology that arises when these

signalling pathways are disrupted.
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Although the many distinct and overlapping effects of growth factors on lens cell behaviour are

well-characterised, the mechanisms underlying how these proteins travel through the

extracellular space, arrive precisely at target cells, and transmit their signalling within cells at the

appropriate level, remain elusive. Studies in mice and other model animals have revealed the

importance of heparan sulfate proteoglycans (HSPGs) for the signalling and extracellular

distribution of many of these different growth factors.

1.3 Heparan sulfate proteoglycans

HSPGs are complex glycoconjugates composed of a core protein “trunk” decorated with

covalently attached linear anionic polysaccharide heparan sulfate (HS) glycosaminoglycan

(GAG) chains (“branches”) (Figure 1.5). HSPGs are a component of all known cells, and can be

localised to the cell surface, intracellularly in the cytoplasm and nucleus, or secreted by cells into

the extracellular space where they form a major component of basement membranes and the

extracellular matrix (ECM) (Sarrazin et al. 2011). Until relatively recently, our understanding of

HSPGs was limited to their role as essential matrix components, lending structural stability to

basement membranes. As our understanding of proteoglycans has expanded, the exciting

discovery was made that HSPGs can bind to and regulate a variety of proteins, including growth

factors, chemokines, matrix proteins and intracellular components (e.g. FGFs, integrins, laminin,

fibronectin, collagens) (Bishop et al. 2007, Vallet et al. 2021). The negatively charged sulfate

(SO4
-) groups of HS-GAG chains electrostatically interact with positively charged

lysine/arginine-rich regions of many proteins, influencing their structure and activity (Billings

and Pacifici, 2015). Importantly, the interactions of growth factors with native HSPGs influences
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their receptor binding and signalling activation (Park et al. 2000, Forsten-Williams et al. 2008,

Yu et al. 2018), gradient formation (Yan and Lin, 2009, Matsuo and Kimura-Yoshida, 2014),

potentiates their signalling activity (Dreyfuss et al. 2009) and protects them from degradation

(Sun et al. 2019) (See Figure 1.6).
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Figure 1.5. Heparan sulfate proteoglycans (HSPGs). (A) General structure of a heparan sulfate

proteoglycan (HSPG). (B) HSPG core protein families. (C) Schematic representation and

general localisation of HSPG families.
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glomerular basement membrane (Rossi, 2003), and overexpression of agrin in transgenic mice

causes a dysgenic phenotype that is specific to the eye (Fuerst et al. 2007).

The localisation of HSPG core proteins can provide valuable information about their functional

roles in a specific tissue. Immunolabelling of HSPG core proteins syndecan-1, syndecan-4, and

glypican-4 within the proliferative zone of the brain, together with in vitro evidence that HSPGs

are required for FGF-stimulated proliferation of neural precursor cells, identified these HSPGs as

key regulators of mitogens in early brain development (Ford-Perriss et al. 2003). The specificity

of these HSPG-protein interactions not only depends on the core protein type (e.g. syndecan,

glypican), and their localisation (e.g. the cell surface or ECM), but also on the fine structure (i.e.

sulfation) of the HS chains that associate with HSPGs.

At the cell surface, HSPGs bind growth factors and their cognate receptors to enhance formation

of receptor-signalling complexes, as well as immobilise and regulate the turnover of ligands that

act at the cell surface (Bishop et al. 2007, Figure 1.6). The pleiotropic modulation of growth

factor receptors by HSPGs can control different outcomes from the same growth

factor-signalling interaction, by altering ligand density, period of activation to say the least.

HSPGs can also directly and indirectly influence intracellular signalling cascades, leading to the

activation of key effector genes, changes in cell behaviour as well as cell phenotype (Bishop et

al. 2007, Figure 1.6). Within the ECM, HSPGs can bind to factors to regulate their

bioavailability at the cell surface and stabilise dynamic mitogen and morphogen gradients locally

at the tissue level that is critical for organogenesis and the maintenance of tissue homeostasis

(Figure 1.6). HSPGs also regulate the binding and activation of several proteins required for
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cell-matrix interactions (e.g. integrins, laminin, collagens), thus regulating cell attachment,

migration, transdifferentiation and polarity (Iozzo, 2005). Through modulation of the binding

and activation of these key proteins, HSPGs are positioned as master regulators of the

physiology, development and pathophysiology of many tissues (Bishop et al. 2007), not least in

the eye (Puri et al. 2020).

1.3.1 Expression and localisation of HSPGs

HS-GAGs are present in every ocular tissue in cell-, tissue- and developmental stage-specific

patterns (Sarrazin et al. 2011). Pioneering sulfate-radiolabelling studies revealed that ocular cells

incorporate highly anionic-GAG species in prominent ocular basement membranes including the

lens capsule (Young and Ocumpaugh, 1966), Bruch’s membrane (Hewitt et al. 1989) and

Descemet’s membrane (Davies et al. 1999), later expanding to many other ocular cell types.

1.3.1 Functional roles of different HSPGs

Not surprisingly given the extent of their expression, diverse roles for HSPGs have been

described in the regulation of multiple key lens signalling molecules and developmental

processes. By mediating the binding of many extracellular ligands to their receptors, HSPGs

trigger a cascade of reactions that subsequently regulate various cell processes including

proliferation, differentiation, adhesion, migration, cell survival, and matrix assembly and

organisation (Bishop et al. 2007). HSPGs can bind to and regulate the activity of PDGF, for

example, that is essential for lens growth and transparency (Brewitt and Clark, 1988) through the

regulation of lens epithelial cell proliferation (Iyengar et al. 2009) and fibre differentiation (Li et

al. 2019). With the diverse structure and overlapping temporal and spatial distribution of the
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different HSPGs in many tissues, it does not easily allow us to delineate their precise roles and

activity. While mouse models with deficiencies in different HSPGs provide some insights,

without compound knockouts to account for any redundancy, it is difficult to ascertain the

precise role of any one specific HSPG core protein type. Here, we have introduced different

HSPG members in the context of what is currently known regarding their functional roles in the

lens and its surrounding tissues.

Figure 1.6. Common functional roles of HSPGs. Abbreviations: extracellular matrix (ECM).
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1.4 HSPG core proteins

1.4.1 The Syndecans

The syndecan family of HSPGs (Figure 1.7) are a unique and highly versatile family of four,

syndecan-1 (syndecan, CD138), syndecan-2 (fibroglycan, CD362), syndecan-3 (N-syndecan,

neuroglycan), and syndecan-4 (amphiglycan, ryudocan), primarily localised to the cell surface,

mediating numerous cellular processes through signalling pathways that control cell

proliferation, migration, mechano-transduction and endocytosis (Bernfield, 1992, Couchman et

al. 2015, Afratis et al. 2017). Common to all syndecans is a highly conserved type-I

transmembrane domain (TMD) and extracellular domains, that function to target the syndecans

to sites at the cell surface and pericellular matrix where they collaborate with other proteins to

regulate growth factor signalling and cytoskeletal organisation (Rapraeger, 2001). The

intracellular domain of the syndecan core protein comprises two “conserved” domains that flank

a short “variable” region that binds cytosolic regulatory factors and uniquely defines the

intracellular signalling interactions of each syndecan family member (Schaefer et al. 2010).

While all syndecans have HS-GAG chains that mediate their interactions with extracellular

signalling molecules, syndecans-1 and -3 may also carry CS-GAGs (Rapraeger et al. 1985).

While the functions of each syndecan family member are distinct, there is higher structural and

functional similarity between syndecans-1 and -3 (Afratis et al. 2017), and similarly between

syndecans-2 and -4 (Oh, 2004).

All syndecans have been identified as essential regulators of the signalling of several key ocular

growth factors and morphogens, including FGFs (Shia et al. 2003, Zong et al. 2009, Jang et al.
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2012, Qin et al. 2017), IGFs (Ruiz et al. 2012), EGFs (Dobra et al. 2003, Ibrahim et al. 2017),

PDGFs (Das et al. 2016), HGF (Seidel et al. 2000), BMPs (Fisher et al. 2006), Wnts (Pataki,

2015) and Ephrins (Ethell et al. 2001). Moreover, syndecans can influence the downstream

signalling pathways of these molecules, including the activation of MAPK/ERK (Bellin et al.

2009, Qin et al. 2017) and PI3K/AKT/ mammalian target of rapamycin (mTOR) (Partovian et al.

2008, Qin et al. 2017) signalling. In addition to their role as receptors and co-receptors, many

other studies have suggested that signalling through the core protein of syndecans can regulate

cytoskeletal organisation through their clustering, association with cytoskeletal structures,

binding to cytoplasmic binding proteins, and intracellular phosphorylation (Yoneda and

Couchman, 2003). For instance, the cytoplasmic domains of their core proteins can interact

directly with cytoskeletal proteins (e.g. α-tubulin, cortactin, α-actinin), GTP-ases (RhoA, Rac1),

kinases (protein kinase C-alpha, PKCα, Src kinase, calcium/calmodulin-dependent serine protein

kinase, CASK, focal-adhesion kinase, FAK), cytoplasmic ERM proteins ezrin/radixin/moesin)

and other cell-surface receptors (integrins) to directly influence cell architecture, adhesion and

motility (Afratis et al. 2017).

Mutations in syndecans (Table 1.1) have revealed critical roles in development in lower

vertebrates (Kuriyama and Mayor, 2009, Muñoz et al. 2006, Olivares et al. 2009), with similar

roles described in mammals, however, mutant mice with compromised syndecans-1, and -4, do

not show any gross developmental abnormalities (Echtermeyer et al. 2001, Gougoula et al.

2019). Syndecan-3 null mice have been described to have some abnormalities in their memory

(Kaksonen et al. 2002), locomotion (Cornelison et al. 2004) and metabolism (Dickinson et al.

2016). Following these reports, it was suggested that the syndecans may be functionally
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redundant in their regulatory roles, however, recent closer characterisation of these

syndecan-deficient animals has revealed abnormalities at the molecular level, suggesting distinct

and separable roles for different syndecan family members. For instance, syndecan-3 deficiency

impairs neural migration in the brain (Hienola et al. 2006), and explanted satellite cells from

Sdc3 null mice display aberrant differentiation, with a general increase in overall tyrosine

phosphorylation (Cornelison et al. 2004). A role for syndecan-3 in lens fibre cells may relate to

its association with SRC kinases and cortactin (Filla et al. 2004, Kinnunen et al. 1998) that

regulate fibre differentiation in concert with Ephrin signalling (Cheng et al. 2013) which is

required for the phosphorylation of the syndecan-3 core protein (Asundi and Carey, 1997). Mice

deficient in Sdc4 have delayed wound healing, angiogenesis and FGF-2/integrin signalling

(Echtermeyer et al. 2001, Morgan et al. 2007, Qin et al. 2017). In the lens, syndecan-4 is an

essential regulator of FGF-2 and integrin signalling (Qin et al. 2017), acting as a FGFR

co-receptor, strengthening the duration and intensity of downstream FGF-induced MAPK/ERK

signalling, that has been shown to be required for lens fibre differentiation (Lovicu and McAvoy,

2001, Iyengar et al. 2007, Wang et al. 2010).

Integrin signalling is key in several lens processes in morphogenesis and for lens maintenance

throughout life (Walker and Menko, 2009). In particular, β1-integrin-signalling that has been

shown to be regulated by syndecans-2 and -4 (Couchman and Woods, 1999, Filla et al. 2006,

Kusano et al. 2000) and potentially other syndecans (Morgan et al. 2007), is essential for

maintenance of the lens epithelium and for the structural maintenance and homeostasis of

differentiating fibre cells (Simirskii et al. 2013). Activation of the canonical fibronectin receptor

α5β1-integrin requires a HSPG co-receptor such as syndecan and involves the activation of
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protein kinase Cα (PKCα). In syndecan-4-deficient murine lenses or with downregulation of

syndecan-4 in human lens epithelial cells in vitro, this suppresses β1 integrin-mediated activation

and cell adhesion (Qin et al. 2017).
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Figure 1.7. HSPG core protein families.
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Other novel syndecan-associated molecules include equarin, that was first identified as a secreted

molecule using a signal sequence trap screen in chick and shown to be specific to the lens (Mu et

al. 2003), in both chick and mice (Song et al. 2012). Consistent with its co-expression with lens

fibre-specific ß-crystallin (Mu et al. 2003), it is thought to complex with syndecan-3 HS chains

to regulate FGF-induced lens fibre differentiation and cell-adhesion, with its loss abrogating lens

fibre cell markers (Song et al. 2013).

1.4.2 The Glypicans

The glypican family (Figure 1.7) is composed of six HSPGs (glypicans-1 to -6) that form two

subgroups, with glypicans-3/5 and glypicans-4/6 respectively sharing high homology (De Cat,

2001). Glypicans only carry HS-GAG chains, and each is linked to the cell surface via a GPI

anchor (Sarrazin et al. 2011). With the exception of glypican-3, that has been extensively

characterised in its role in the pathogenesis of hepatocellular carcinoma and other cancers (Zhou,

2018), the glypicans are arguably the least-studied of all the HSPGs, and their precise roles

remain elusive.

In Drosophila, glypican homologues, division abnormally delayed (Dally) and dally-like (Dlp),

have been implicated as key orchestrators of cell polarity, morphogenesis, patterning,

differentiation and growth during development, through their regulation of growth factor,

cytokine, and morphogen signalling (Lin and Perrimon, 1999, Khare and Baumgartner, 2000,

Williams et al. 2010, Zhang et al. 2013). Dally has been reported to be required for ordered cell

division in the eye (Nakato et al. 1995), with dally mutants showing defects in progression

through G2-M for specific sets of dividing cells. A number of studies have demonstrated that
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Dally serves as a regulator of growth factor signalling during development, affecting the activity

of Wingless (Wg, Wnt homologue, Lin and Perrimon, 1999, Khare and Baumgartner, 2000,

Waghmare et al. 2020), Decapentaplegic (Dpp, TGF-ß/ BMP homologue, Jackson et al. 1997,

Akiyama et al. 2008) and Hedgehog (Williams et al. 2010, Ayers et al. 2012) in a tissue-specific

manner, consistent with Dally serving as a molecule that promotes the assembly of discrete

signalling complexes on the cell surface, as we see for HSPGs. The interplay between secreted

morphogens Wingless (Wg), Dpp and Hh regulates important events in Drosophila eye

development, controlling tissue specification, growth, and patterning (Ma and Moses, 1995,

Chang et al. 2001, Won et al. 2015). Similarly, in the vertebrate eye, their homologues Wnt

(Fujimura, 2016), TGF-ß/BMP (Furuta and Hogan, 1998, Wawersik et al. 1999, Flügel-Koch et

al. 2002,) and Hh (Kerr et al. 2012) are major players in eye development.

Studies using transgenic animals are beginning to clarify the key roles of glypicans as cell

signalling regulators (See Table 1.1). Glypicans can negatively regulate Wnt signalling by

competitively binding to secreted Wnt proteins, controlling their bioavailability to cell surface

Frizzled receptors as a co-receptor (Sakane et al. 2012, Wang et al. 2016, Li et al. 2019b, Shi et

al. 2020). Glypican-1 and -3 can act as both positive and negative regulators of canonical Wnt

signalling (Stigliano et al. 2009, Shiau et al. 2010, Capurro et al. 2014). Expression of Gpc4

enhanced the Wnt3a-dependent β-catenin pathway and the Wnt5a-dependent

β-catenin-independent pathway, while knockdown of Gpc4 suppressed both pathways (Sakane et

al. 2012). Gpc3 expression is also correlated with nuclear/cytoplasmic localisation of β-catenin

(Akutsu et al. 2010), however, its HS chains were reported not to be required for its stimulatory

activity on Wnt5a signalling and for the formation of glypican-3-Wnt5a complexes in mice
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(Song et al. 2005), highlighting HS-chain independent regulation. Glypican-3 knockout mice

exhibited alterations in Wnt signalling associated with the regulation of cell proliferation, the

loss of glypican-3 inhibited non-canonical Wnt/JNK signalling, with concomitant activation of

canonical Wnt/beta-catenin signalling and increased mitotic activity (Song et al. 2005). Contrary

to these studies, glypican-3 can directly bind to Frizzled through its HS-GAG chains, consistent

with Wnt binding at the cell membrane triggering the endocytosis of a complex that includes

Wnt, Frizzled and glypican-3 (Capurro et al. 2014).

Glypicans also play an important role in orchestrating growth factor signalling to modulate

proliferation and cell growth (Filmus and Capurro, 2008, Qiao et al. 2008, Cano-Gauci et al.

1999). For example, glypican-1 deficiency leads to reduced brain size associated with loss of

developmental FGF signalling (Jen et al. 2009). Modulation of glypican-1 levels by expression

of full-length Gpc1, or a truncated form that is thought to act in a dominant-negative fashion,

prevents trigeminal placodal differentiation or proper ganglion formation, respectively, with

particularly strong effects on the ophthalmic lobe (Shiau et al. 2010). Gpc1 overexpression

phenocopies Wnt inhibition in causing loss of ophthalmic placodal neurons, and increased Wnt

activity can rescue the effects of Gpc1 overexpression (Shiau et al. 2010).
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Table 1.1 HSPG mutant phenotypes.
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Core protein/

gene

Phenotype

Syndecan-1

Sdc1

Sdc1-deficiency causes defects in cell proliferation, migration, and

regulation of integrin expression in corneal epithelial cells (Stepp et al.,

2002), inflammation-mediated corneal angiogenesis (Gotte et al., 2002),

and resistance to corneal infection (Hayashida et al., 2011, 2015, Jinno

et al., 2020).

Syndecan-2

Sdc2

Sdc2-deficiency causes (endothelial-cell specific) delayed retinal

vascular development (inhibition of VEGFA165-signalling and

angiogenesis) (Corti et al., 2019). Sdc2-/- (Sdc2tm1b(KOMP)Wtsi) mice show

abnormal lens morphology/cataract (Dickinson et al., 2016).

Syndecan-3

Sdc3

Sdc3-deficiency causes impaired locomotion, fibrosis, and hyperplasia,

aberrant differentiation and increase in overall tyrosine phosphorylation

in muscle cells (Cornelison et al., 2004), impaired

hippocampus-dependent memory (Kaksonen et al., 2002).
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Syndecan-4

Sdc4

Sdc4-deficiency causes increased ocular pathological angiogenesis and

decreased retinal neovascularization. Sdc4-/- mice

(Sdc4tm2b(KOMP)Wtsi/Sdc4+) show abnormal retinal blood vessel

morphology, mydriasis (Dickinson et al., 2016), and tissues do not

respond to VEGF-A with abnormal VE-Cadherin trafficking (De Rossi

et al., 2021). Sdc4-/- mice have delayed wound healing associated with

decreased cell proliferation/migration (Echtermeyer et al., 2001, Corti et

al., 2013). Sdc4-/- mice show reduced capsular opacification after injury

(Qin et al., 2017). Downregulation blocks FGF-signalling and

integrin-mediated cell adhesion/migration (Qin et al., 2017).

Glypican-1

Gpc1

Gpc1-/- mice (Gpc1em1(IMPC)Mbp/Gpc1em1(IMPC)Mbp) have an abnormal eye

phenotype (Dickinson et al., 2016). Overexpression of Gpc1 in the chick

trigeminal placodal ectoderm blocks proliferation and differentiation

and can lead to the loss of the ophthalmic trigeminal ganglion (Jen et al.,

2009).

Glypican-2

Gpc2

No reported eye phenotype for Gpc2 deficiency (Dickinson et al., 2016)

Glypican-3

Gpc3

Despite Wnt and JNK signalling being altered in other Gpc3-/- tissues

(Song et al., 2005), no eye phenotype has been reported (Cano-Gauci et

al., 1999, Chiao et al., 2002)

Glypican-4

Gpc4

No reported eye phenotype associated with Gpc4-deficiency (Amor et

al., 2019, Dowling and Allen 2018). GPC4 variants associated with

Keipert Syndrome (Amor et al., 2019).
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Glypican-5

Gpc5

There is no reported eye phenotype associated with a Gpc5-deficiency

(Joslyn et al., 2011, Okamoto et al., 2015).

Glypican-6

Gpc6

Gpc6-deficiency causes neonatal lethality, with no reported eye

phenotype (Campos-Xavier et al., 2009, Capurro et al., 2017), however,

reduced GPC6 may be linked to sporadic retinoblastoma (Lau et al.,

2010).

Perlecan

Hspg2

Hspg2-deficiency is embryonic lethal and causes basement membrane

malformations (Arikawa-Hirasawa et al., 1999), microphthalmia and

thin corneal epithelium associated with decreased differentiation

(Inomata et al., 2012). Pathological variants of Hspg2 are linked to

Schwartz-Jampel Syndrome (where Type 1 is associated with cataract)

(Stum et al., 2006). HS-deficient perlecan (Hspg2Δ3/Δ3) results in an

eye-specific phenotype with lens degeneration, corneal abnormalities,

impaired corneal angiogenesis, delayed wound healing and

microphthalmia (Rossi, 2003, Zhou et al., 2004).

Agrin

Agrn

Agrn deficiency in zebrafish causes microphthalmia, retinal

mis-differentiation, abnormal retinal lamination, optic nerve hypoplasia,

delayed regression of retinal blood vessels, lack of or abnormal

outgrowth of retinal vessels, reduced size of the optic fibre layer, and

disruption of retinal ganglion cell axon growth to the optic tectum (Kim

et al., 2003, Kim et al., 2007, Liu et al., 2008). Agrn overexpression

causes anophthalmia, persistence of vitreal vessels, retinal



1.4.3 Perlecan

Perlecan is a large multidomain high-molecular weight HSPG that is a ubiquitous component of

cellular basement membranes and extracellular matrices (Iozzo 2005, Whitelock et al. 2008),

dynamically regulated throughout vertebrate development (Handler et al. 1997). Perlecan plays

an important role in controlling the bioavailability of growth factors at the cell surface, and in the

formation and orchestration of mitogenic and morphogenetic gradients (Gubbiotti et al. 2017). It

can bind to and influence the signalling activity of other mitogens and morphogens including

FGFs (Knox et al. 2002), BMPs (Decarlo et al. 2012), Hh (Palma et al. 2011) and EGF (Zoeller
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mis-differentiation and fusion of anterior chamber structures (Fuerst et

al., 2007).

Collagen XVIII

Col18a1

Col18a1 deficiency causes widespread anterior and posterior eye defects

including lens subluxation, macular degeneration, ciliary body atrophy,

iris fragility, delayed regression of retinal blood vessels, abnormal

retinal vasculature (Fukai et al., 2002), attenuated visual function

associated with impaired retinal pigmented epithelium function that

worsens with age (Marneros and Olsen 2003, Marneros et al., 2004).

Mutations of Col18a1 are associated with Knobloch syndrome (severe

myopia, vitreoretinal degeneration, anterior eye defects, occipital

encephalocele) (Passos-Bueno et al., 2006, Khan et al., 2012).

Overexpression of Col18a1 (endostatin domain) can cause cataract

(Elamaa et al., 2005, Aikio et al., 2013).



et al. 2009). Perlecan and matrix-bound FGF-2 are co-expressed in the lens capsule in a

complimentary antero-posterior gradient, with the levels of both, highest at the lens equator

correlating with proliferating lens epithelial cells and phospho-ERK1/2 labelling (Wu et al.

2014).

In zebrafish, perlecan helps form a VEGF gradient, and the regulation of VEGF-VEGFR plays

an important role in developmental angiogenesis (Zoeller et al. 2009), potentially explaining why

perlecan (Hspg2)-deficient mice are embryonic lethal. In mice lacking exon 3 of perlecan

(Hspg2Δ3/Δ3), that results in loss of HS side chain attachment to its core protein (Rossi, 2003),

mice are viable but present with microphthalmia. In these Hspg2Δ3/Δ3 mutant mice, the lens

capsule was compromised by cell remodelling that led to its rupture at birth, and subsequent lens

degeneration by weaning age. As mentioned earlier, other perlecan-rich basement membranes in

these mice, such as the GBM were intact with normal kidney function (Rossi, 2003). The lens

phenotype in Hspg2Δ3/Δ3 mice was exacerbated with the added loss of collagen XVIII, with lens

degeneration proceeding faster. This suggested that the HS chains of perlecan have a structural

function in the lens and can readily regulate incoming signals protecting the lens from its

environment (Rossi, 2003).

1.4.4 Agrin

Agrin is a large high-molecular weight HSPG that can exist as either a membrane-bound or

secreted HSPG (Tsen et al. 1995, Iozzo 2005). It is associated with the cell bodies and processes

of retinal neurons and is concentrated at retinal synapses (Fuerst et al. 2007), as it is at

neuromuscular junctions where it was first identified as essential for clustering acetylcholine
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receptors (Bezakova and Lømo, 2001). The functions of agrin also encompass other important

roles in the central nervous system such as regulation of brain development, plasticity, and

maintenance of the blood-brain barrier (reviewed in Kröger and Pfister, 2009 and Daniels, 2012).

Not surprisingly then, systemic knockout of agrin is embryonic lethal (Gautam et al. 1996),

however, its overexpression led to a phenotype specific to the eye (Fuerst et al. 2007). Ocular

dysgenesis was correlated with the amount of agrin expressed, with microphthalmia and

anophthalmia resulting from fusion of anterior chamber structures, and persistent hyperplastic

primary vitreous associated with a failure of foetal fissure closure, coloboma and aberrant

formation of the optic stalk (Fuerst et al. 2007).

1.4.5 Collagen XVIII

Collagen XVIII is a high-molecular weight HSPG, predominantly found in the ECM and

basement membranes (Iozzo 2005). Variations of the N-terminal domain of Collagen XVIII

produce three distinct isoforms (short, medium/intermediate, and long) with distinct activity and

tissue distribution (Muragaki et al. 1995, Rehn and Pihlajaniemi, 1995, Saarela et al. 1998). In

the eye, the short isoform is localised to the lens capsule and inner limiting membrane of the

retina, while the medium/long isoforms are found in the ciliary and iris epithelia, and Bruch's

membrane. All isoforms are also present in the tunica vasculosa lentis (Ohlmann et al. 2012,

Aikio et al. 2013). The C-terminus of all Collagen XVIII proteins contains an anti-angiogenic

endostatin domain, and all isoforms have conserved HS-GAG attachment sites (Dong et al.

2003).
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Given its varied ocular expression, Collagen XVIII plays a key role in eye formation and

homeostasis (Heljasvaara et al. 2017). Mutations of Col18a1, (the gene encoding the collagen

XVIII core protein), are linked to Knobloch syndrome, characterised by severe and diverse

ophthalmic defects in both anterior and posterior segments (Passos-Bueno et al. 2006, Khan et al.

2012). Similarly, Col18a1-/- mice display widespread ocular dysgenesis and malformation of

several eye tissues (Fukai et al. 2002, Ylikärppä et al. 2003, Marneros et al. 2004). Moreover,

overexpression of the endostatin domain of Collagen XVIII leads to cataract and ultrastructural

abnormalities in basement membranes (Elamaa et al. 2005, Aikio et al. 2013).

Collagen XVIII binds to and regulates the activity of many proteins directly through interactions

with its core protein (Rychkova et al. 2005), and via its associated HS-GAG chains (Dong et al.

2003), as reported in the regulation of integrin and Wnt signalling. Collagen XVIII also binds to

and interacts with several ECM proteins (e.g. laminin, collagens, nidogen), and plays an

important role in maintaining the structural integrity of ocular basement membranes. Collagen

XVIII likely plays a distinct role from other major basement membrane HSPGs in ocular

basement membrane maintenance, as mentioned earlier lens degeneration due to impaired HS

activity of perlecan is exacerbated when Collagen XVIII is also compromised (Rossi, 2003).

1.5 HS-GAG Chain Structure and Sulfation

HSPGs have been shown to directly or indirectly regulate most lens mitogens and morphogens,

primarily through binding to sulfated domains of their associated HS-GAG chains (Dreyfuss et

al. 2009). Therefore, it is not surprising that HS sulfation is required for normal lens

development and molecular functions (Pan et al. 2006). To elucidate the biological significance
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of HS-GAG chains, animal models together with chemical approaches have been employed to

alter or inhibit their biosynthesis or function. As ocular morphogenesis is difficult to evaluate in

constitutive mutant animals deficient for HS-GAGs or HS-GAG sulfation, due to defective

gastrulation or death at an early stage of embryonic development (Bullock et al. 1998, Lin et al.

1999) or at birth (Fan et al. 2000, Ringvall and Kjellén, 2010), the generation of

structurally-defined HS oligosaccharides (Jemth et al. 2003) and phenotypic analyses of animal

models with conditional deletions of genes encoding different HS-sulfotransferases (HSTs)

(Forsberg and Kjellén, 2001) have proven invaluable in the elucidation of relationships between

HS structure and molecular phenotype.

Once specific core proteins are synthesised, GAG chains, including HS are synthesised from

cytoplasmic nucleotide sugars and assembled onto core proteins by HS-polymerases,

glycosyltransferases, epimerases, and sulfotransferases in the Golgi apparatus (Li and

Kusche-Gullberg, 2016) (Figure 1.8). There is significant heterogeneity in HS chain-link,

structure, modification sites, extent of sulfation, electrostatic charge distribution, and

epimerization. The “sugar code” hypothesis proposes that the biological activity of HS is

encoded in its sulfation patterns (Poulain and Yost, 2015). The heterogeneity of HS chains is due

to a series of sulfation modifications of its chains that occur after the initial synthesis of the HS

chain precursor, through a non-template driven process that does not necessarily go to

completion (Li and Kusche-Gullberg, 2016). The patterning and degree of HS chain sulfation is

not predetermined but a result of the isoforms of HS sulfation enzymes expressed by a given cell.

This results in modifications of variable size along the chain resulting in highly heterogeneous

products with variable sulfation. HS sulfotransferase modifications occur with high specificity
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(Zhang et al. 2016b) in a cell-type and developmental stage specific manner (David et al. 1992,

Maccarana et al. 1996, Poulain and Yost, 2015) resulting in highly heterogeneous HS chains

interspersed with un-sulfated and highly sulfated regions, with differential levels of 2-O-, 6-O-

and 3-O-sulfation (Figure 1.8). Furthermore, the specific HS sulfation pattern requirements for

ligand interactions vary with the ligand. This is important as variations in the sulfation patterns

of HS chains can confer functionally important differences in HS-ligand binding interactions and

therefore differential regulation of biological functions (Kato et al. 1994, Pratt et al. 2006).

Phenotypes resulting from the conditional and selective depletion of specific HS biosynthesis

and sulfation enzymes, or combinations of HS biosynthesis and sulfation enzymes from the

developing eye tissues, exemplifies their importance and provides clues that point to the distinct

and complementary roles of different HS sulfation and fine structure in the regulation of

developmental and biological events.

1.5.1 HS-GAG Chain Polymerisation (EXTs)

HS chains are composed of repeating units of glucuronic acid (GlcA)-N-Acetylglucosamine

(GlcNAc) synthesised by HS-polymerases Exostosin-1 and -2 (EXT1/EXT2) (Busse et al. 2007).

This step is referred to as “chain extension” and determines the length of the GAG chain (Li and

Kusche-Gullberg, 2016) (Figure 1.8). The number of disaccharide repeats, and therefore the

length of the chain, are variable, and clearly important for growth factor signalling. For example,

HS-deficient Ext2 null mutant micee embryos fail to respond to FGF (Shimokawa et al. 2011).
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Figure 1.8. Schematic representation of heparan sulfate proteoglycan biosynthesis and sulfation.

Heparan sulfate (HS) glycosaminoglycan chain synthesis begins in the Golgi apparatus when

Exostosin (EXT1/2) polymerises a series of repeating disaccharide units of glucuronic acid

(GlcA)-N-Acetylglucosamine (GlcNAc) to the HS core-protein-associated tetrasaccharide linker

sequence. Following HS-chain elongation, HS sulfotransferases transfer sulfate from the

sulfate-donor molecule, 3′-phosphoadenosine 5′-phosphosulfate (PAPS) to specific positions on

the HS chain. The N-sulfated domains of the HS-chains are followed by 2-O-sulfation of selected

iduronic acid (IdoA) residues by HS 2-O-sulfotransferase (HS2ST). Next, HS

6-O-sulfotransferases (HS6STs 1-3) transfer sulfate to the sixth position of N-Acetylglucosamine

(GlcNAc) or N-sulfated GlcNAc (GlcNAS) residues. Finally, HS 3-O-sulfotransferases (HS3STs

1-6) transfer sulfate to the GlcNAS residues.
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Ext1 depletion (lacking all HS chains) in the periocular mesenchyme during embryogenesis leads

to microphthalmia with reduced axial lengths, lens diameters, and vitreous volume (Iwao et al.

2010). Similarly, Ext1 deletion in neural crest cells of the developing eye causes

microphthalmos, dysgenesis in the primitive iris and ciliary body, the failure of lens-cornea

separation and optic nerve head agenesis (Iwao et al. 2006). Given our understanding of the wide

array of protein interactions orchestrated by HSPGs, it is perhaps not surprising that complete

loss of HS-GAG would have detrimental effects on development. More complex and elusive are

the divergent functional roles of the different HS sulfotransferases.

1.5.2 PAPS/PAPS Synthetases

Following HS-chain elongation by EXT enzymes, HS sulfotransferases transfer sulfate from the

sulfate-donor molecule, 3′-phosphoadenosine 5′-phosphosulfate (PAPS), synthesised by cellular

PAPS synthetases (PAPSS1/2) to specific positions on the HS chain (Figure 1.8). The two

isoforms of PAPS synthase, PAPSS1 and PAPSS2 are localised primarily to the nucleus and

cytoplasm of cells, respectively (Schröder et al. 2012). Transcriptome data identifies both PAPS

synthetase isoforms in the lens (Kakrana et al. 2018).

Of all the chemical inhibitors of HS activity, sodium chlorate (NaClO3) is the best characterised.

Sodium chlorate inhibits the formation of PAPS, the sulfate donor, by competitively binding to

PAPS synthases thereby blocking the production of PAPS, the essential rate-limiting sulfate

(SO4
-) donor required for all cellular sulfation events in the Golgi, including HS-GAG sulfation.

Sodium chlorate treatment inhibits different types of HS-GAG sulfation in a

concentration-dependent manner (Safaiyan et al. 1999) without compromising HS-GAG chain
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length or structural properties (Safaiyan et al. 1999, Conrad, 2001). This effectively reduces the

sulfation of all sulfated GAGs (i.e. both CS- and HS-GAG), with the production of

under-sulfated proteoglycans whose secretion is partially prevented by the quality control

mechanisms of the cell (Fannon and Nugent, 1996). As a result, sodium chlorate-supplemented

media has been widely used in various cellular systems to define the biological functions of

sulfated GAG chains/HSPGs, however, a relatively high concentration of sodium chlorate (up to

30 mM) is required to completely block all HS-GAG sulfation (Safaiyan et al. 1999, Conrad,

2001). Such high concentrations are not suitable for in vivo studies in model organisms

(Humphries and Silbert, 1988). High concentrations of sodium chlorate (20-50 mM) have been

shown to block the signalling activity of aqueous humour (Iyengar and Lovicu, 2017) on lens

epithelial cells, as well as the activity of several ocular mitogens and morphogens including

FGF-2 (Iyengar and Lovicu, 2017) and other heparin-binding growth factors such as PDGF-A

(Iyengar and Lovicu, 2017), and VEGF (Ashikari-Hada et al. 2005). FGF- and aqueous-induced

ERK1/2 signalling in lens epithelia was completely disrupted in the presence of sodium chlorate

while PDGF-induced ERK and aqueous-induced AKT phosphorylation were not impacted

(Iyengar and Lovicu, 2017) (Iyengar and Lovicu, 2017). The effects of sodium chlorate can be

replicated by digestion of cell-surface HS with heparitinase and rescued by simultaneous

addition of sodium sulfate (restores HS sulfation, Iyengar and Lovicu, 2017) or porcine heparin

(exogenous sulfated GAGs), indicating that the observed effects of sodium chlorate treatment in

these studies are likely primarily attributable to the de-sulfation and transient loss of HS-GAG

activity.

68



These experimental blocking studies in vitro focus attention on the different modalities of HSPG

function, as co-receptors for matrix molecules and their ability to serve as independent receptors

for heparin-binding growth factors. HSPGs also indirectly influence the intracellular signalling

(e.g. MAPK/ERK, PI3K/AKT/mTOR, and the Rho GTPases of these molecules) by regulating

receptor binding interactions, activation and trafficking (Bishop et al. 2007).

1.5.3 HS N-Sulfation (NDSTs)

HS sulfation proceeds in a stepwise manner, beginning with the N-sulfation of specific

glucosamine (GlcNAc) residues of the HS chain by N-deacetylase/N-sulfotransferase (Ndsts 1-3)

enzymes (Poulain and Yost, 2015) (Figure 1.8). These enzymes play important roles in eye

development with mutations in Ndst1/2 displaying highly variable dysgenic eye defects, ranging

from bilateral anophthalmia, microphthalmia, and/or aphakia, and to a lesser degree unilateral

aphakia in embryos (Qu et al. 2011b) (see Table 1.1). N-sulfation of HS by Ndst1 has been

reported to be required for lens induction and development, with Ndst1-/- mice displaying

reduced lens cell proliferation and delayed or failed induction and vesicle formation of the lens

(Pan et al. 2006). This was accompanied by severely disrupted expression of αA-crystallin and

key lens proteins and transcription factors, including AP2α, Pax6 and Prox1 (Pan et al. 2006).

Interestingly, depletion of Ndst1 caused the dysregulation of FGF-signalling in early lens

development, but not other important pathways such as BMP- or Wnt-signalling (Pan et al.

2006). Conditional ablation of Ndst1 and Ndst2 (lacking HS N-sulfation) after the lens induction

stage caused reduced lens cell proliferation, increased cell death and defective lens fibre

differentiation in later lens development (Qu et al. 2011b). Thus, it is clear that HS sulfation is

important in lens morphogenesis and postnatal growth, and that there is specificity in the binding
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interactions of growth factors and specific sulfated residues (e.g. N-sulfated) of HS. HS sulfation

is also critical for normal growth factor signalling and development of other ocular tissues, such

as the lacrimal gland (Qu et al. 2012) with N-sulfation of HS required for FGF-induced induction

events in lacrimal gland development (Pan et al. 2008), as seen in lens (Pan et al. 2006).

1.5.4 HS O-Sulfation (HS-OSTs)

The N-sulfated domains of the HS-chains are followed by 2-O-sulfation of selected iduronic acid

(IdoA) residues by HS 2-O-sulfotransferase (Hs2st). Next, HS 6-O-sulfotransferases (Hs6st1-3)

transfer sulfate to the sixth position of GlcNAc or N-sulfated GlcNAc (GlcNAS) residues.

Finally, HS 3-O-sulfotransferases (Hs3st1-6) transfer sulfate to the GlcNAS residues (Li and

Kusche-Gullberg, 2016) (Figure 1.8). HSPGs carrying differentially O-sulfated HS have distinct

and complementary roles in their regulation of developmental and biological events (Tillo et al.

2016). The interactions of HS with FGF-2 and its cognate receptors (FGFRs) have been

characterised in detail. HS chains strongly facilitate the formation of ternary complexes with

FGF and FGFR (Escobar Galvis et al. 2007), serving to lower the activation energy required for

the conformational change of the FGFR and initiation of intracellular signalling, prolonging the

duration of FGFR activation (Forsten-Williams et al. 2008). Distinct sulfation patterns can

modulate different FGF-10-mediated gland developmental processes, such as proliferation, duct

elongation, bud expansion and differentiation (Pan et al. 2008, Patel et al. 2008).

Mice deficient in Hs2st (lacking HS 2-O-sulfation) display eye defects, including the formation

of cataracts, abnormal pigmented retinal epithelium and bilateral coloboma of the iris (Bullock et

al. 1998). The disruption of the mouse gene encoding d-glucuronyl C5-epimerase (Glce, the
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precursor for HS 2-O-sulfation) also causes frequent association with iris coloboma (Li et al.

2003). Despite binding of HS to HGF and PDGF-A being dependent on 6-O-sulfation, mice with

systemic inactivation of Hs6st1 (lacking HS 6-O-sulfation) develop without any major gross

abnormalities, with the exception of errors in axonal guidance at the optic chiasm (Pratt et al.

2006). In early adulthood they develop growth retardation, body weight loss and lung defects

leading to late postnatal mortality (Izvolsky et al. 2008). Few studies have investigated the

interactions of HS-3-O-sulfation due to its rarity (De Agostini et al. 1990). Further investigations

revealed unique and differential roles for 2-O- and 6-O- sulfation of HS in the regulation of later

stages of lacrimal gland development. Hs6st-/- mutants exhibited lacrimal gland hypoplasia and

disrupted FGF signalling, while Hs2st-/- mutants had a less severe phenotype. In

Hs2st-/-/Hs6st-/- double mutants, lacrimal gland development and associated FGF-induced

downstream ERK-signalling activation were completely abolished (Qu et al. 2011a). While not

directly reported in this study, the developing lens of these mutants was also much smaller (Xin

Zhang, personal communication, FJ Lovicu).

Compared with 2-O- and 6-O-sulfation, 3-O-sulfation of HS is relatively rare, and typically

comprises less than 1% of overall HS sulfation (De Agostini et al. 1990). HS3STs are also

expressed by fewer cell types (De Agostini et al. 1990). Out of the seven HS

3-O-sulfotransferase genes present in the mouse, transcripts for Hs3st1 represent 66% of all the

HS 3-O-sulfotransferase transcripts in the newborn lens (Hoang et al. 2014). The Hs3st1−/−

genotype is early postnatal lethal on a C57BL/6 inbred background where homozygous embryos

exhibit intrauterine growth retardation (HajMohammadi et al. 2003), however, F1-hybrids are
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relatively normal, but have been shown to have an enhanced sensitivity to pro-inflammatory

molecules, such as tumour necrosis factor (TNF) (Smits et al. 2017).

1.5 Coordination of HSPGs in lens pathology

Cataract is one of the leading causes of blindness worldwide (Foster and Resnikoff, 2005, Lam et

al. 2015, Pesudovs et al. 2021). Currently, the only effective cure for cataracts is cataract

surgery, which remains the most frequently performed surgical procedure worldwide (Chen et al.

2021). The surgery involves removing a portion of the anterior lens capsule and the lens cells,

and inserting an intraocular lens (IOL) into the denuded capsular bag to regain vision (Allen and

Vasavada 2006, Lam et al. 2015) (Figure 1.9).

Figure 1.9. Cataract surgery and intraocular lens placement.

However, despite the high success rate of cataract surgery, it is prone to develop postoperative

complication known as posterior capsular opacification (PCO), involving the formation of a

fibrotic lesion on the newly inserted IOL (Gu et al. 2022). This results in the development of a

secondary cataract that impairs vision to different extents (Konopińska et al. 2021). PCO affects
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30-50% of adults and all children within five years of undergoing cataract surgery (Konopińska

et al. 2021). The only existing treatment for PCO is the Neodymium-doped yttrium aluminium

garnet (Nd:YAG) laser capsulotomy (Karahan et al. 2014). However, this procedure is not

accessible in most underdeveloped countries and imposes a significant financial strain on the

healthcare systems of developed countries (Ursell et al. 2018, Raulinajtys-Grzybek et al. 2020).

Furthermore, Nd:YAG laser capsulotomies can lead to complications like ocular inflammation,

retinal detachment, and retinal tear (Javitt et al. 1992, Gu et al. 2022). Despite these

complications occurring at fairly low rates, they limit the availability of Nd:YAG laser

capsulotomy to severe PCO cases (Gu et al. 2022, Wesolosky et al. 2017). However, any level of

vision impairment due to PCO significantly diminishes patient satisfaction and degrades their

quality of life (Gu et al. 2022). Hence, there is an urgent need to devise new treatments for PCO,

particularly for those cases with minor vision impairment where Nd:YAG laser capsulotomy is

not recommended.

Other forms of cataract, such as fibrotic subcapsular cataracts (anterior or posterior) result from

aberrant lens epithelial trans-differentiation processes (See Figure 1.10). Following surgery,

residual lens epithelial cells that remain attached to the lens capsule undergo EMT, migrating

posteriorly to form plaques of myofibroblastic cells that cause lens capsule wrinkling, distorting

the passage of light, a condition known as posterior capsular opacification (PCO). ASC also

involves disruption of the lens epithelium and has many similarities to PCO, including EMT

(Figure 1.9). Fibrotic forms of cataract, such as subcapsular cataracts (anterior or posterior) result

from aberrant lens epithelial differentiation processes. In anterior subcapsular cataract or

capsular opacification (ASC/ACO), LECs transdifferentiate into myofibroblasts under the
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influence of TGF-β2, secreting abundant ECM containing fibronectin and collagen I, as they

adhere to the overlying lens capsule to create a fibrotic plaque (de Iongh et al. 2005).

Figure 1.10. Aetiology of fibrotic cataract (A, B) and lens TGF-β-induced epithelial-to-

mesenchymal transition (C).

TGF-β–induced EMT (Figure 1.10) is a complex stepwise phenomenon that plays a crucial role

in fibrogenic disease, that is defined by a common set of intertwined cellular events, which are

each differentially regulated by signalling molecules and pathways. First, induction of an injury

response to lens epithelial cells causes the up-regulation of TGF-β production by lens epithelial

cells, and its increased release from reservoirs in the lens capsule, along with other growth
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factors including FGF-2, EGFs and PDGFs by matrix metalloproteinases (MMPs) (Tholozan et

al. 2007, Zelenka and Arpitha 2008). TGF-β binding to receptors on lens epithelial cells leads to

the initiation of canonical TGF-β SMAD signalling, where SMAD2/3 forms a complex with

SMAD4 and translocates to the nucleus, where it activates EMT-response genes and transcription

factors (Figure 1.11). The result is the transdifferentiation of cuboidal lens epithelial cells to

myofibroblastic cells (Wormstone et al. 2009). The TGF-β-induced transdifferentiation of lens

epithelial cells to myofibroblastic cells (see Figure 1.10) is characterised by i) cytoskeletal

reorganisation, including the formation of actin stress fibres and increased expression of

pro-contractile molecules (e.g. α-SMA, vimentin, tropomyosins), that manifest in spindle-shaped

cell morphology, increased cell stiffness, reoriented microtubule polarity, and elevated cell

motility (Korol 2007, Kubo et al. 2013), and ii) focal adhesion turnover and destabilisation of

adherens junctions, indicated by the loss of epithelial markers (i.e. loss of junctional E-cadherin

localisation) and the gain of mesenchymal markers (i.e. N-Cadherin, Sail) (Taiyab et al. 2022).

Alterations to the actin cytoskeleton, focal adhesions, and stability of adherens junctions in

TGF-β-induced EMT are regulated via a RhoA/ROCK-dependent pathway (Bhowmick et al.

2001). Having completed EMT, the myofibroblastic cells secrete abundant modified ECM, rich

in fibrillar collagen I and fibronectin (Johar et al. 2007, Saika et al. 1998, Sappino et al. 1990).

The motile myofibroblastic cells adhere to this modified matrix through interactions between

matrix proteins (i.e. fibronectin) which induce focal adhesion formation at the cell–ECM

interface through focal adhesion kinase (FAK)/integrin signalling-dependent mechanism. This

alteration in both the epithelial cells and ECM results in a corresponding change to the lens

capsule, which due to the increased adhesion of the contractile myofibroblastic cells, becomes

wrinkled. At the same time, other factors in the ocular milieu, notably FGF-2, induce increased
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proliferation and migration of lens epithelial and myofibroblastic cells. The migratory and

proliferative effects of FGF-2 have distinct pathways (Boilly et al. 2000). While FGF-2-induced

proliferation is primarily mediated via ERK1/2 (Boilly et al. 2000, Lovicu and McAvoy 2001)

and PI3K/AKT signalling (Boilly et al. 2000), FGF-2-induced migration rely on the signalling

activity of Src kinase, p38 MAPK (Boilly et al. 2000) and integrins. Alongside FGF-2, other

factors present in ocular milieu (i.e. PDGF, HB-EGF, IGFs) synergize with TGF-β to augment

fibrosis through crosstalk, transactivation and feed-forward mechanisms that include regulation

of TGF-β levels, potentiation of pro-fibrotic pathways and suppression of TGF-β regulatory

signalling (Flokis and Lovicu, 2023).

To date, the main PCO-preventative strategy has been to eliminate all epithelial cells from the

lens, however, this is problematic, with attempted interventions inducing other ocular problems.

Strategies to prevent EMT associated with cataract to maintain the normal epithelia are an

alternative.

HSPGs have been reported to play a key role in the damage and repair processes of diseased

ocular tissues. These processes are often linked to significant changes in specific HSPGs

(Heimann et al. 2001, Ibrahim et al. 2017) or HS sulfation enzymes (Saravanan et al. 2019) that

can either support these pathogenic processes, as seen in cataract (the opacification of the lens)

(Qin et al. 2017), or can promote healing (reviewed in Park and Shukla, 2013). These changes

can affect both specific core proteins (i.e. cleavage of specific cell surface HSPGs,

up-/down-regulation of specific core proteins, changes in tissue expression patterns) and/or HS

76



chain structure (i.e. cleavage of HS chains, up-/down-regulation of specific HS

biosynthesis/sulfation enzymes).

Figure 1.11 TGF-β signalling pathways in TGF-β-induced EMT.
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1.6 Aims and hypotheses

Here, we hypothesise that lens architecture is tightly controlled by different HSPGs that regulate

lens development, ocular growth factor-induced lens cell proliferation and fibre differentiation,

as well as aberrant TGF-ß-mediated EMT and cataract development.

Aim 1: Identify the HSPG-associated GAGs and core proteins that are expressed in the postnatal

rat lens.

Aim 2: Identify the HSPG-associated GAGs and core proteins that are expressed in the

developing lens.

Aim 3: Determine whether HSPG sulfation is required for growth-factor-induced lens cellular

processes (lens cell proliferation, fibre differentiation) in vitro.

Aim 4: Determine whether the expression of lens HSPGs is altered in lens pathogenesis

(fibrotic cataract), and whether HSPG sulfation is required for TGF-ß-mediated EMT in vitro.

1.6.1 Aim 1: Identify the HSPG-associated GAGs and core proteins that are expressed in the

postnatal rat lens.

Addressed: Chapter 3 Results Part I

Rationale: The organisation of lens cells is regulated by the ocular environment, namely, the

aqueous and vitreous humours that bathe the lens. In vitro studies have shown that growth factors

native to the aqueous humour promote the mitogenic activity of the lens epithelial cells (Iyengar

et al. 2009), while factors in the vitreous humour induce the differentiation of secondary lens

fibre cells (Wang et al. 2010). The interactions of growth factors with native HSPGs can
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influence their receptor binding and signalling activation (Park et al. 2000, ForstenWilliams et al.

2008), gradient formation (Matsuo et al. 2014), modulation of their signalling activity (Shworak

et al. 2011), as well as protecting cells from degradation (Sun et al. 2019). Through modulation

of the bioavailability, receptor binding and signalling activation of mitogens and morphogens,

HSPGs are positioned as master regulators of growth factor signalling in cell biology and

development (Bishop et al. 2007, Lin et al. 2004). To determine which specific HSPG core

proteins could potentially be involved in the regulation of signalling events important for lens

cell biology, here we comprehensively characterised the presence, and comparative spatial

localisation of all known HSPG core proteins in the postnatal rat lens.

1.6.2 Aim 2: Identify the HSPG-associated GAGs and core proteins that are expressed in

the developing lens

Addressed: Chapter 4 Results Part II

Rationale: The development and maintenance of the vertebrate lens throughout life is

orchestrated by the interplay of a complex network of signalling molecules within the native

ocular environment (Lovicu et al. 2005). Decades of research have identified these key

molecules and characterised their differential and complementary roles in the coordination of

specific morphogenetic events and cell behaviours (Cvekl et al. 2014, Cvekl et al. 2017). For the

defined stages of lens morphogenesis, these factors need to be tightly controlled in a spatial and

temporal manner to regulate the induction, and anteroposterior, left–right and dorsoventral

patterning of the lens (Cvekl et al. 2014, Cvekl et al. 2017). Although the many distinct and
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overlapping effects of these factors on lens cell behaviour are well-characterised, the

mechanisms underlying how these growth factors traverse the extracellular space, arrive

precisely at, and transmit signalling within target cells at the appropriate level, remain elusive.

Recent studies in mice and other model animals have revealed the importance of HSPGs, that are

localised to the cell membrane and in the ECM of tissues, to promote the signalling and

extracellular distribution of growth factors, respectively (Sarrazin et al. 2011).While we know

much of vertebrate lens morphogenesis, less is understood about the regulation of the growth

factors driving this development. Given the important role of HSPGs in regulating diverse

growth factors, and with recent studies implicating HSPGs as essential for the induction and

development of the lens (Rossi et al. 2003go, Pan et al. 2006) and accessory glands (Qu et al.

2011), to identify the specific roles of the diverse HSPG core proteins, here, we characterise the

most comprehensive spatiotemporal localisation of key HSPGs throughout lens development, the

first known study to map the HSPG expression and localisation profile of a developing tissue

over the course of organogenesis.

1.6.3 Aim 3: Determine whether HSPG sulfation is required for growth-factor-induced lens

cellular processes (lens cell proliferation, fibre differentiation) in vitro.

Addressed: Chapter 5 Results Part III

Rationale: The refined architecture and well characterised biology of the vertebrate lens makes it

an excellent model to study how these basic cellular processes are coordinated. The transitional

cellular processes of proliferation, migration and fibre cell differentiation are distinct, and each is

orchestrated by the interplay of a complex array of signalling pathways regulated by growth
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factors native to the surrounding ocular media, the aqueous and vitreous humours (Lovicu and

McAvoy, 2005). Mitogens present in the aqueous humour, bathing the posterior aspect of the

lens, promote the proliferation, survival, and maintenance of the anterior epithelial monolayer.

Posterior to the lens equator, factors found in the vitreous humour drive the differentiation of lens

epithelial cells into elongated lens fibre cells (Lovicu and McAcoy 2005). Numerous studies

have been conducted to investigate and characterise the various factors present in the ocular

environment and their individual and collective effects on lens cell behaviour. Despite the

well-characterised effects of various growth factors on lens cell behaviour, the precise

mechanisms by which these factors navigate the extracellular space, reach their intended target

cells, and initiate signalling at the appropriate intensity remain largely unknown. The interplay of

lens growth factors and their interactions with ECM proteins influence the precise timing and

location of cellular events such as proliferation, migration, and differentiation along the

anterior-to-posterior axis of the lens. Given the complexity of these processes, identifying factors

that coordinate these signalling events is crucial for understanding normal lens physiology and

pathologies arising from the disruption of these pathways. Research conducted in mice and other

model organisms points to a key regulatory role for HSPGs in the signalling and extracellular

distribution of growth factors in the lens. HSPGs can bind to and influence the signalling activity

and distribution of a wide range of growth factors. HSPGs can serve as receptors or co-receptors

for various signalling molecules and their downstream signalling pathways. Within the ECM,

HSPGs serve as molecular scaffolds capable of binding and sequestering growth factors,

stabilising dynamic gradients of mitogens and morphogens at the tissue level, and orchestrating

the bioavailability of these factors at the cell surface. Investigating the intricate interplay between

growth factors and HSPGs holds promise for uncovering the elusive mechanisms that govern
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their precise actions within the lens and other tissues. Although previous findings lend strong

evidence to suggest an important role for HSPGs in the regulation of mitogen-induced epithelial

proliferation (Iyengar et al. 2017) and pathogenesis in the lens (Qin et al. 2017), the localisation

and interactions of HSPGs with different growth factors and their signalling complexes, remain

largely uncharacterised in the lens (see chapters 3 and 4). Evidence compiled from ours, and

other preliminary studies in other tissues, suggest that growth factor-mediated processes in the

epithelium can be regulated by modulating HS-GAG sulfation (Wang et al. 2017, Iyengar and

Lovicu, 2017). Here, we investigate the differential requirements for HSPG/HS-GAG sulfation

in essential lens cellular processes – lens epithelial cell proliferation and fibre cell differentiation

– induced by ocular humour and some of the major growth factors known to drive these

signalling processes in the lens. By specifically modulating HS-GAG sulfation using surfen and

further characterising which growth factors are modulated by HSPGs, we hope to better

understand how key lens HSPGs regulate different growth factor signalling cellular processes.

1.6.4 Aim 4: Determine whether the expression of lens HSPGs is altered in lens

pathogenesis (fibrotic cataract), and whether HSPG sulfation is required for TGF-ß-mediated

EMT in vitro

Addressed: Chapter 6 Results Part IV

Rationale: The lens is an excellent model for the study of fibrotic disease (Eldred et al. 2011),

and a range of in vitro and in vivo experimental models have been established to study the events

underpinning fibrotic cataractogenesis (Wormstone and Eldred 2016). A growing body of work

over the past decades in the lens field has made significant advances in our understanding of the
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underpinnings of fibrotic cataract, but there are still many unanswered questions. What is clear is

that understanding the molecular basis of PCO is essential to elucidate potential strategies for

prevention and treatment. The specific molecules and mechanisms that regulate PCO and its

associated molecular mafia, remain largely unidentified and unexplored. Similarly, though the

pathogenesis of fibrotic cataract has been extensively characterised both in vitro and in vivo, the

field has yet to fully elucidate the role of external factors influencing the activation and

progression of TGF-β-mediated EMT in the lens. Identifying the molecules that regulate cell

behaviour and maintain the integrity of the lens is fundamental to discerning the underlying

mechanisms involved in cataract formation. One such class of potential regulatory candidates are

the HSPGs, which are known to impart a multifactorial influence over several key players and

pathways involved in fibrosis.

Progressive advances in the field of glycobiology have revealed a critical role for proteoglycans

in the activation and regulation of growth factor signalling and processes associated with

mitogen-driven pathogenesis. As different HSPGs appear to influence overlapping signalling

pathways with diverse and cell type-specific outcomes (Rossi 2003), characterising different

HSPG-growth factor interactions to develop a more comprehensive understanding of the

functional significance of HSPG-signalling changes with the onset of pathology, is an important

area of study. Studies from many tissues lend strong evidence to suggest an important role for

HSPGs in the regulation of fibrotic disease (Solic et al. 2005, Westergren-Thorsson et al. 2017,

Lord et al. 2018), however, the functional roles of HSPGs in fibrotic cataract remain largely

uncharacterised. A better understanding of these underlying regulatory mechanisms may serve as

a basis for the identification of novel therapeutic targets and molecular strategies that could be

implemented to slow or prevent the development and progression of diseases characterised by
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abnormal growth factor-mediated epithelial cell proliferation and HSPG sulfation profiles, such

as fibrotic cataract. Here, we investigate the spatiotemporal immunolabelling of HSPGs in the

pathogenesis of fibrotic cataract and investigate the functional requirement for HSPGs in driving

TGF-β-induced EMT in the lens in vitro.
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CHAPTER 2: GENERAL METHODS

2.1 Tissue

Animals were bred at the Medical Foundation Building Animal House (K25), The University

of Sydney, Australia, with an alternating 12-hour light-to-dark cycle. All animal experimental

procedures were approved by The University of Sydney Animal Ethics Committee

(AEC#2017/1269) and conducted in accordance with the guidelines set by the National Health

and Medical Research Council (Australia), and the Association for Research in Vision and

Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision Research.

Animals were sacrificed by asphyxiation with carbon dioxide followed by cervical dislocation.

Eyes were collected for lens explanting or histological processing (see below, Table 2.1).

Post-mortem human foetal eyes (17-weeks gestation) were obtained from the Lions NSW Eye

Bank, with informed consent, and approval from the University of Sydney Human Research

Ethics Committee. All methods applied in the study were performed in accordance with the

approved Human Research Ethics guidelines.
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Table 2.1. Source of ocular tissues.

Tissue collection Phenotype assessment Animals used

Embryonic day

11.5 (E11.5)

Lens induction/invagination,

vesicle formation/primary lens

fibre differentiation

Wild-type mice

Embryonic day

14.5 (E14.5)

Lens growth, lens epithelium

maintenance, secondary lens

fibre cell differentiation,

denucleation/organelle loss

Wild-type mice

Embryonic day

16.5 (E16.5)

Lens growth, lens epithelium

maintenance, secondary lens

fibre cell differentiation,

denucleation/organelle loss

Wild-type mice

Postnatal day 0

(P0)

Lens growth, lens epithelium

maintenance, secondary lens

fibre cell differentiation,

denucleation/organelle loss

Wild-type mice

Postnatal day 10

(P10)

Lens growth, lens epithelium

maintenance, secondary lens

fibre cell differentiation,

denucleation/organelle loss.

Wild-type mice

Wistar rats

Postnatal day 21

(P21)

Lens growth, lens epithelium

maintenance, secondary lens

fibre cell differentiation,

denucleation/organelle loss

Wild-type mice

918 TGF GOF mice

Wistar rats
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Conception was recorded as midnight on the day of mating confirmed by the presence of a

vaginal plug. Embryos were routinely collected post conception at embryonic (E) day 9.5 (E9.5),

E10.5, E11.5, E14.5 and E16.5, representing key stages of lens development (See Figure 1.1,

Table 2.1). Pregnant FvB/N mice were sacrificed by asphyxiation with carbon dioxide followed

by cervical dislocation, and embryos were extracted and sacrificed by decapitation. Embryonic

heads were collected for histological processing.

2.2 Histological processing

Intact eyes or embryonic heads were collected and fixed for 24 h, in 10% neutral buffered

formalin (NBF, Sigma, Castle Hill, NSW, Australia) before processing for routine paraffin

embedding. Lens epithelial whole mounts were fixed for 5 min in 10% (v/v) NBF and

pre-embedded in 1% noble agar (Sigma) prior to paraffin embedding. Paraffin-embedded tissues

were serially sectioned at 5 μm. Mid-sagittal sections and lens epithelial whole mounts from at

least three independent animals were used for staining and immunolabelling.

Prior to staining and immunolabelling, slides were deparaffinized and rehydrated: three 5 min

Xylene washes, two 3 min 100% ethanol washes, 95% ethanol for 2 min, and 70% ethanol for 2

min and finally slides were washed with distilled water. Haematoxylin and Eosin (H&E) or

periodic acid–Schiff (PAS) stains were used to stain sections and whole mounts to show cell

morphology. Alcian Blue (AB) staining was also performed to show regions rich in highly

sulfated GAGs (Chute et al. 2019).
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2.3 Immunolabelling of HSPGs

Intact eyes or uncultured lens epithelial whole mounts were collected and fixed for 24 h or 5 min,

respectively, in 10% neutral buffered formalin (NBF, Sigma, Castle Hill, NSW, Australia) before

processing for routine paraffin embedding (lens epithelial whole mounts were pre-embedded in

1% noble agar, Sigma). Paraffin-embedded tissues were serially sectioned at 5 μm. Lens

epithelial whole mounts were also isolated and immediately fixed for 1 min in cold methanol

(Sigma) in preparation for histochemical staining or immunolabelling procedures. Mid-sagittal

sections and lens epithelial whole mounts from at least three animals were used for staining and

immunolabelling. Representative sections were also stained with PAS and H&E to highlight lens

morphology, or AB to show sulfated GAG localisation.

Whole eye sections and lens epithelial whole mounts were first labelled for HS using a

monoclonal antibody (HS F58-10E4, 370255, Amsbio LLC, Abingdon, UK). As some HSPGs

(i.e. Syndecans -1 (Kokenyesi et al. 1994) and -3 (Gould et al. 1995), agrin (Winzen et al. 2003)

and collagen XVIII (Dong: et al. 003)) may carry CS-GAG chains, in addition to the

predominant HS chains, we also labelled for highly sulfated forms of CS (CS-56, C8035,

Sigma). As the interactions of most HSPG-binding proteins are electrostatic in nature, and rely

on GAG chain sulfation, these antibodies can be used to detect all sulfated “active” HSPGs in a

tissue (Avnuret al. 1984, David et al. 1992, VanDenBorn et al. 2005). When used alongside core

protein-specific antibodies, a more complete picture of the HSPG profile of the lens can be

determined.
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As specific HSPGs can differentially regulate cell responses and behaviours, and their

differential expression is reported to be spatiotemporally regulated in a cell type- and

tissue-specific manner (Ford-Perriss et al. 2003, Couchman et al. 2012), we characterised the

spatial localisation of the different HSPGs in the postnatal lens. localisation of HS and HSPG

core proteins were investigated by immunolabelling 10-day-old rat lens mid-sagittal sections and

lens epithelial whole mounts using commercially available antibodies (see Suppl. Table 1). For

all immunofluorescent labelling studies, cell nuclei were counter-labelled with bisbenzimide

(Hoechst 33258, Sigma). We included the following controls for the immunofluorescence

studies, i) unlabelled tissue, ii) chain-specific isotype controls, iii) secondary antibody alone, iv)

single label, and v) no Hoechst.

Brightfield and immunofluorescence images were acquired using either a Leica DMLB 100S

microscope equipped with a DFC-450C camera using Leica Application Suite (LAS) software

v4.8.0 (Leica Microsystems), a ZEISS LSM-800 microscope with an AxioCam 506 camera

using ZEN Blue Edition v2.3 software (Carl Zeiss, Jena, Germany), or a ZEISS AxioScan.Z1

microscope (Carl Zeiss) with a Hamamatsu ORCA-flash 4.0 v2 camera (Hamamatsu Photonics,

Shizuoka, Japan) using ZEN SlideScan 2012 software (Carl Zeiss). Phase-contrast images were

acquired using an Olympus CK2 microscope (Olympus, Tokyo, Japan) with a Leica DFC-280

camera (Leica Microsystems) using Leica FireCam software v1.5 (Leica Microsystems). Images

were saved as TIFF (Tagged Information Field Format) without compression at 8-bit

(phase-contrast images) or 16-bit depth. Photoshop v21.1.1 (Adobe, Inc., San Jose, CA, USA)

and ImageJ (FIJI) v2.0 (Wayne Rasband, NIH, USA) were used for image processing within the

Mac OS X 10.15.6 (Apple Inc., Cupertino, CA, USA) and Windows 10 (Microsoft Inc., Seattle,

WA, USA) operating systems.
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Table 2.2. Antibodies used for HSPG immunolocalisation.

Antibody

HSPG-associated

GAGs

HS-GAG Sulfated

HSPG-associated

GAG chain

(major species)

mAb (F58-10E4) Ms

IgMκ

Amsbio, Cat#:

370255-1

CS-GAG Sulfated

HSPG-associated

GAG chain

(minor species)

mAb (CS-56), Ms IgM

Sigma, Cat#: C8035

Core proteins Syndecan-1 Syndecan family

(transmembrane)

pAb, Ms IgG1κ

Santa cruz, Cat#:

sc-12765

Syndecan-2 Syndecan family

(transmembrane)

pAb, Ms IgG1κ

Santa cruz, Cat#:

sc-376160

Syndecan-3 Syndecan family

(transmembrane)

pAb, Ms IgMκ

Santa cruz, Cat#:

sc-398194
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Syndecan-4 Syndecan family

(transmembrane)

pAb, Rb IgG

Abcam, Cat#: ab24511

Glypican-1 Glypican family

(GPI-anchored)

mAb (A-10), Ms

IgG1k

Santa cruz, Cat#:

sc-365000

Glypican-2 Glypican family

(GPI-anchored)

Ms mAb (F-5), IgG1λ

Santa cruz, Cat#:

sc-393824

Glypican-3 Glypican family

(GPI-anchored)

Ms mAb IgG1 (9C2)

Abcam, Cat#:

ab129381

Glypican-4 Glypican family

(GPI-anchored)

Rb pAb, Invitrogen

Cat#: PA5-88766

Glypican-5 Glypican family

(GPI-anchored)

Ms IgG1κ (F-3)

Santa cruz, Cat#:

sc-390838

Glypican-6 Glypican family

(GPI-anchored)

Rb pAb, Abcam Cat#:

ab251716

Perlecan High-molecular

weight

Rb pAb, gift from

Prof. Djajek Save

Sight Institute

Agrin High-molecular

weight

Ms IgMκ (D2)
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Santa cruz, Cat#:

sc-374117

Collagen

XVIII

High-molecular

weight

Ms IgG2b (1837-46)

Santa cruz, Cat#:

sc-32720

HS-GAG

Sulfation enzymes

(See Figure 1.8)

PAPSS2 PAPS synthase Rb PAb

Abcam, Cat#:

ab155588

HS2ST HS-2-O-

sulfotransferase

Ms mAb IgG (G-10)

Santa cruz, Cat#:

sc-376530

HS3ST1 HS-3-O-

sulfotransferase

Rb pAb

Abcam Cat#: ab91065

HS6ST1 HS-6-O-

sulfotransferase

Ms mAb IgG (C-9)

Santa cruz, Cat#:

sc-398231

2.4 Preparation of Lens Epithelial Explants

The ex vivo rat lens epithelial explant system (Lovicu et al. 2001, West-Mays et al. 2010) is a

well-characterised method used to study the effects of different treatment conditions on the

behaviour of lens epithelial cells attached to their native basement membrane, the lens capsule.
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Figure 2.1. Schematic representation of lens explanting procedure.

All tissue culture procedures were performed in a laminar flow cabinet. Lenses were dissected

from rat eyes and prepared as previously described (See figure 2.1) (West-Mays et al. 2010).

Immediately following sacrifice of the animals, eyeballs were removed and placed into dishes

containing fresh medium 199 with Earle's salts (M199) supplemented with 0.1 μg/ml

L-glutamine, 50 IU/ml penicillin, 50 μg/ml streptomycin, 2.5 μg/ml Amphostat B and 0.1%

bovine serum albumin (BSA, all from Sigma, Castle Hill, NSW, Australia) equilibrated to 37°C

with 5% CO2. Using an inverted stereo microscope, forceps were used to make an incision in the

posterior aspect of the eye and the lens was removed. Following removal of the ciliary body, 2-3

isolated lenses were transferred to dishes with fresh media. Lenses were positioned with the

anterior surface and epithelium facing down. The posterior capsule was torn, and the fibre mass

was carefully removed and discarded, leaving the anterior capsule and epithelium behind.

Anterior capsule was carefully pinned to the tissue culture dish. Explants were cultured at 37°C

in 5% CO2. Explants were allowed to equilibrate overnight, and the following day, media was

changed to fresh media followed by any treatments (See tables 2.3, 2.4, 2.5).
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2.5 Inhibiting HS-GAG sulfation

To block HS-GAG sulfation, explants were co-treated with either 30 mM sodium chlorate

(NaClO3, in M199, Sigma) (Iengar et al. 2017) or up to 10 µM Surfen

(bis-2-methyl-4-amino-quinolyl- 6-carbamide, in dimethyl sulfoxide (DMSO, Sigma)(Schuksz et

al. 2008) (Table 2.3). Control explants were untreated or treated with an equal volume of DMSO

vehicle (in experiments with Surfen). Explants were pre-treated overnight (for sodium chlorate)

or 1h (for surfen) prior to the addition of growth factors.

Table 2.3. Inhibitors used to block HS-sulfation.

Growth factor Treatment Source

Sodium chlorate

(NaClO3
-)

30 mM in M199

(overnight

pre-treatment) as in

(Iyengar et al. 2017)

Sigma, Catalog #403016

Surfen

(bis-2-methyl-4-am

ino-quinolyl-6-carb

amide, C21H20N6O)

up to 10 µM (1 h

pre-treatment unless

otherwise specified)

Sigma, Catalog #S6951

in Dimethyl sulfoxide (DMSO)

vehicle (Sigma Catalog #D2438)

Sodium chlorate is a chemical compound that has been found to inhibit the biosynthesis of

sulfated glycosaminoglycans, such as HS-GAG. Sodium chlorate specifically inhibits the activity

of PAPS synthetases, which produce PAPS, the rate limiting sulfate donor which is crucial for

the sulfation of HS-GAG. This results in the production of under-sulfated HS-GAG.
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Under-Sulfated HS-GAG can have altered biological activity, as the degree of sulfation can

influence the ability of HS-GAG to interact with various proteins, such as growth factors,

chemokines, and adhesion molecules. Thus, sodium chlorate can potentially affect various

biological processes by altering the sulfation and, therefore, the function of HS-GAG.

Surfen, on the other hand, is a small molecule that acts as a HS-GAG antagonist (Schuksz et al.

2008). Surfen is an electrostatic inhibitor, which is to say the positively charged regions of surfen

bind strongly to the negatively charged highly sulfated regions of HS-GAG, which are also the

sites where HS-GAG interacts with various proteins, including growth factors (Figure 2.2). By

blocking these interactions, Surfen can effectively inhibit the biological activities of heparan

sulfate (Schuksz et al. 2008).
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Figure 2.2. Structure of Surfen, a small molecule antagonist of heparan sulfate. Regions

required for the biological activity of surfen (Schuksz et al. 2008) have been highlighted.

As Surfen binds strongly to plastic, Surfen was stored in amber glass vessels, and plastic tissue

culture dishes were pre-saturated with a solution containing Surfen. 5 mM stock solutions were

prepared in DMSO and stored in glass at −80°C. Fresh aqueous solutions were prepared as

needed. Experiments involving Surfen included a DMSO control treated with an equal volume of

DMSO.

2.6 Immunofluorescent detection of proteins of interest in treated explants

At the endpoint of a treatment period, explants were fixed for either 1 min in methanol AnalaR

(for α-SMA, anti-phospho-ERK1/2 and HS-10E4 labelling) or with 10% NBF for 5 min (all

other labelling). Following fixation, explants were washed 3 x 5 min washes in 70% ethanol, and
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3 x 5 min washes in PBS/BSA (phosphate-buffered saline, 0.1% w/v bovine serum albumin) at

room temperature. Explants were blocked in 3% normal goat serum (NGS) in PBS/BSA for 1 h

before applying the primary antibody (diluted at 1:100 in 3% NGS) (See Table 2.4) and

incubating in a humidified chamber at 4°C overnight. The next day, explants were equilibrated to

room temperature and washed in PBS/BSA (3 x 5 min). The appropriate secondary antibodies

(See Table 2.5) (diluted 1:1000 in PBS/BSA) were then applied for 2 h in a dark humidified

chamber at room temperature.

Table 2.4. Primary antibodies used for immunofluorescent labelling of explants.

Target Antibody source

Anti-BrdU Ms mAb,

phospho-p44/42 MAPK

(Thr202/Tyr204)

Rb mAb, Cell signalling Technology, Cat# 9106

anti-β-crystallin Rb mAb, Lens Research Laboratory

anti-Aquaporin-0/MIP Ms mAb, Santa Cruz Biotech, Cat#:

α-smooth muscle actin

(α-SMA)

Ms mAb, Sigma, Cat#:A2547

β-catenin Rb mAb, Clone E274, Abcam, Cat#: ab32572
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Total SMAD2/3 Rb mAb, Cell Signalling Tech, Cat#: 8685,

1:100

Table 2.5. Secondary antibodies used for immunofluorescent labelling of explants.

Antibody Source

Gt anti-Rb Alexa-Fluor 488 IgG Abcam, Cat#: ab150077

Gt anti-Rb Alexa-Fluor 594 IgG Abcam, Cat#: ab150080

Gt anti-Ms Alexa-Fluor 488 IgG Abcam, Cat#: ab150113

Gt anti-Ms Alexa-Fluor 594 IgG Abcam, Cat#: ab150116

Gt anti-Ms Alexa-Fluor 568 IgM Abcam, Cat#: ab175702

2.7 Lens Epithelial Proliferation and Viability

To induce lens epithelial cell proliferation, explants were treated for up to 24 h with aqueous

humour (AQ) or exogenous growth factors found in the ocular media previously described to

induce proliferation.

98



Table 2.6. Growth factors for lens epithelial cell proliferation

Growth factor [Treatme

nt]

Source

Aqueous

humour (AQ)

10% v/v

in M199

Freshly extracted from bovine eyeballs

and filtered (Sourced from Hawkesbury

valley meat Processors pty. Ltd.)

FGF-2

(low-dose)

1 ng/ml R&D Systems, Minneapolis, MN, USA,

Cat# 3718-FB

EGF 5 ng/ml R&D Systems, Cat# 236-EG

HB-EGF 50 ng/ml R&D Systems, Cat# 259-HE

IGF-I 50 ng/ml R&D Systems, Cat# 291-G1

PDGF-AA 10 ng/ml R&D Systems, Cat# 221-AA

As in McAvoy et al. 1989, Liu et al. 1996, Majima et al. 1998, Kok et al. 2002, Iyengar et al.

2006, 2009.

Cell counts (nuclei) were performed on representative images of explants (at least two per

treatment group) cultured with increasing doses of Surfen (1, 5 or 10 µM) for 24 h to assess cell

viability. Explants treated with Surfen (5 µM) for 1 h were immunolabelled for HS and CS

GAGs. To identify cells in S-phase of the cell cycle, 5′-2′-bromo-deoxyuridine (BrdU, 150

μg/ml) was added to explant cultures 18 h post-treatment and cultured for an additional 6 h prior

to fixation in 10% neutral buffered formalin (10 min). BrdU-immunolabelling was performed as

previously described (Iyengar:2006cs) and explants were counterstained with Hoechst 33258
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(Sigma). Representative images were taken of each explant from at least three explants per

treatment group. Cell counts (total cells and BrdU-positive) were performed using an optimized

batch processing macro using ImageJ (FIJI) software (v2.0, Wayne Rasband, NIH, USA) from

images captured using an epifluoresent microscope (Leica Microsystems, Weltzar, Germany),

and averaged for each treatment group. BrdU-proliferation assays were performed on

representative images of explants (at least two per treatment group) cultured with a proliferating

dose of FGF-2 (1 ng/ml), together with increasing doses of Surfen (1, 5 or 10 µM) for 24 h.

To visualise early changes in downstream MAPK/ERK signalling activation, explants treated

with aqueous humour or different growth factors (see Table 2.6) with or without Surfen (5 µM),

were fixed with methanol 4 h after treatment and immunolabelled for mouse

anti-phospho-ERK1/2 (p-ERK1/2, 9106, Cell signalling Tech., 1:100).

2.8 Lens fibre cell differentiation

To induce lens epithelial cell proliferation, explants were treated for up to 5 days with vitreous

humour (VIT) or exogenous high-dose FGF-2 (See Table 2.7). Fibre differentiation was

monitored over a 5-day period, and phase contrast images were taken each day to document

changes to morphology.
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Table 2.7. Growth factors for lens fibre cell differentiation

Growth factor [Treatment] Source

Vitreous humour

(VIT)

10% v/v in

M199

Freshly extracted from bovine eyeballs

and filtered (Sourced from Hawkesbury

valley meat Processors pty. Ltd.)

FGF-2

(high-dose)

150 ng/mL R&D Systems, Minneapolis, MN, USA,

Catalog # 3718-FB

as in McAvoy et al. 1989, Wang et al. 2009, 2010.

To visualise early changes in downstream MAPK/ERK signalling activation, explants treated

with vitreous humour or a differentiating dose of FGF-2 (See Table 2.7), with or without Surfen

(5 µM), were fixed with methanol 4 h after treatment and immunolabelled for mouse

anti-phospho-ERK1/2 (p-ERK1/2, 9106, Cell Signalling Tech., 1:100). Explants treated with

vitreous humour or a differentiating dose of FGF-2 (See Table 2.7), with or without Surfen (5

µM), were fixed (10% NBF for 5 min) 5 days after treatment and immunolabelled for markers of

fibre differentiation: rabbit anti-β-crystallin (Lovicu et al. 2001) and mouse

anti-Aquaporin-0/MIP (Lo et al. 2014) (Santa Cruz Biotechnology Inc., Dallas, TX, USA,

1:100).
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2.9 TGF-β2-induced epithelial-to-mesenchymal transition

To induce epithelial-to-mesenchymal transition (EMT), lens cells were treated with 300 pg/ml

recombinant human TGF-β2 (302-BP, R&D Systems, MN, USA) for up to 5 days

(Wojciechowski et al. 2017). EMT was monitored over a 5-day period, and phase contrast

images were taken each day to document changes to morphology.

To investigate the nuclear translocation of total SMAD2/3, lens epithelial explants were treated

with TGF-β2 as described above for 2 h and subsequently processed for immunolabelling with

total SMAD2/3. Nuclei were stained with Hoechst, and at least 3 images were taken of each

explant. Relative nuclear translocation was quantified using a nuclear localisation score: at least

3 images from each of 3 explants, from 3 independent experiments, were scored as either 0 (no

nuclear tSMAD2/3 labelling), 0.5 (some nuclear tSMAD2/3 labelling) or 1 (predominantly

nuclear tSMAD2/3 labelling). Total scores were calculated for each explant (mean of images of

explant) and each treatment group (mean of explants within the treatment group). Differences in

nuclear localisation score were calculated between treatment groups for all experiments using

Unpaired t-tests with Welch's correction (mean +/- SEM, with P < 0.05 considered statistically

significant).

2.10 Measuring changes in gene expression

Total RNA was extracted from dissected 10-day-old rat lens epithelial cells and lens fibre cells (n

= pooled tissue from 5 animals) using the ISOLATE II RNA Micro Kit (Bioline, Eveleigh, NSW,

AU) according to manufacturer’s instructions. Following DNAse treatment and reverse
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transcription (SensiFAST cDNA Synthesis Kit, Bioline), the relative expression of transcripts

encoding all known HSPG core proteins was investigated using semi-quantitative reverse

transcription polymerase chain reaction (RT-qPCR). RT-qPCR was performed as biological

triplicates (n = 3), according to the manufacturer’s instructions with the QuantStudio 12K Flex

Real-Time PCR System (ThermoFisher Scientific, Waltham, MAS, USA) using TaqMan Gene

Expression Assays for proteoglycan core proteins (accession numbers: Syndecan-1 (Sdc1):

Rn01469776_m1, Syndecan-2 (Sdc2): Rn00565242_m1, Syndecan-3 (Sdc3):

Rn00696372_m1,Syndecan-4 (Sdc4): Rn00664688_m1, Glypican-1 (Gpc1): Rn01427370_m1,

Glypican-2 (Gpc2): Rn00593367_m1, Glypican-3 (Gpc3): Rn00516722_m1, Glypican-4 (Gpc4):

Rn01457394_m1, Glypican-5 (Gpc5): Rn01468174_m1, Glypican-6 (Gpc6): Rn01466049_m1,

Perlecan (Hspg2): Rn01515780_g1, Agrin (Agrn): Rn00598349_m1, Collagen XVIII alpha

chain 1 (Col18a1): Rn01428983_m1, and glyceraldehyde 3-phosphate dehydrogenase (Gapdh):

Rn01462662_g1, Life Technologies, Carlsbad, CA, USA). No-template controls were included

for each assay. Relative core protein transcript expression was quantified relative to

housekeeping (Gapdh) expression for lens epithelial cells and lens fibre cells respectively. Data

were represented a log(ΔCt) relative to Gapdh ± standard error of the mean (SEM), from at least

three independent experiments (n = 3).

2.11 Measuring changes in protein expression

Lens epithelial explants (at least five per treatment group) were collected at relevant time points

post-treatment, into cold protein lysis buffer containing 2.5 mM EDTA, 25 mM Tris-HCl, 0.375

M NaCl, 250 mM NaVO3, protease and phosphatase inhibitors (Roche, Basel, Switzerland), 10

mM sodium deoxycholate, and Triton-X-100 (Sigma). Sample protein concentrations were
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determined using the Micro BCA Protein Assay Kit (Thermo Fisher Scientific). Lysates were

prepared for electrophoresis with Laemmli sample buffer (Bio-Rad Laboratories, NSW,

Australia) containing 5% (v/v) β-mercaptoethanol. Samples were run on 12% SDS-PAGE gels

and transferred onto Immobilon-PSQ polyvinylidene fluoride (PVDF) membranes (Merck

Millipore). Following transfer, membranes were blocked at room temperature for 1 hour in 2.5%

(w/v) BSA blocking buffer (in TBST: 0.1% v/v Tween-20 in Tris-buffered saline, Sigma), and

subsequently incubated overnight at 4º C with primary antibodies appropriately diluted in BSA

blocking buffer. The following primary antibodies were used: mouse anti-phospho-ERK1/2

(p-ERK1/2, 9106, Cell signalling Tech., 1:1000), rabbit anti-ERK1/2 (ERK1/2, 9102, Cell

signalling Tech., 1:1000) and mouse anti-Gapdh (G8795, Sigma, 1:5000). Following primary

antibody incubation, membranes were rinsed in TBST and incubated with secondary antibodies

(1:5000 in TBST) for 2 h at room temperature. Secondary antibodies used were a horse

anti-mouse IgG HRP-linked antibody (7076, Cell Signalling Tech.) and a goat anti-rabbit IgG

HRP-linked antibody (7074, Cell Signalling Tech.). Membranes were imaged using the enhanced

chemiluminescence (ECL) kit (Merck Millipore) and ChemiDoc MP imaging system (Bio-Rad

Laboratories Inc.). Band densities were quantified using Image Lab software (Bio-Rad

Laboratories Inc.), and normalized to Gapdh internal control.

2.12 Statistical Analysis

Data were presented as the mean or change in mean ± standard error of the mean (SEM) from

three or more independent experiments. All statistical analyses were performed using Prism 8

software (GraphPad Software Inc, San Diego, CA, USA). Unless otherwise stated, primary

analyses of all dependent variable data was performed using grouped samples one-way ANOVA
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with Šidák corrections for multiple comparisons. Effects were considered statistically significant

if P < 0.05.
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CHAPTER 3: RESULTS I
AN ATLAS OF HEPARAN SULFATE PROTEOGLYCANS IN THE POSTNATAL RAT
LENS

3.1 Preface

The following manuscripts comprise the majority of the following results chapter. Some sections

of the following manuscripts have been reordered and/or edited for the purposes of elaboration or

continuity. Original unedited manuscripts are attached in appendix 1.

1) TFL Wishart and Frank J. Lovicu (2021). An Atlas of Heparan Sulfate Proteoglycans in

the Postnatal Rat Lens. Investigative Ophthalmology & Visual Science, (DOI:

10.1167/iovs.62.14.5)

2) TFL Wishart and FJ Lovicu (2023). Spatiotemporal Localisation of Heparan Sulphate

Proteoglycans throughout Mouse Lens Morphogenesis. Cells (DOI:

10.3390/cells12101364).

These manuscripts were published in Investigative Ophthalmology & Visual Science in 2022 (1)

and Cells in 2023 (2). The work comprising these manuscripts was completed entirely during my

PhD candidature under the guidance of my primary supervisor Professor Frank Lovicu who

contributed to this manuscript by facilitating experimental design and manuscript editing.

Note that figures including images of glypican-5 have been updated from original figures in

manuscript (1) to updated images later published in manuscript (2), which repeats the same

immunolocalisation studies undertaken in manuscript (1) with an updated commercial antibody
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which successfully showed glypican-5 localisation in the 10-day-old rat eye. For the original

published figure see supplementary figure 1 (Wishart and Lovicu 2023) in appendix 1.

3.2 Introduction

The ocular lens is a well-established model for studying growth factor regulation of cell

behaviour (Wormstone et al. 2011). The lens is a relatively simple tissue, composed of two

distinct cell types, with a monolayer of cuboidal epithelial cells overlying the anterior surface of

elongate and precisely aligned fibre cells that make up the lens bulk. Postnatally, lens growth is

dependent on the proliferation of the epithelial cells in the germinative zone, and their

subsequent differentiation into fibre cells at the transitional zone (Mochizuki et al. 2014, Lovicu

et al. 2014). fibre differentiation is characterised by distinct molecular and morphologic changes,

such as exit from the cell cycle, cell elongation, loss of cytoplasmic organelles and nuclei, as

well as the accumulation of fibre-specific crystallin proteins (Wride et al. 2011). The normal

architecture, and hence transparency of the lens, depends on the maintenance of this distinctive

pattern of growth.

The organisation of lens cells is regulated by the ocular environment, namely, the aqueous and

vitreous humours that bathe the lens. In vitro studies have shown that growth factors native to the

aqueous humour promote the mitogenic activity of the lens epithelial cells (Iyengar et al. 2009),

while factors in the vitreous humour induce the differentiation of secondary lens fibre cells

(Wang et al. 2010). These native factors, IGF-I (Shirke et al. 2001), EGF (Majima et al. 1995),

PDGF-AA (Kok et al. 2002, Li et al. 2019), hepatocyte growth factor (HGF) (Choi et al. 2004),

ephrins (Cheng et al. 2011, Zhou et al. 2018), and bone morphogenetic proteins (BMPs)

(BeleckyAdams et al. 2002) act in concert with FGFs (Zhao et al. 2008, Iyengar et al. 2017) to
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potentiate and regulate lens epithelial cell proliferation (Iyengar et al. 2006, Iyengar et al. 2009)

and fibre differentiation (Wang et al. 2009).

FGFs have been reported to be particularly important in the regulation of lens cell survival,

proliferation, and differentiation (Robinson et al. 2006, Zhao et al. 2008, Iyengar et al. 2017).

They activate their high affinity RTKs) (e.g. FGFRs) in lens in a concentration-dependent

manner (Chamberlain et al. 1997), stimulating a proliferative and/or fibre differentiation

response (Chamberlain et al. 1989) via downstream signalling including, the MAPK/ERK and

PI3K/Akt pathways (Lovicu et al. 2001, Iyengar et al. 2006, Wang et al. 2009). Differential

distribution of FGF bioavailability in the eye can regulate these lens growth processes

(Chamberlain et al. 1989), with the proliferating lens epithelial cells exposed to lower levels of

FGF activity in the aqueous, and the differentiating fibre cells exposed to higher levels of FGF

activity from the vitreous (deIongh et al. 1996, Lovicu et al. 2001). Although the many distinct

and overlapping effects of growth factors on lens cell behaviour are well-characterised, the

mechanisms underlying how they traverse the extracellular space, arrive precisely at target cells,

and transmit signalling within cells at the appropriate level, is still unclear. Recent studies in

mice and other animal models have revealed the importance of cellular and high molecular

weight HSPGs for the signalling and extracellular distribution of growth factors (Bishop et al.

2007).

HSPGs are complex glycoconjugates composed of a core protein backbone decorated with

covalently linked linear HS and/or CS GAG chains. The negatively charged sulfate groups of

HS/CS chains interact with positively charged lysine/arginine-rich regions of many proteins,
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including growth factors and ECM molecules (e.g. integrins, laminin, fibronectin, collagens,

(Esko et al. 2017). The interactions of growth factors with native HSPGs can influence their

receptor binding and signalling activation (Park et al. 2000, ForstenWilliams et al. 2008),

gradient formation (Matsuo et al. 2014), modulation of their signalling activity (Shworak et al.

2011), as well as protecting cells from degradation (Sun et al. 2019). Through modulation of the

bioavailability, receptor binding and signalling activation of mitogens and morphogens, HSPGs

are positioned as master regulators of growth factor signalling in cell biology and development

(Bishop et al. 2007, Lin et al. 2004).

The HSPG superfamily is divided into three major groups based on their core-protein structure.

The transmembrane syndecans (1-4) (Afratis et al. 2017), and GPI-anchored glypicans (1-6)

(Fico et al. 2011), are localised to the cell surface, while the large secreted HSPGs, including

perlecan, agrin and collagen XVIII are primarily secreted by cells and deposited to the ECM and

basement membranes (Schaefer et al. 2014). Different HSPG core proteins play unique roles in

tissue homeostasis, and these roles are often tissue and cell-type specific (Bishop et al. 2007).

Moreover, the number, localisation and HS/CS sulfation patterns of HSPGs can modify their

protein interactions, and therefore their function (Poulain et al. 2015). For instance, to date,

HSPG core proteins identified in the vertebrate eye have been found to have functional roles

unique to the tissue where they are expressed. HS-linked forms of perlecan are required for

structural integrity of the lens capsule, but not the glomerular basement membrane (Rossi 2003),

while overexpression of agrin in the lens causes a dysgenic phenotype that is specific to the eye

(Fuerst et al. 2007). The localisation of HSPG core proteins can hence provide valuable

information pertaining to their functional roles in specific tissues (Couchman et al. 2012).
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Immunolabelling of HSPG core proteins syndecan‐1, syndecan‐4, and glypican‐4 within the

proliferative zone of the brain, together with in vitro evidence that HSPGs are required for

FGF‐stimulated proliferation of brain precursor cells, identified these HSPGs as key regulators

of FGF‐stimulated proliferation in brain development (Ford-Perriss et al. 2003). Earlier studies

suggest that specific HSPGs may differentially regulate biological processes in the lens. For

example, heparan-binding growth factors can bind electrostatically to gradients of HS

proteoglycans (Hubka et al. 2019). This is observed in the extracellular matrix of the lens

capsule, with complimentary antero-posterior gradients of the matrix-associated HSPG perlecan,

FGF bioavailability and signalling activity (Chamberlain et al. 1997, Wu et al. 2014). Other

studies have also provided support for a direct role of cell‐surface HSPGs, rather than basement

membrane localised HSPGs, in FGF signalling (Dealy et al. 1997, Galli et al. 2003, Zhang et al.

2003, Shimokawa et al. 2011).

To determine which specific HSPG core proteins could potentially be involved in the regulation

of signalling events important for lens cell biology, here we comprehensively characterised the

presence, and comparative spatial localisation of all known HSPG core proteins in the postnatal

rodent lens. We found that the lens has a unique profile of HSPG core proteins, that are

differentially localised to distinct functional regions of the lens. The significantly divergent

expression patterns of closely related members of the one HSPG family (e.g. syndecans),

suggests that different HSPG core proteins may differentially regulate different growth factors,

such as FGFs, and specific lens cellular processes (e.g. proliferation, fibre cell elongation and

differentiation). Our in vitro studies also show that it is the heparan sulfation on the HSPGs and
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not their chondroitin sulfation that is required for FGF-2‐induced ERK1/2 activity, leading to

lens epithelial cell proliferation and fibre differentiation.

3.3 Results

3.3.1 Relative expression of HSPG core protein transcript in the lens.

Transcripts for all thirteen HSPG core proteins were detected in the lens (Figure 3.1). Gpc2

mRNA was the most highly expressed in lens epithelial cells, while all other HSPG core protein

transcripts were the highest for fibre cells (Figure 3.1). Moreover, mRNA encoding Sdc2, Sdc4

and Col18a1 were the lowest of any HSPG core protein transcript expressed in lens epithelial

cells, while for fibre cells the lowest expression levels were observed for Sdc2, Gpc2 and Hspg2

(Figure 3.1).
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Figure 3.1. Relative expression of HSPG core protein transcripts in 10-day-old rat lens

epithelial and fibre cells. Data are represented a log (ΔCt) of HSPG core protein transcript

expression in lens epithelial cells (LECs, dark bar) or fibres (grey bar), relative to Gapdh ±

SEM, from at least three independent experiments (n=3).

3.3.2 Localisation of Sulfated GAGs (HS and CS).

As some HSPGs (i.e. Syndecans -1 (Kokenyesi et al. 1994) and -3 (Gould et al. 1995), agrin

(Winzen et al. 2003) and collagen XVIII (Dong et al. 2003) may carry HS or both HS/CS GAG

chains, the distribution of HS- and CS-GAG labelling was compared in 10-day-old Wistar rat eye

sections (Figure 3.2), and lens epithelial cell whole mounts using antibodies which recognize the

functionally “active” sulfated domains on HS (David et al. 1992, VanDenBorn et al. 2005)

(Figure 3.2 B1-B11) or CS (Avnur et al. 1984) (Figure 3.2 C1-C11) GAG chains. HS-GAG

labelling was prominent in the lens capsule (Figure 3.2 B1, B3, B5), the cytoplasm of lens
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epithelial cells (Figure 3.2 B1, B2) and on the cell membranes of newly elongating lens fibre

cells (Figure 3.2 B4). HS-GAG reactivity increased at the germinative and transitional zones

(Figure 3.2 B3), and adjacent lens capsule (Figure 3.2 B3 inset). A subset of lens epithelial and

fibre cell nuclei were positive for HS-GAG immunolabelling (Figure 3.2 B1, B4 inset, yellow

arrowheads). Strong HS-GAG immunoreactivity was also observed in the corneal epithelium

(Figure 3.2 B6) and endothelium (Figure 3.2 B7), Descemet’s membrane (Figure 3.2 B7), and

the basement membranes of the iris (Figure 3.2 B8) and the inner limiting membrane of the

ciliary body (Figure 3.2 B9). CS-GAG was absent from the lens capsule (Figure 3.2 C1, C3, C5)

with infrequent positive labelling for CS-GAG observed in the cytoplasm of lens epithelial cells

(Figure 3.2 C1, C2). Relative to the anterior lens epithelium, CS-GAG labelling was more

prominent in the equatorial epithelium with a stronger label at the transitional zone (Figure 3.2

C2). This label was further intensified in the cytoplasm of newly elongating lens fibre cells

(Figure 3.2 C4). CS-GAG labelled strongly in the corneal epithelium, Bowman’s capsule (Figure

3.2 C6) and endothelium (Figure 3.2 C7), with increased reactivity in the iridial stroma (Figure

3.2 C8), and inner limiting membrane and stroma of the ciliary body (Figure 3.2 C9). No

CS-GAG was found in the iridial basement membranes (Figure 3.2 C8).
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Figure 3.2. Distribution of sulfated glycosaminoglycans in the 10-day-old rat eye. Mid-sagittal

eye sections stained with Periodic acid-Schiffs (PAS, A1-11) show morphology of regions of

interest. Corresponding sections (B2-B11, C2-C11) and 10-day-old rat lens epithelial whole

mounts (lec WM, B1, C1) immunolabel the highly sulfated domains on heparan sulfate (HS,

B1-11) or chondroitin sulfate (CS, C1-11) glycosaminoglycan chains. Yellow arrowheads (B2,

B4) indicate nuclear localisation. Dotted white lines demarcate outline of the lens capsule. Insets

in B2, B3 and B5 represent images that were underexposed to show further detail of the HS-10E4

label in the anterior, equatorial and posterior lens capsule, respectively. For

immunofluorescence, nuclei were counterstained with Hoechst dye (blue). Abbreviations: Lens,

central anterior epithelium (epi) and capsule (ac), germinative zone (gz), transitional zone (tz),

lens fibre cells (fib), posterior lens capsule (pc). Cornea, epithelium (epi), Bowman’s capsule

(bc), stroma (str), endothelium (endo), Descemet’s membrane (dm). Iris, anterior iris/sphincter

pupillae (sp), iridial stroma (str), corneal basement membrane (bm). Ciliary body,

non-pigmented ciliary epithelium (nce), pigmented ciliary epithelium (pce), ciliary inner limiting

membrane (ilm), ciliary stroma (str). Scale bars = 50 µm (A1), 25 µm (A2-11, B1-11, C1-11).
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3.3.3 HSPG core proteins are differentially localised key functional regions in the lens.

All HSPG core proteins were detected in the lens (Figure 3.3, 3.4). Expression patterns of

individual core proteins were widely varied (Figure 3.3, 3.4), both within families (e.g.,

syndecans) and between families (e.g., syndecans and glypicans). Despite this heterogeneity,

most core proteins could be classified by their unifying expression patterns consistently observed

in key ‘functional’ regions of the lens (germinative and transitional zones).

3.3.4 Lens capsule

The majority of the four transmembrane syndecans (syndecan-1, -2 and -4, Figure 3.3 A, B, D,

Figure 3.4, A, B, D), a minority of the six glypican family members (glypican-2 and -4, Figure

3.3 A, B, D, Figure 3.4, F, H), and all three high-molecular weight HSPG core proteins (perlecan,

collagen XVIII and agrin, Figure 3.3 A, B, D, Figure 3.4, K, L, M) were localised to the lens

capsule. Perlecan and syndecan-2 were the most prominent species labelling the lens capsule.

Syndecan-2 (Figure 3.3, K1, Figure 3.4 K1, K3) and perlecan (Figure 3.3, B1, Figure 3.4 B1, B3)

labelling was observed throughout the lens capsule, while syndecan-4 (Figure 3.3, D1, Figure 3.4

D1, D3), glypican-2 (Figure 3.3, F1, Figure 3.4 F1, F3), glypican-4 (Figure 3.3, H1, Figure 3.4

H1, H3), collagen XVIII (Figure 3.3, L1, Figure 3.4 L1, L3) and agrin (Figure 3.3, M1, Figure

3.4 M1, M3) were restricted to the outermost layer of the lens capsule. In contrast, syndecan-1

labelling appeared to be uniquely limited to the innermost capsule layer, apposing the cells

(Figure 3.3, A1, Figure 3.4 A1, A3). Capsular labelling of syndecan-1 (Figure 3.4 A3),

syndecan-2 (Figure 3.4 B3), glypican-2 (Figure 3.4 F3), glypican-4 (Figure 3.4 H3), and to a

lesser extent agrin (Figure 3.4 M3), increased in an antero-posterior gradient, while labelling for

syndecan-4 (Figure 3.3, D1, Figure 3.4 D1, D3) and collagen XVIII (Figure 3.3, L1, Figure 3.4
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L1, L3) was present in the anterior capsule but absent from the equatorial and posterior regions

of the lens capsule. Syndecan-2, syndecan-4, glypican-4, perlecan, collagen XVIII and agrin

were also localised throughout the corneal stroma (Figure 3.5 B2, D2, H2, K2, L2, M2), iridial

stroma, ciliary body stroma and iridial basement membranes (See Figure 3.6). Glypican-2 did not

appear in any ocular basement membranes (Figure 3.5 F & 2 E) other than the lens capsule

(Figure 3.3, F1, Figure 3.4 F1, F3). Interestingly, syndecan-3 was absent from the lens capsule

(Figure 3.3, C1, Figure 3.4 C1, C3), but strongly labelled in the basement membranes and stroma

of the iris and ciliary body (Figure 3.6 C).

3.3.5 Lens epithelium

Anterior LECs in tissue sections and whole mounts (Figure 3.3) labelled positively for all HSPG

core proteins. Expression of glypican-1 (Figure 3.3 E1-2), glypican-3 (Figure 3.3 G1-2) and to a

lesser extent syndecan-4 (Figure 3.3 D1-2), glypican-4 (Figure 3.3 H1-2) and perlecan (Figure

3.3 K1-2) staining was diffusely localised to the cytoplasm of LECs. Positive labelling for

syndecan-3 (Figure 3.3 C1-2), glypican-2 (Figure 3.3 F1-2) and glypican-5 (Figure 3.3 I1) was

distributed in irregular patches within the cytoplasm of LECs. Glypican-5 did not label rat lens

epithelial explant cells (Figure 3.3 I2). A similar level of labelling was observed for syndecan-2

(Figure 3.3 B1-2), glypican-6 (Figure 3.3 J1-2), collagen XVIII (Figure 3.3 L1-2) and agrin

(Figure 3.3 M1-2), with reactivity concentrated at the basal pole of LECs. Syndecan-1 staining in

LECs was weak relative to other syndecans (Figure 3.3 A1-2), but levels increased in mitotic

figures of actively proliferating cells (Figure 3.3 A2 inset). Enriched reactivity of the mitotic

spindle was also observed for syndecan-4 (Figure 3.3, D2 inset) glypican-2 (Figure 3.3, F2

inset), glypican-6 (Figure 3.3, J2 inset), collagen XVIII (Figure 3.3, L2 inset) and to a lesser
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extent glypican-1 (Figure 3.3, E2 inset) and agrin (Figure 3.3, M2 inset). These core proteins

were also strongly expressed in the mitotically active basal cells of the corneal epithelium,

except for glypican-6 that was absent from the corneal epithelium (See Figure 3.5). Syndecan-3

(Figure 3.3 C2) and glypican-3 (Figure 3.3 G2) were localised to apical cell junctions in LEC

whole mounts. Syndecan-2 (Figure 3.3 B1-2, Figure 3.4 B1) and glypican-2 (Figure 3.3 F1-2,

Figure 3.4 F1) labelled positively in a subset of LEC nuclei. Positive labelling was enriched in

LECs within the mitotically active germinative zone for all core proteins found in the anterior

lens epithelium, with the highest label observed for syndecan-4 (Figure 3.4 D1), glypican-4

(Figure 3.4 H1), collagen XVIII (Figure 3.4 L1) and agrin (Figure 3.4 M1).
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Figure 3.3. Spatial localisation patterns of HSPG core proteins in the anterior lens capsule and

epithelia. Representative immunofluorescence (red) of HSPG core proteins for Syndecan-1 to -4

(A-D), Glypican-1 to -6 (E-J), Perlecan (K), Collagen XVIII/endostatin (L) and Agrin (M) in

sections (1-series) or epithelial whole mounts (lec WM, 2-series) of 10-day-old rat lens. Yellow

arrowheads indicate nuclear localisation. Dotted white lines demarcate lens capsule. Cell nuclei

counterstained with Hoechst (blue). Abbreviations: lens epithelium (epi). Scale bars = 25 µm.
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3.3.6 Lens fibre cells

Posterior to the lens equator, lens epithelial cells in the transitional zone undergoing the early

stages of fibre differentiation were labelled intensely for glypicans-1, -3, -5 and -6 (Figure 3.4

E1, G1, I1, J1). To a lesser degree, cells in the transitional zone also labelled for syndecans-3 and

-4 (Figure 3.4 C1, D1), glypican-2 (Figure 3.4 F1) and perlecan (Figure 3.4 K1). Nuclear

labelling for syndecan-2 (Figure 3.4 B1-2, yellow arrowheads) and glypican-2 (Figure 3.4 F1-2,

yellow arrowheads) was also observed in a subset of nuclei in newly differentiating lens fibre

cells. HSPG core proteins were observed in four predominant expression patterns in equatorial

fibre cells. Syndecan-4 (Figure 3.4 D), and glypicans-1, -3, -5 and -6 (Figure 3.4 E, G, I, J) were

uniformly found in the cytoplasm of fibre cells as diffuse punctae. Syndecan-3 (Figure 3.4 E),

glypican-2 (Figure 3.4 F) and perlecan (Figure 3.4 K) were also highly labelled in the cytoplasm

of fibre cells, with striations of enriched labelling in new secondary fibre cells. Syndecan-2

(Figure 3.4 B) and glypican-4 (Figure 3.4 H) signals in fibre cells were sparse and irregular.

Agrin (Figure 3.4 M) and collagen XVIII (Figure 3.4 L) were concentrated at fibre cell

membranes, with intensified labelling in the more mature fibres towards the nucleus of the lens.

No label was observed for syndecan-1 (Figure 3.4 A) or glypican-5 (Figure 3.4 I) in lens fibre

cells. Cell nuclear labelling for syndecan-2 (Figure 3.4 B1-2, yellow arrowheads) and glypican-2

(Figure 3.4 H2, yellow arrowheads) observed in lens epithelia persisted in a subset of fibre cells.

Some nuclear labelling for other core proteins, including syndecan-4 (Figure 3.4 D2, yellow

arrowheads), glypican-1 (Figure 3.4 E2, yellow arrowheads), collagen XVIII (Figure 3.4 K2,

yellow arrowheads) and agrin (Figure 3.4 M2, yellow arrowheads) was observed in early

differentiating secondary lens fibre cells. Syndecan-3 (Figure 3.3 C1, Figure 3.4 C1), glypican-2

(Figure 3.3 F1, Figure 3.4 F1) and agrin (Figure 3.3 M1, Figure 3.4 M1) appeared to be enriched
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at the apical tips of fibre cells. On the other hand, labelling of syndecan-4 (Figure 3.4 D3),

glypican-3 (Figure 3.4 G3) and glypican-6 (Figure 3.4 J3) was stronger at the posterior basal

fibre tips. Conversely, glypican-5 staining was absent from both apical and basal fibre tips

(Figure 3.3 I1, Figure 3.4 I3).
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Figure 3.4. Spatial localisation patterns of HSPG core proteins in the equatorial lens, cortex and

posterior capsule. Representative immunofluorescence (red) of HSPG core proteins for

Syndecan-1 to -4 (A-D), Glypican-1 to -6 (E-J), Perlecan (K), Collagen XVIII (L) and Agrin (M)

in sections of the equatorial germinative/transitional zone (gz/tz, 1-series), outer cortical fibres

(fib, 2-series), and posterior capsule (pc, 3-series) of 10-day-old rat lens. Yellow arrowheads

indicate nuclear localisation. Dotted white lines demarcate lens capsule. Cell nuclei

counterstained with Hoechst (blue). Scale bars = 25 µm.
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3.3.7 Non-lenticular regions of the eye

In contrast to the lower expression levels for syndecan-1 observed in lens cells, strong labelling

was found in the cornea (Figure 3.5 A), iridial stroma (Figure 3.6 A1-2), ciliary non-pigmented

epithelium (Figure 3.6 A3), and in the vascular endothelium of the choroid and remnant tunica

vasculosa lentis (data not shown). Nuclear labelling of both syndecan-2 and glypican-2 was not

restricted to the lens, with both present in a subset of nuclei of corneal epithelial and stromal

cells (Figure 3.5 B, F), iris, ciliary body and retina (Figure 3.6 B, E, K). Syndecan-3 and

glypican-6 were absent from the corneal epithelium (Figure 3.5 C1, J1). Glypican-6 staining was

high in the corneal endothelium (Figure 3.5 J3), with syndecan-3, syndecan-4, glypican-4,

perlecan, collagen XVIII and agrin labelling delineating the limiting membranes of the iris

(Figure 3.6). Iridial stromal cells were strongly positive for syndecan-2, glypican-2, glypican-4,

perlecan and agrin (Figure 3.6 B1-2, E1-2, F1-2, H1-2, I1-2). Syndecan-4 alone appeared to be

positively labelled in the myoepithelial cells of the sphincter and dilator pupillae of the iris

(Figure 3.6 D1-2). Syndecans-1, -2 and -4 were selectively enriched in the non-pigmented

epithelium of the ciliary body (Figure 3.6 A3, B3, D3). Conversely, syndecan-3, glypican-2 and

agrin were more widely distributed in the ciliary epithelial bilayer, as well as in the stromal and

endothelial cells of the ciliary processes (Figure 3.6 C3, E3, I3). Glypican-5 labelling was absent

from all tissues investigated (Figure 3.5 I, Figure 3.6 G).
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Figure 3.5. Spatial localisation patterns of HSPG core proteins in the cornea. Representative

immunofluorescence (red) of HSPG core proteins for Syndecan-1 to -4 (A-D), Glypican-1 to -6

(E-J), Perlecan (K), Collagen XVIII (L) and Agrin (M) in sections of corneal epithelia (epi,

1-series), stroma (2-series), and endothelium (endo, 3-series) of 10-day-old rat eyes. Yellow

arrowheads indicate nuclear localisation. Cell nuclei counterstained with Hoechst (blue). Scale

bars = 25 µm.
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Figure 3.6. Spatial localisation patterns of HSPG core proteins in the iris and ciliary body.

Representative immunofluorescence (red) of HSPG core proteins for Syndecan-1 to -4 (A-D),

Glypican-2 (E), Glypican-4 (F), Glypican-5 (G), Perlecan (H), and Agrin (I) in sections of iris

(1- and 2-series), and ciliary body (3-series) of 10-day-old rat eyes. Immunolabelling is also

shown for Collagen XVIII in lens epithelial whole mounts (lec WM, J) comparing central

epithelia (epi) with peripheral epithelia, and for Syndecan-2 in sections of retina of 10-day-old

rat eyes (K). Yellow arrowheads indicate nuclear localisation. Cell nuclei counterstained with

Hoechst (blue). Abbreviations: stroma (str), outer limiting membrane (olm), posterior iris/dorsal

pupillae (dp), non-pigmented ciliary epithelium (nce), anterior iris/sphincter pupillae (sp), iris

pigmented epithelia (ipe), ganglion cell layer (gcl), inner nuclear layer (inl). Scale bars = 25

µm.
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Figure 3.7. Heparan sulfate glycosaminoglycan immunolabelling in the lens across different

vertebrate species. Mid-sagittal eye sections from 8-day-old chick (A1-4), 10-day-old Wistar rat

(B1-4) and 17-wk-old human foetal eyes (C1-4) were labelled for sulfated heparan sulfate

glycosaminoglycan (HS-10E4 antibody) in the lens. Insets represent images that were

underexposed to show further detail of the HS-10E4 Ab label in the anterior (B1, C1), equatorial

(A2, B2, C2) and posterior (A4, B4, C4) lens capsules. Dotted white lines delineate the lens

capsule. Nuclei were counterstained with Hoechst dye (blue). Abbreviations: central anterior

epithelium (lec) and capsule (ac), germinative zone (gz), transitional zone (tz), lens fibre cells

(fib), posterior lens capsule (pc). Scale bars = 25 µm (B1-4).
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3.4 Discussion

Here we present the most comprehensive analysis examining the spatial localisation of all the

different classes of HSPGs in the lens. Our identification of the differential cell compartment,

cell type-, and functional regional-specific localisation of key lens HSPGs highlights the lens as

an ideal model in which to study the diverse roles of these different proteoglycans. The divergent

localisation and expression patterns of HSPG core proteins in the lens suggests unique and

diverse roles for different HSPGs in the regulation of lens cell processes, including lens epithelial

cell proliferation and fibre differentiation.

3.4.1 The lens expresses all HSPG core proteins

In this study, we found all HSPGs to be expressed in the lens, in agreement with other postnatal

HSPG transcript expression profiles from published mouse lens datasets (Hoang et al. 2014,

Khan et al. 2015, Audette et al. 2016, Cavalheiro et al. 2017, Kakrana et al. 2018), with the

exception of the expression of Gpc5 (encoding the glypican-5 core protein). Our observation of

lack of Gpc5 in the lens is consistent with other lens transcriptome datasets. Other lens

transcriptome/microarray datasets report very low expression (lowest of all HSPGs) of Gpc5

transcripts at similar ages [GEO series GSE69221] (Khan et al. 2015), [GEO series GSE100136]

Kakrana et al. 2018). Similarly, Gpc5 mRNA is low or undetected in the developing lens [GEO

series GSE69940] (Audette et al. 2016). We detected Gpc5 mRNA using a predesigned TaqMan

Gene Expression Assay against the Gpc5 sequence and fluorogenic 5' nuclease (TaqMan)

chemistry, which has been demonstrated to detect transcript levels with high specificity,

sensitivity and reproducibility (Arikawa et al. 2008), however, when a similar analysis was

carried out using SYBR Green-based PCR and experimentally validated Gpc5 primers, we too

failed to see any expression in lens (data not shown). Taken together, our findings suggest that all
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HSPG core protein transcripts are expressed in the lens, likely with the exception of Gpc5. Broad

expression profiles of HSPG core proteins are not uncommon and have been reported for various

other tissues and cell-types. For instance, human corneal stromal cells express transcripts for all

HSPG core proteins, with the exception of Gpc3 (Garcia et al. 2016).

HS is the predominant sulfated GAG in the postnatal murine lens, in accordance with previous

studies (Hay et al. 1974, Mohan et al. 1991). The overlapping and divergent labelling patterns of

HS and CS in the lens (e.g. in new differentiating secondary lens fibres) imply that these GAGs

may both contribute to the regulation of some functional processes in the lens (e.g. fibre

differentiation), while other processes are likely to be regulated predominantly by HS (e.g.

gradient formation in the lens capsule). Divergence in the functional roles of HS and CS has been

described in other tissues, including the developing brain, where CS is important for the

stabilisation of existing synaptic connections, while the primary function of HS is to stimulate

the formation of new synapses (Maeda et al. 2011). Given HS and CS each interact selectively

with different proteins in a structure-dependent manner (Vallet et al. 2020), it is not surprising

that they are often reported to be differentially localised (Smetsers et al. 2003, Clark et al. 2011,

Maeda et al. 2011), consistent with their distinct functional roles (Karamanos et al. 2018).

3.4.2 HSPG expression patterns in lens capsule and functional significance for ECM

interactions and growth factor gradients.

The lens capsule acts as a reservoir for growth and survival factors that can be sequestered by

HSPGs or freed by catalytic enzymes such as MMPs. Both FGF (Schulz et al. 1993, McAvoy et

al. 1997, Wu et al. 2014) and HSPGs (Heathcote et al. 1984, Rossi 2003, Wu et al. 2014) have
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been localised to the lens capsule. FGF-1 and FGF-2 are co-localised with HSPGs in the capsule

in an increasing antero-posterior gradient (McAvoy et al. 1997, Wu et al. 2014). FGF-2 release

from the lens capsule by MMPs, which can free HS-bound growth factors (Koyama et al. 2008,

Jang et al. 2016), is essential for lens epithelial cell viability and survival (Tholozan et al. 2007).

Consistent with previous studies (Wang et al. 2009, Zhao et al. 2018, Zhao et al. 2018), we found

that perlecan is the predominant HSPG of the lens capsule. We also localised agrin and collagen

XVIII to the lens capsule, though to a lesser extent than perlecan, consistent with recent

proteomic analyses of human lens capsules (Uechi et al. 2014). Moreover, the core proteins of

these HSPGs are analogous in size to those of two unidentified HSPGs previously isolated from

the calf lens capsule (Mohan et al. 1991). These three HSPGs (perlecan, agrin and collagen

XVIII) are commonly associated with basement membranes and extracellular matrix, where they

play a key role in the formation of local gradients by binding to native factors and regulating

their bioavailability to adjacent cells (Groffen et al. 1998ce, Neill et al. 2015). Previous studies

have reported an increasing antero-posterior gradient of FGF-2, HS and perlecan in the lens

capsule (Chamberlain et al. 1997), suggesting that HSPGs native to the lens capsule may play a

role in forming and/or regulating the distribution of growth factors available to lens cells. The

lenses of transgenic mice expressing HS-deficient perlecan have structurally compromised lens

capsules (Rossi 2003), indicating that perlecan HS chains may also play an important structural

role in the capsule. Our immunolocalisation studies also indicate the presence of cell-associated

HSPGs (syndecans-1/-2/-4 and glypicans-2/-4) in the lens capsule. With the exception of

syndecan-4 (Qin et al. 2017), this is the first report of these HSPGs in the lens capsule. Though

most often localised to the cell surface, syndecan HSPGs, also play well-established roles in

basement membranes as regulators of ECM assembly, cell-matrix interactions and focal

134



adhesion. For instance, syndecans-1, -2, and -4 (no reports for syndecan-3) have binding

domains for ECM proteins, such as fibronectin (Elenius et al. 1990, Kusano et al. 2000, Tumova

et al. 2000), laminin (Lovicu et al. 2001, Iyengar et al. 2006, Wang et al. 2009) and collagen IV

(Esko & Selleck 2002, Filla et al. 2004, Esko et al. 2017). Laminin and collagen IV are major

components of the lens capsule, and promote the adhesion and migration of lens epithelial cells

in vitro (Olivero et al. 1993, Parmigiani et al. 2009). Syndecan-2 is co-distributed with

fibronectin, laminin and collagen IV in human trabecular meshwork and Schlemm’s canal cells

(Filla et al. 2004), and plays an important role in regulating the assembly of ECM components

(deIongh et al. 1996, Lovicu et al. 2001). Syndecans-1 and -4 have been reported to promote cell

adhesion through binding interactions with several ECM proteins native to the lens capsule

(Uechi et al. 2014), including collagen IV (Esko et al. 2002, Esko et al. 2017) and laminin (Utani

et al. 2003, Carulli et al. 2012), with syndecan-4 recently identified as essential for integrin

signalling-dependent cell migration of lens epithelial cells (Qin et al. 2017).

3.4.3 HSPG expression patterns in lens epithelium and functional significance for epithelial

maintenance and proliferation

All lens HSPGs were expressed in the lens epithelium, however, the patterns and intensity of

labelling for the different HSPGs varied at the level of the subcellular compartment and

functional regions of the lens epithelium (anterior vs. equatorial). The subcellular localisation of

HSPGs in anterior lens epithelial cells can be categorised broadly as either diffusely cytoplasmic

(syndecans-1/-4, glypicans-3/-4, perlecan), or apically polarised (syndecans-2/-3,

glypicans-1/-2/-6, collagen XVIII, agrin). Further characterisation in lens epithelial whole

mounts revealed more detailed localisation patterns at the apical surfaces of the epithelial cells

including accumulation at cell-cell interfaces (syndecan-3, glypican-3), within cell nuclei
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(syndecan-2), and to perinuclear regions (syndecan-4, glypicans-2/-6). This differential

localisation of HSPGs within anterior lens epithelia suggests they may play distinct roles in the

maintenance and polarity of the lens epithelium.

Although HSPGs are best known for their localisation at the cell surface and within the

pericellular matrix, HSPGs can also be found in more unexpected cellular compartments

(reviewed in Couchman et al. 2012 and Kolset et al. 2004). Beyond their predictable associations

with organelles involved in their biosynthesis (endoplasmic reticulum) and glycosylation (Golgi

apparatus), HSPGs have been reported to localise within the cytoplasm (Shworak et al. 2011,

Zhu et al. 2002, Miyake et al. 2014, Sun et al. 2019), actin cytoskeleton (Granes et al. 2000,

Stigliano et al. 2009), vesicular trafficking networks (Kolset et al. 2004, Matsuo et al. 2014), and

cell nuclei (Brockstedt et al. 2002, Chen et al. 2009). The localisation of HSPGs to specific

subcellular compartments is functionally relevant (Kolset et al. 2004, Couchman et al. 2012).

The strong diffuse cytoplasmic label we observed is most evident for syndecans-1/4 and

glypicans-2/3. The cytoplasmic localisation of these HSPGs has previously been reported in

other cell types, including skin (Shworak et al. 2011), esophagus (Zhu et al. 2002) and cancer

cells of the endometrium (Hakim et al. 2015) and bladder (Miyake et al. 2014). Best

characterised, is the diffuse localisation of glypican-3 to the cytosol of liver cancer cells (Akutsu

et al. 2010, Li et al. 2019), where it drives the mitogenic activity of these cells by regulating the

subcellular localisation of β-catenin (nuclear vs. cytoplasmic) to modulate the activation of

canonical Wnt/β-catenin signalling (Capurro et al. 2014, Kolluri et al. 2019). Other members of

the glypican family are also well-known regulators of canonical Wnt signalling (Fico et al.

2011). In the lens, canonical Wnt signalling is involved in both the proliferation and
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maintenance of the lens epithelium and in the regulation of fibre cell differentiation (Chen et al.

2008, Dawes et al. 2013).

Syndecans-2/-3 and glypicans -1/-2/-6 are localised predominantly to the apical pole of anterior

lens epithelial cells. We also observed regions of the lens epithelium with concentrated basal

labelling for syndecan-3 (Figure 3.3, C1), glypican-2 (Figure 3.3, F1) and Perlecan (Figure 3.3,

K1). HSPGs are commonly reported to localise specifically to either the apical or basolateral

membrane in polarized epithelial cells. For instance, syndecan-1 is often restricted to the

basolateral region where it interacts with PDZ-binding proteins such as ZO-1 to maintain an

epithelial phenotype. On the other hand, glypicans are usually targeted to the apical surface in

polarized epithelial cells (Mertens et al. 1996). The mechanisms by which different HSPGs

achieve specific polar distribution are diverse and have only been investigated in detail for a few

core proteins. The intracellular localisation of HSPGs may be the result of HSPG-specific

protein-binding interactions, secretion, signalling or sorting based on HS-conjugation.

HSPG-protein binding interactions are a primary determinant of HSPG targeting, and these

interactions may be unique to specific core proteins, or families of HSPGs (e.g. core protein

binding interactions) or ubiquitous among HSPGs (e.g. HS chain binding interactions). For

instance, the basal localisation of syndecan-1 in epithelial cells is linked to its interaction with

other proteins via its cytoplasmic PDZ-binding domain (Maday et al. 2008). PDZ proteins are

also thought to facilitate selective retention at the apical or basolateral surface of plasma

membrane proteins that contain PDZ-binding motifs. All syndecan HSPGs have PDZ-binding

motifs within their cytoplasmic tail, through which they can bind several proteins, including

integrins 105, and cytoskeletal components. This is a likely explanation for the basal labelling of
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syndecan-3. Another possible explanation for the localisation of HSPGs to the apical pole of lens

epithelial cells may imply a role in the regulation of events or interactions at the epithelial-fibre

interface. For instance, members of the syndecan family are highly expressed at the

epithelial-fibre interface and/or anterior and posterior poles of the lens fibre tips, similar in

expression to F-actin (Cheng et al. 2017) and β1 integrin (Fuerst et al. 2007), that are all known

to interact directly with, and/or are regulated by syndecans (Couchman et al. 2012). On the other

hand, HS-growth factor receptor complexing/activation and internalisation may target several

different HSPGs to different intracellular compartments for signalling, degradation, or recycling

(Kolset et al. 2004).

Perlecan is primarily an ECM-localised core protein in the lens and becomes predominantly

capsule-localised with increasing age (unpublished data, Lens Research Laboratory). Because

this HSPG is synthesised by lens epithelial cells and secreted into the lens capsule as it is

deposited, we suggest that the basal concentration of perlecan staining is likely related to its

localised secretion.

Another possible reason for the polar nature of HSPG localisation may be related to HS-chain

conjugation. Glypican HSPGs have been reported as the major source of HS localised to the

apical pole of epithelial cells (Poulain et al. 2015). The apical localisation of glypican HSPGs in

polarised epithelial cells is inversely related to the number of HS chains they carry (Rossi et al.

2003). In MDCK and CaCo2 epithelial cells, glypican HSPGs were transported predominantly to

the basolateral membrane, whereas glypican lacking HS attachment sites was sorted to the apical

surface (Mertens et al. 1996) .
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The intensity of sulfated HS labelling increased in an antero-posterior gradient from the central

epithelium to the equatorial germinative zone. This increase in staining intensity from

anterior-to-equatorial epithelium was also observed for a majority of HSPG core proteins. In rat

lens epithelial whole mounts, some HSPGs labelled strongly in actively mitotic cells

(syndecans-1/-4, glypicans-2, collagen XVIII). Taken together, these findings suggest a possible

correlation between a change in the mitotic activity of lens epithelial cells in the germinative

zone, and a change in the specific HSPG profile of these cells.

3.4.4 Localisation of HSPGs in fibre cells

Several studies have demonstrated that organisation of the actin cytoskeleton plays an important

role in lens fibre differentiation (Weber et al. 2006), as destabilising the actomyosin cytoskeleton

or disrupting RhoA/ROCK/Rac-signalling-activity in cultured lens cells with inhibitors leads to

impaired fibre cell migration, elongation and survival (Khurana et al. 2002, Maddala et al. 2003,

Weber et al. 2006). Syndecan-4 can signal to the cytoskeleton, primarily through PKCα that

binds directly to the syndecan-4 core protein (Oh et al. 1997, Horowitz et al. 1998).

Phosphorylation of the syndecan-4 core protein is also sufficient for the assembly of focal

adhesions and actin stress fibres (Echtermeyer et al. 1999). Integrin signalling is key in several

lens processes in morphogenesis and for lens maintenance throughout life (Walker et al. 2009).

In particular, β1 integrin-signalling, that has been shown to be regulated by syndecans-2 and -4

(Couchman et al. 1999, Kusano et al. 2000, Filla et al. 2006) and potentially other syndecans

(Morgan et al. 2007), is essential for maintenance of the lens epithelium and for the structural

maintenance and homeostasis of differentiating fibre cells (Simirskii et al. 2013).

Downregulation of syndecan-4 suppressed β1 integrin-mediated activation and cell adhesion in
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human lens epithelial cells in vitro, and in syndecan-4-deficient murine lenses (Qin et al. 2017).

The association of syndecan-3 with fibre cells may relate to the association of this syndecan core

protein with Src kinase and cortactin (Wu et al. 2014hb), that regulate fibre differentiation in

concert with Ephrin-signalling (Dealy et al. 1997, Galli et al. 2003, Zhang et al. 2003,

Shimokawa et al. 2011). Moreover, in vitro the syndecan-3 core protein has been reported to be

phosphorylated by Ephrin receptor activation (Bernfield et al. 1992).

3.4.4 HSPGs in the lens cell nuclei

In intact rat eyes, we observed nuclear localisation of HS in newly differentiating secondary lens

fibres. In agreement with this, in vitro we observed HS translocating to the nuclei of lens

epithelial cells undergoing FGF-induced lens fibre differentiation. Nuclear HS was not observed

in untreated controls, or cells treated with a lower proliferative dose of FGF. This is the first time

this phenomenon has been described in the lens. Accumulating evidence suggests that HSPGs

can localise to the nuclear compartment of various cell-types, although the functions of

HS/HSPGs in the nucleus are yet to be completely understood (Kovalszky et al. 2014, Stewart et

al. 2014). HS and HSPGs transport HS-binding proteins, including growth factors and their high

affinity receptors to the nucleus, where they can regulate gene expression to control cellular

functions, such as proliferation and differentiation (reviewed in Stewart et al. 2014). For

instance, FGF-2 has been detected in the nuclei of many tissues and cell types, and induces the

accumulation of FGFR-1 in the nuclear matrix in a concentration-dependent manner (Maher et

al. 1996), where it can influence both proliferation and differentiation in a cell type-specific

manner (Amalric et al. 1994). FGFR-1 has been shown to be localised to the membrane and

nuclei of epithelial lens cells and differentiating fibre cells (deIongh et al. 1996), suggesting

possible internalisation and trafficking of the receptor to the nucleus.
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HSPGs also can co-localise with FGF-2 in the nuclei of cells. Syndecan-1 and FGF-2, but not

FGFR-1 co-localise in the nuclei of mesenchymal cancer cells (Zong et al. 2009). CHO cells

defective in the ability to properly synthesise heparan sulfate chains showed reduced nuclear

FGF‐2 (Vallet et al. 2020). Syndecan-1 has also been reported to translocate together with FGF-2

to the nucleus in a highly regulated manner by a tubulin-mediated transport mechanism (David et

al. 1992). Nuclear HS/HSPGs have also been reported to negatively regulate cell proliferation by

initiating cell-cycle arrest (Fedarko et al. 1986, Fedarko et al. 1989, Szatmari et al. 2017).

Syndecan-4 regulates FGF-2 signalling not only through PI3K/Akt and ERK1/2 activation, but

also via internalisation and nuclear localisation (Jang et al. 2012). Syndecan-1 nuclear

localisation of FGF-2 in corneal stromal fibroblasts is mediated by HSPGs through a protein

kinase Cα-dependent-signalling mechanism (Ito et al. 2005). During muscle cell differentiation,

cell surface syndecan-4 is internalised and trafficked to cell nuclei, where it is suggested to play a

regulatory role in the expression of β1-integrin and actin (Ronning et al. 2015). Interestingly,

syndecan-2, the HSPG we demonstrate most clearly to be associated with lens cell nuclei, is the

only syndecan family member missing the juxta-membrane RMKKK nuclear localisation

sequence in its cytoplasmic domain, however, syndecan-2 has previously been reported in the

nuclei of chondrosarcoma cells (Schrage et al. 2009), and co-localised with nuclear FGF-2 in

neural cells (Leadbeater et al. 2006).Taken together, these observations suggest that the nuclear

localisation of syndecan-2 is likely mediated through its interaction with other proteins (e.g.

FGF-2, FGFR-1).
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3.4.5 Conclusions

The lens epithelium, fibre cells and lens capsule display unique and distinct labelling profiles of

the different HSPG core proteins. Specific cellular HSPGs (e.g. glypicans-1/2) and secreted

HSPGs (e.g. perlecan) may play key roles in growth factor regulation in the lens (e.g. cell

proliferation and differentiation). Cellular localisation (lens epithelium and fibre cells) of the

secreted HSPG agrin, is unique in the lens compared to other tissues where it is mostly

associated with aquaporins. The differential spatial and temporal expression patterns of the

different HSPG family members in lens, in combination with their interactions with key lens

regulatory proteins, suggests that these HSPG core proteins may be differentially regulating

different lens growth factors or specific cellular processes. The findings of this work highlight

that different HSPGs may play distinct roles in lens function and growth processes.
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Figure 3.8. Spatial localisation patterns of HSPG core proteins in lens cells. Comparative

schematic of immunolocalisation patterns of HSPG core proteins in the capsule (A), anterior

epithelium (B) and equatorial fibre cells (C) of the 10-day-old Wistar rat lens. * indicates

nuclear labelling (Adapted from Wishart and Lovicu, 2021).
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Table 3.1. Summary of postnatal HSPG immunolocalisation.

Lens Lens capsule Syndecan-1, Syndecan-2, Syndecan-4, Glypican-2,

Glypican-4, Perlecan, Collagen XVIII, Agrin

Anterior lens

epithelial cells

(Syndecan-1), Syndecan-2, Syndecan-3, Syndecan-4,

Glypican-1, Glypican-2, Glypican-3, Glypican-4,

Glypican-5, Glypican-6, Perlecan, Collagen XVIII,

Agrin

Germinative

zone /

transitional zone

Syndecan-2, Syndecan-3, Syndecan-4, Glypican-1,

Glypican-2, Glypican-3, Glypican-4, Glypican-5,

Glypican-6, Perlecan, Collagen XVIII, Agrin

New lens fibre

cells

Syndecan-2, Syndecan-3, Syndecan-4, Glypican-1,

Glypican-3, Glypican-4, Glypican-5, Glypican-6,

Perlecan, Agrin

Lens fibre cell

nuclei

Syndecan-2, Syndecan-4, Glypican-1, Glypican-2,

Glypican-4, Agrin

Mature lens fibre

cells

Syndecan-3, Syndecan-4, Glypican-1,Glypican-2,

Glypican-3, Glypican-5, Glypican-6, Collagen XVIII,

Agrin
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Cornea Corneal

epithelium

Syndecan-1, Syndecan-2, Syndecan-4, Glypican-1,

Glypican-2, Glypican-3, Glypican-5, Perlecan, Collagen

XVIII, Agrin

Bowman’s

capsule

Syndecan-2

Stroma

(*Keratocytes)

Syndecan-1*, Syndecan-2, Syndecan-3*, Syndecan-4,

Glypican-1*

Descemet’s

membrane

Perlecan

Corneal

endothelium

Syndecan-1, Syndecan-2, Syndecan-4, Glypican-1,

Glypican-5, Glypican-6

Iris Iridial stroma Syndecan-2, Syndecan-3, Glypican-2, Perlecan, Agrin

Iridial basement

membrane

Syndecan-3, Syndecan-4, Gpc2, Glypican-4, Perlecan,

Agrin

Sphincter

pupillae /

sphincter dilator

Syndecan-4

Iridial epithelium Glypican-2
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Ciliary

body

Syndecan-3, Syndecan-4, Glypican-2, Perlecan, Agrin

Non-pigmented

ciliary

epithelium

Syndecan-1, Syndecan-2

Inner limiting

membrane

Glypican-4

Syndecan (sdc), glypican (gpc), perlecan (Perl), collagen XVIII (Col18a1), agrin (Agrn)
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CHAPTER 4: RESULTS II

SPATIOTEMPORAL LOCALISATION OF HSPGS THROUGHOUT MURINE LENS

MORPHOGENESIS

4.1 Preface

The following manuscripts comprise the majority of the following results chapter. Some sections

of the following manuscript have been reordered and/or edited for the purposes of elaboration or

continuity. Original unedited manuscripts are attached in appendix 1.

TFL Wishart and FJ Lovicu (2023). Spatiotemporal Localisation of Heparan Sulphate

Proteoglycans throughout Mouse Lens Morphogenesis. Cells (DOI: 10.3390/cells12101364).

This manuscript was published in Cells in 2023. The work comprising these manuscripts was

completed entirely during my PhD candidature under the guidance of my primary supervisor

Professor Frank Lovicu who contributed to this manuscript by facilitating experimental design

and manuscript editing.

4.2 Introduction

The development and maintenance of the vertebrate lens throughout life is orchestrated by the

interplay of a complex network of signalling molecules within the native ocular environment

(Lovicu et al. 2005). Decades of research have identified these key molecules and characterised

their differential and complementary roles in the coordination of specific morphogenetic events

and cell behaviours (Cvekl et al. 2014, Cvekl et al. 2017). Secreted primarily from the different

ocular tissues, including the lens, retina and ciliary body, these diffusible growth factors,
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including members of the FGF (McAvoy et al. 1991,, Faber et al. 2001, Robinson et al. 2006),

Wnt (DeIongh et al. 2006, Chen et al. 2008, Sugiyama et al. 2011), BMP (Faber et al. 2002, Shu

et al. 2021) and Hedgehog (Hh) (Tsonis et al. 2004) families found in the ocular milieu influence

lens cell behaviour (i.e. proliferation, migration, differentiation, and cell death(Lovicu et al.

2005jg). For the defined stages of lens morphogenesis, these factors need to be tightly controlled

in a spatial and temporal manner to regulate the induction, and anteroposterior, left–right and

dorsoventral patterning of the lens (Cvekl et al. 2014, Cvekl et al. 2017). Although the many

distinct and overlapping effects of these factors on lens cell behaviour are well-characterised, the

mechanisms underlying how these growth factors traverse the extracellular space, arrive

precisely at, and transmit signalling within target cells at the appropriate level, remain elusive.

Recent studies in mice and other model animals have revealed the importance of HSPGs, that are

localised to the cell membrane and in the ECM of tissues, to promote the signalling and

extracellular distribution of growth factors, respectively (Sarrazin et al. 2011).

Downstream effects of HSPG-protein interactions include the activation of high affinity receptor

signalling complexes, and mediation of intracellular signalling cascades leading to the activation

of key effector genes and changes in cell behaviour and phenotype (Bishop et al. 2007, Sarrazin

et al. 2011). The pleiotropic modulation of growth factor receptor signalling by HSPGs (altering

ligand density and activity), can stabilise mitogen and morphogen gradients locally and at the

tissue level (Bishop et al. 2007). These gradients are critical to organogenesis and for the

maintenance of normal tissue homeostasis (Hufnagel et al. 2006). As the activity of HSPGs

depends primarily on its fine structure (i.e. sulfation) and location (i.e. the cell surface or ECM)

of their HS glycosaminoglycan chains, the specific activity of HSPGs in a given cell-type or
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tissue at a given time can be determined by its HSPG profile et al. localisation of HSPG core

proteins and its complement of HS sulfation enzymes (Bishop et al. 2007, Sarrazin et al. 2011).

Previously, we have shown all HSPG core proteins are present in the postnatal rat lens, localised

to its epithelia, fibres and basement membrane, the lens capsule, in unique and distinct

expression patterns that align with key functional regions (See chapter 3). This differential

spatial and temporal expression of HSPG core proteins in the lens suggests that lens cells may

acquire a distinctive repertoire of HSPGs as they differentiate, resulting in functional patterns of

HS-protein interactions and activity during lens morphogenesis. Here we report for the first time

the comprehensive spatial and temporal localisation of all HSPGs in the developing murine lens,

highlighting putative roles for specific HSPGs during key stages of lens development.

While we know much of vertebrate lens morphogenesis, less is understood about the regulation

of the growth factors driving this development. Given the important role of HSPGs in regulating

diverse growth factors, and with recent studies implicating HSPGs as essential for the induction

and development of the lens (Rossi et al. 2003, Pan et al. 2006) and accessory glands (Qu et al.

2011), to identify the specific roles of the diverse HSPG core proteins, here, we characterise the

most comprehensive spatiotemporal localisation of key HSPGs throughout lens development, the

first known study to map the HSPG expression and localisation profile of a developing tissue

over the course of organogenesis.

The differential spatial and temporal expression of HSPG core proteins suggests that lens cells

acquire a distinctive repertoire of HSPGs as they differentiate, resulting in selective patterns of

HS-protein interactions and activity. This implies differential roles for HSPGs and HS sulfation

150



enzymes at key stages of lens induction and morphogenesis. Taken together with the current

literature, our findings support a requirement for HS sulfation in growth factor-induced cellular

processes in the lens.

4.3 Results

A complete summary of the labelling for HS-GAG, CS-GAG, PAPSS2 and all thirteen HSPG

core proteins during murine lens development is outlined in Table 4.1.

4.3.1 HS-sulfation enzymes in the developing and postnatal lens.

We immunolabelled for PAPSS2 (HSPG sulfation) in the developing mouse lens (Figure 4.1),

and HS-2-/3-6- O-sulfotransferses in the 10-day-old rat lens (Figure 4.2). PAPSS2 reactivity was

absent from all early eye structures, including cells comprising the lens placode (E9.5, Figure 4.1

A1), and lens pit (E10.5, Figure 4.1 A2). It was not until E11.5, in the lens vesicle that PAPSS2

immunolabeling appeared, strongly localised to the elongating primary lens fibre cells (Figure

4.1 A3). This fibre-specific label persisted and was also observed in the early secondary lens

fibre cells at E14.5 (Figure 4.1 A4-7) and E16.5 (Figure 4.1 A8-10). At E16.5, PAPSS2

reactivity was also evident in the anterior lens epithelium but was not present in the lens capsule

(Figure 4.1 A9).
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Figure 4.1. Immunolocalisation of PAPS Synthetase-2 (PAPSS2) in the murine eye. Mid-sagittal

mouse (FvB/N) eye sections from embryonic day-9.5 (E9.5, A1), E10.5 (A2), E11.5 (A3), E14.5

(A4-7) and E16.5 (A8-11), and 10-day-old (P10) Wistar rat lens (A12-15) labelled for

3'-Phosphoadenosine 5'-Phosphosulfate Synthase 2 (PAPSS2, yellow). Nuclei counterstained

with Hoechst (blue). Dotted white lines indicate lens equator (A5, A8). Magenta arrowheads

indicate localisation at lens fibre tips (A5-10). Cornea (cor), lens (le), retina (ret), cerebral

cortex (cc), lens placode (lpl), optic vesicle (ov), head ectoderm (ect), lens pit (lp), optic cup

(oc), lens vesicle (lv), anterior lens epithelium (epi), primary lens fibre cells (1° lf), secondary

lens fibre cells (2° lf), cornea (cor), retina (ret), ciliary body (cb), iris (ir), germinative zone (gz),

transitional zone (tz), anterior lens capsule (ac), posterior lens capsule (pc). Scale bars = 200

µm (A11), 25 µm. Images in figures are oriented with ventral side positioned to the right and the

dorsal side to the left.
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Figure 4.2. Heparan sulfate O-sulfotransferase expression in the murine and rat lens. Transcript

expression (A) and lens-enrichment (B) profiles of genes encoding heparan sulfate- 2O-

(Hs2st1), 6O- (Hs6st1) and 3O-(Hs3st1, Hs3st2, Hs3st4, Hs3st6) sulfotransferase genes in

Affymetrix microarrays from mouse lenses at embryonic stages 10.5 (E10.5), E11.5, E12.5,

E16.5, E17.5 and E19.5, and postnatal days 0 (P0), P2 and P56. Lens expression and enriched

expression data represent processed normalised microarray data from Affymetrix Mouse 430 2.0

platform sourced from the iSyTE (integrated Systems Tool for Eye gene discovery) web-tool

(Kakrana et al., 2018). A) Heat map intensity (purple) represents high to low gene expression. B)

Lens-enrichment heat map reflects high (red) to low (blue) fold-change in gene expression

relative to age-matched aphakic whole embryo control (in silico subtraction). C) Localisation of

heparan sulfate O-sulfotransferases heparan sulfate 2-O-sulfotransferase (HS2ST, C1), heparan

sulfate 6-O-sulfotransferase-1 (HS6ST1, C2), and heparan sulfate 3-O-sulfotransferase-1

(HS3ST1, C3) in 10-day-old (P10) Wistar rat lens epithelial (epi) whole mounts (WM). Nuclei

were counterstained with Hoechst dye (blue). Abbreviations: Scale bar = 25 µm (C1-3).
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4.3.2 Heparan sulfate is the predominant sulfated glycosaminoglycan expressed throughout

murine lens development.

HSPG core proteins can carry HS-GAG chains, or a combination of both HS and CS chains. To

determine which of these two GAG species represents the major “active” sulfated fraction of

HSPGs in the developing lens, the distribution of HS and CS was compared during major stages

of lens development (Figure 4.3 A1-8, 3 B1-8) using antibodies specific for the sulfated domains

on HS (HS-10E4, Figure 4.3 C1-8) or CS (CS-56, Figure 4.3 D1-8) GAG chains. HS-GAG chain

labelling was first observed at very low levels in the cells of the lens placode (E9.5, Figure

4.3C1) with stronger labelling in the lens pit (E10.5, Figure 4.3 C2). At E11.5 (Figure 4.3 C3)

HS-GAG labelling was prominent in the developing lens capsule, anterior lens epithelium and

ubiquitously in elongating primary lens fibre cells. HS-GAG reactivity was maintained in the

lens capsule and cytoplasm of anterior epithelial cells at E14.5 (Figure 4.3 C4) and E16.5 (Figure

4.3 C5-8). HS-GAG chain labelling was strongest throughout the cytoplasm of secondary lens

fibre cells (Figure 4.3 C4), with decreased reactivity at the germinative and transitional zones

(Figure 4.3 C4, C8). Concentrated immunolabelling of HS-GAG was also observed at the

posterior tips (E14.5, Figure 4.3 C4) and in the nuclei (Figure 4.3 C4, C7) of elongating

secondary fibre cells. Although absent from the matrix of the early developing eye (E9.5 and

E10.5, Figure 4.3 B1-2), HS-GAG was strongly associated with the matrix connecting the

posterior lens vesicle and early retina (Figure 4.3 C3), and the vitreous humour from E14.5

(Figure 4.3 C4). In contrast to the localisation of active HS-GAG chains in early lens

development, CS-GAG- chain labelling was primarily observed in the pericellular matrix (Figure

4.3 D1-3). CS immunolabelling was completely absent from the lens placode (Figure 4.3 D1),

lens pit (Figure 4.3 D2) and lens vesicle (E11.5, Figure 4.3 D3). Similarly, CS-GAG reactivity
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was first observed at low levels in the E14.5 lens capsule, anterior lens epithelium, and anterior

pole of secondary lens fibre cells (Figure 4.3 D4). CS-GAG immunostaining was strongly

correlated with the extracellular matrix at all early stages of eye development, particularly in the

preplacode matrix (E9.5, Figure 4.3 D1), and the interstitial matrix connecting the invaginating

lens pit and optic cup (E10.5, Figure 4.3 D2) and surrounding the lens vesicle (E11.5, Figure 4.3

D3). CS-GAG was weakly evident in the ocular humours in the later stages of eye development

(E14.5 and E16.5, Figure 4.3 D4, D5, D6). CS GAG-immunolabelling was absent from the lens

capsule at E16.5 (Figure 4.3 D5-6, D8), and decreased in the fibre cells relative to E14.5 (Figure

4.3 D7-8). The CS-GAG labelling remained in the anterior lens epithelium (Figure 4.3 D5), that

decreased at the germinative and transitional zones (Figure 4.3 D8).
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Figure 4.3. Distribution of sulfated GAGs in mouse eye development. Eye sections from

embryonic day-9.5 (E9.5, A1, B1, C1, D1), E10.5 (A2, B2, C2, D2), E11.5 (A3, B3, C3, D3),

E14.5 (A4, B4, C4, D4) and E16.5 (A5-8, B5-8, C5-8, D5-8) FvB/N mice. Mid-sagittal eye

sections stained with Peri-odic acid-Schiffs (PAS, A1-8) show cell morphology. Sections stained

with secondary antibody only show representative negative controls (-ve control, B1-8). Sections

labelled the highly sulfat-ed “active” forms of heparan sulfate (HS-GAG, red, C1-8) or

chondroitin sulfate (CS-GAG, green, D1-8) glycosaminoglycan chains. Nuclei counterstained

with Hoechst (blue). Yellow arrowheads indicate nuclear localisation (C4, C7). Dotted lines

indicate lens equator (A8). Lens placode (lpl), head ectoderm (ect), preplacodal matrix (ppm),

optic vesicle (ov), lens pit (lp), optic cup (oc), lens vesicle (lv), anterior lens epithelium (epi),

primary lens fibre cells (1° lf), secondary lens fibre cells (2° lf), cornea (cor), retina (ret), ciliary

body (cb), iris (ir), germinative zone (gz), transitional zone (tz), anterior lens capsule (ac),

posterior lens capsule (pc). Scale bars = 25 µm. Images in figures are oriented with ventral side

positioned to the right and the dorsal side to the left.
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4.3.3 Syndecan HSPGs are differentially spatially localised in the lens throughout

development.

Syndecan HSPGs differ in their expression both temporally and spatially at all major stages of

eye development. Syndecan-1 remains absent from the developing lens until E16.5, where it is

localised strongly to the lens capsule and posterior vessels of the tunica vasculosa lentis (tvl.

Weak syndecan-1 staining is also observed in a subset of anterior lens epithelial cells and anterior

secondary fibre cell tips (Figure 4.4 A5). Syndecan-2 (Figure 4.4 B1), -3 (Figure 4.4 C1) and -4

(Figure 4.4 D1) are expressed at E9.5 in both the optic vesicle and the lens placode. The

expression of these syndecans persist at embryonic day 10.5 with strong labelling in the lens pit

and optic cup (Figure 4.4 B2, C2, D2). Syndecan-2 stained strongly throughout the invaginating

lens pit, while syndecans-3 and -4 labelled particularly strongly in the posterior cells of the lens

pit (Figure 4.4 C2, D2). At E11.5, prospective lens epithelial cells and elongating primary lens

fibre cells showed strong labelling of syndecans-2 (Figure 4.4 B3), and -3 (Figure 4.4 C3). For

syndecan-2, this label was restricted to primary lens fibres and absent from the anterior aspect of

the lens (Figure 4.4 D3). Syndecan-1 was absent from the lens up to E11.5, where it first appears

to localise to the inner aspect of the retina (Figure 4.4 A3). At E14.5 the localisation of each of

the syndecans was distinct from each other. Syndecan-1 was localised primarily to the retinal

ganglion cells, and lens capsule and blood vessels (Figure 4.4 A4). Syndecan-2 was strongly

localised to the lens capsule, tunica vasculosa lentis (tvl), lens epithelial cells, and nuclei of lens

fibre cells. It also showed strong localisation to the cornea and developing iris (Figure 4.4 B4).

Syndecan-3 (Figure 4.4 D3) and -4 (Figure 4.4 D4) were both present in the lens epithelium and

fibres in different patterns. Syndecan-3 staining was primarily observed in the secondary lens

fibres, concentrated at the anterior fibre tips. It was absent from newer secondary lens fibre cells
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(Figure 4.4 C4). On the other hand, syndecan-4 staining was observed primarily in newer

secondary fibre cells, with distinct staining at the anterior and posterior fibre cell tips (Figure 4.4

D4). These expression patterns were maintained at E16.5 for syndecan-2 (Figure 4.4 B5-8), -3

(Figure 4.4 C5-8) and -4 (Figure 4.4 D5-8). At E16.5, syndecan-1 was absent from lens cells, but

localised strongly to the lens capsule (Figure 4.4 A5-8).
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Figure 4.4. Distribution of syndecan core proteins in the developing mouse eye. Mid-sagittal

sec-tions from embryonic day-9.5 (E9.5, A1, B1, C1, D1), E10.5 (A2, B2, C2, D2), E11.5 (A3,

B3, C3, D3), E14.5 (A4, B4, C4, D4) and E16.5 (A5-8, B5-8, C5-8, D5-8) FvB/N mice. Sections

labelled for syndecan-1 (A1-8), syndecan-2 (B1-8), syndecan-3 (C1-8) or syndecan-4 (D1-8)

HSPG core pro-teins (red). Nuclei counterstained with Hoechst (blue). Yellow arrowheads

indicate nuclear lo-calisation (B4, B7, B8). White arrowheads indicate staining of lens fibre cell

tips (C4-6, C8, D3-4, D6-8). Dotted line indicates the lens equator (A8). Lens placode (lpl), head

ectoderm (ect), preplacodal matrix (ppm), optic vesicle (ov), lens pit (lp), optic cup (oc), lens

vesicle (lv), anterior lens epithelium (epi), primary lens fibre cells (1° lf), secondary lens fibre

cells (2° lf), cornea (cor), retina (ret), ciliary body (cb), iris (ir), germinative zone (gz),

transitional zone (tz), anterior lens capsule (ac), posterior lens capsule (pc). Scale bars = 25 µm.

*denotes artefact. Images in figures are oriented with the ventral side positioned to the right and

the dorsal side to the left.

163



4.3.4 Glypican HSPGs differ in temporal expression at key stages of lens/eye development.

At E9.5, glypican-4 is localised exclusively to pre-placodal matrix (Figure 4.5 D1), glypican-2,

-3, -5 and -6 are present in both lens placode cells and optic vesicle (Figure 4.5 B1, C1, E1, F1).

Glypican-1 was absent (Figure 4.5 A1) at this early stage. By E10.5, all glypicans were present

in the lens pit and optic cup, apart from glypican-4, that was localised to the extracellular matrix

between the lens pit and optic cup (Figure 4.5 D2). The label for glypican-3 and -5 was

concentrated at the basal aspect of the lens pit in the presumptive primary lens fibre cells (Figure

4.5 C2, E2). Glypican-1, -2, -5 and -6 were also present in the surface head ectoderm (Figure 4.5

A2, B2, E2, F2). All glypicans were present in the lens vesicle (Figure 4.5 A2, B2, C2, E2, F2),

except for glypican-4, that was localised primarily to the lens capsule, retinal ganglion cells, and

posterior lens blood vessels (Figure 4.5 D3). At E11.5, glypican-3 stained all lens vesicle cells

diffusely, with more intense staining in the presumptive lens epithelial cells (Figure 4.5 C3).

Glypican-1, -2, -5 and -6 were localised predominantly to the posterior elongating primary lens

fibre cells (Figure 4.5 A3, B3, E3, F3). These glypicans primarily were localised in a

concentrated region at the posterior tips of the primary lens fibres, apart from glypican-6, that

strongly labelled all fibre cells (Figure 4.5 F3). From E14.5, the expression of glypicans was

generally consistent. Glypican-1 (Figure 4.5 A4-8), -2 (Figure 4.5 B4-8), -3 (Figure 4.5 C4-8)

and -5 (Figure 4.5 E4-8) were predominantly localised to the lens epithelium, and newly

differentiating secondary lens fibre cells, where perinuclear staining was observed for all four

glypicans (Figure 4.5 A7, B7, C7, E7). Glypican-4 was absent from lens cells, with some

punctate staining in the anterior lens epithelium, and a strong localisation to the lens capsule

(Figure 4.5 D4-8). Glypican-6 was absent from the epithelium and transitional zone, but

strongly labelled the cytoplasm of fibre cells (Figure 4.5 F4-F8).
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Figure 4.5. Distribution of glypican core proteins in the developing mouse eye. Mid-sagittal

sec-tions from embryonic day-9.5 (E9.5, A1-F1), E10.5 (A2-F2), E11.5 (A3-F3), E14.5 (A4-F4)

and E16.5 (A5-8, B5-8, C5-8, D5-8, E5-8, F5-8) FvB/N mice. Sections labelled for glypican-1

(A1-8), glypican-2 (B1-8), glypican-3 (C1-8), glypican-4 (D1-8), glypican-5 (E1-8) or glypican-6

(F1-8) HSPG core proteins (red). Nuclei counterstained with Hoechst dye (blue). Yellow

arrowheads in-dicate nuclear localisation (A4-5, A7-8, B4-5, B7-8, C7). White arrowheads

indicate staining of lens fibre cell tips (A3). Dotted lines indicate lens equator (A8). Lens placode

(lpl), head ectoderm (ect), preplacodal matrix (ppm), optic vesicle (ov), lens pit (lp), optic cup

(oc), lens vesicle (lv), an-terior lens epithelium (epi), primary lens fibre cells (1° lf), secondary

lens fibre cells (2° lf), cornea (cor), retina (ret), ciliary body (cb), iris (ir), germinative zone (gz),

transitional zone (tz), anterior lens capsule (ac), posterior lens capsule (pc). Scale bars = 25 µm.

Images in figures are oriented with ventral side positioned to the right and the dorsal side to the

left.
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4.3.5 Localisation of high molecular weight HSPGs extends beyond the lens capsule.

Immunoreactivity for perlecan is weak in early lens structures (Figure 4.6 A1-2) but appears

strongly labelled in the matrix and basement membranes of the E11.5 eye (Figure 4.6 A3). At

this stage, perlecan is also observed in the anterior cells of the lens vesicle (Figure 4.6 A3). This

pattern of expression is maintained in the fully formed lens at E14.5 and E16.5, with perlecan

mostly restricted to the lens capsule and anterior lens epithelium (Figure 4.6 A4-8). Diffuse

perlecan staining was observed in the nuclei of some differentiating lens fibre cells (Figure 4.6

A7). Both collagen XVIII (Figure 4.6 B1-2) and agrin (Figure 4.6 C1-2) were observed in the

cells of the lens placode and lens pit. Collagen XVIII/endostatin reactivity was restricted to a

punctate label in the primary lens fibres of the lens vesicle (Figure 4.6 B3). This label persisted

in the E14.5 lens (Figure 4.6 B4). At E16.5, collagen XVIII labelled in condensed patches

throughout the cytoplasm of both lens epithelial and fibre cells (Figure 4.6 B5-8). On the other

hand, agrin stained strongly throughout the cells of the lens vesicle, concentrated apically in the

presumptive anterior lens epithelial cells, and basally in the new elongating primary lens fibre

cells (Figure 4.6 C3). From E14.5, agrin immunoreactivity was strongly visible throughout the

cytoplasm of central lens fibre cells (Figure 4.6 C4), and this label persisted in the E16.5 lens

(Figure 4.6 C5-8). Agrin was clearly associated with a subset of fibre cell nuclei (Figure 4.6 C4,

C7). Agrin staining was almost completely absent from the anterior lens epithelium and

transitional zone (Figure 4.6 C4, C5, C8).
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Figure 4.6. Distribution of high molecular weight HSPG core proteins in the developing mouse

eye. Mid-sagittal sections from embryonic day-9.5 (E9.5, A1-C1), E10.5 (A2-C2), E11.5 (A3-C3),

E14.5 (A4-C4) and E16.5 (A5-8, B5-8, C5-8) FvB/N mice. Sections labelled for perlecan (A1-8),

colla-gen-XVIII/endostatin (B1-8) or agrin (C1-8) HSPG core proteins (red). Nuclei

counterstained with Hoechst dye (blue). Yellow arrowheads indicate nuclear localisation (A7,

C4, C7-8). White ar-rowheads indicate staining of lens fibre cell tips (C3). Dotted lines indicate

lens equator (A8). Lens placode (lpl), head ectoderm (ect), optic vesicle (ov), lens pit (lp), optic

cup (oc), lens vesicle (lv), anterior lens epithelium (epi), primary lens fibre cells (1° lf),

secondary lens fibre cells (2° lf), cornea (cor), retina (ret), ciliary body (cb), iris (ir),

germinative zone (gz), transitional zone (tz), anterior lens capsule (ac), posterior lens capsule

(pc). Scale bars = 25 µm. Images in figures are oriented with ventral side positioned to the right

and the dorsal side to the left.
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4.4 Discussion

While there are many reports to date studying vertebrate lens morphogenesis and the growth

factors involved, less is understood of how these different growth factors are positioned to drive

this development. Given the important role of HSPGs in regulating many growth factors,

together with recent studies implicating HSPGs as essential for the induction and development of

the eye, here we present the most comprehensive spatiotemporal labelling of all the different

HSPG core proteins and their associated GAGs throughout murine lens development. This study

complements and extends on from our earlier report of the localisation of HSPGs in the postnatal

rat lens (See chapter 3), where we described how the defined patterns of all the HSPGs associate

with lens cellular activity. Given that all HSPGs are expressed in the lens, by linking the defined

localisation of their respective HSPG core proteins, along with their reported mode of activity, it

can provide valuable insights into their functional roles.

4.4.1 HSPG sulfation enzymes in the lens

As the importance and localisation of EXT (regulating HS-GAG chain elongation ) and NDST

(regulating HS-GAG chain post-translational N-sulfation) enzymes in lens development has been

established, here we sought to investigate two important classes of enzymes contributing to

HS-GAG sulfation: PAPSS2, and HS-O-sulfotransferases.

The activity of HSPGs is largely dependent on the distinct sulfotransferases of their HS chains,

which source sulfate from PAPS produced by PAPSS1/2 synthetases. Transcriptome data

identifies both papss1 and papss2 in the lens (Kakrana et al. 2018), with studies demonstrating

strong labelling for PAPSS2 in the developing murine and postnatal rat eye, with high specificity

to lens in both prenatal and postnatal ages (See chapter 3). Here, we found that PAPSS2 was
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absent in very early lens induction (i.e. lens placode, lens pit) with strong reactivity first

appearing in the lens vesicle, distinctly labelling the elongating primary lens fibre cells. This

fibre-specific label persisted and was observed later in secondary lens fibres at E14.5 and E16.5

when the differentiating lens epithelium also began to label strongly for PAPSS2. The weak to no

immunolabelling for PAPSS2 in the lens placode and pit is of interest as we see strong labelling

of not only HS-GAG but many HSPGs that require PAPSS for their sulfation. This absence of

PAPPS2 suggests that the activity of HSPGs in early lens induction may be mediated largely by

HSPG core protein-protein interactions, and is independent of GAG-protein interactions,

implying an expected low sulfation and binding potential of these HSPGs with ocular growth

factors. An example of this is glypican-4, which only carries HS chains, but does not overlap in

expression with HS-GAG. Alternatively, it is also plausible that the other PAPSS isoform,

PAPSS1 (encoded by the papss1 gene), is the predominant sulfate donor at this early stage of

lens development, consistent with transcript expression profiles of papss1 and papss2 from

published embryonic mouse lens datasets (Khan et al. 2015, Hoang et al. 2014, Cavalheiro et al.

2017, Audette et al. 2016).

Here we also found that three isoforms of HS-O-sulfotransferase are expressed by rat lens

epithelial cells in the postnatal rat lens. Given that the lenses of Hs2st-/-/Hs6st-/- double mutants

have small lenses it is likely that these are important sulfotransferases responsible for HS-GAG

sulfation (Qu et al. 2011a). For the first time, here we confirm the presence of a

HS-3-O-sulfotransferase in lens cells. Compared with 2-O- and 6-O-sulfation, 3-O-sulfation of

HS is relatively rare, and typically comprises less than 1% of overall HS sulfation (De Agostini

et al. 1990). Hs3sts are also expressed by fewer cell types (De Agostini et al. 1990). Out of the
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seven HS 3-O-sulfotransferase genes present in the mouse, transcripts for Hs3st1 represent 66%

of all the HS 3-O-sulfotransferase transcripts in the newborn lens (Hoang et al. 2014). The

Hs3st1-/- genotype is early postnatal lethal on a C57BL/6 inbred background where

homozygous embryos exhibit intrauterine growth retardation (HajMohammadi et al. 2003), and

no studies have investigated impact on lens development to date.

4.4.2 HS-GAG is the predominant GAG associated with lens development.

The specificity of HSPG-protein interactions does not only depend on the core protein type (e.g.

syndecan, glypican), or their localisation (e.g. the cell surface or ECM), but also on the fine

structure (i.e. sulfation) of their HS-GAG chains. HSPGs are predominantly HS-GAGs, however,

certain species such as syndecans-1/-3 (Kokenyesi and Bernfield, 1994, Gould et al. 1995), agrin

(Winzen et al. 2003) and collagen XVIII (Dong et al. 2003) may also carry CS-GAGs. Lens cells

produce some proteoglycans carrying both HS-GAG and CS-GAG, although HS-GAG is more

common (Heathcote and Orkin, 1984, Mohan and Spiro, 1991, Wishart and Lovicu, 2021).

Consistent with this, here we report that HS-GAG, and not CS-GAG, is the predominant GAG

associated with HSPGs throughout murine lens development. Unlike HS-GAG, CS-GAG was

absent from the lens until E14.5, indicating that HS-GAGs are likely the major species regulating

the early events of lens induction, invagination, and cell fate specification. The presence of

CS-GAG in the pre-placodal and peri-lenticular matrix throughout development may suggest a

role in cell-matrix interactions or morphogen gradient formation. In contrast, HS-GAG was

absent from the ocular matrix throughout the early stages of lens development, instead appearing

and localising predominantly to the presumptive and differentiating lens cells. These patterns

were often associated with regions of lens cell activity (i.e. lens placode, posterior aspect of lens
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pit/vesicle and lens transitional zone). The overlapping and divergent patterns of HS-GAG and

CS-GAG in the lens (e.g. in newly differentiating secondary lens fibres) implies that these GAGs

may both contribute to the regulation of some functional processes in the lens (e.g. fibre

differentiation), while other processes are likely to be regulated predominantly by HS (e.g.

morphogen gradient formation in the lens capsule). HS-GAG and CS-GAG serve functionally

distinct roles in other tissues, such as the developing brain, CS-GAG is important for the

stabilisation of existing synaptic connections, while the primary function of HS-GAG is to

stimulate the formation of new synapses [51]. Given HS-GAG and CS-GAG each interact

selectively with different proteins in a structure-dependent manner (Vallet et al. 2020), it is not

surprising that they are often reported to be differentially localised (Clark et al. 2011, Maeda et

al. 2011, Smetsers et al. 2003), consistent with their reported distinct functional roles

(Karamanos et al. 2018).

4.4.3 HSPG core proteins are differentially spatiotemporally regulated throughout lens

development

Most of the HSPG core proteins that we examined localised to the cells of the surface head

ectoderm and optic vesicle, however, syndecan-1 and glypican-1 were both absent at this stage.

Despite being a traditionally cell-associated HSPG, glypican-4 was absent from the head

ectoderm and optic vesicle but was strongly localised to the pre-placodal matrix. Similarly,

syndecan-2, that is traditionally a cell-associated HSPG, was also observed in the pre-placodal

matrix, along with the surface head ectoderm and optic vesicle, consistent with previous reports

of syndecan-2 as a matrix-associated HSPG in ocular tissues (Filla et al. 2004, See chapter 3).

The pre-placodal matrix is thought to prevent this defined region of proliferative head
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ectodermal cells from spreading, so that their continued proliferation and progressive cell

crowding thickens this region of ectoderm to form the lens placode (Huang et al. 2011). The

regulated signalling activity of several mitogens and morphogens, such as BMPs, Hedgehog

(Hh), FGFs and Wnts, orchestrate the inductive events associated with the optic

vesicle-presumptive lens interaction (Lang 2004, Gunhaga 2011), and all these growth factors

have been shown to be regulated by the HSPGs that we localise to the lens placode (Rapraeger et

al. 2000, Essner et al. 2006, Fimus et al. 2008, Bányai et al. 2010, Seppinen and Pihlajaniemi

201l, Kerever et al. 2014). FGF, Hh, BMP and Wnt-signalling are each essential regulators in eye

development, with the switching on/off of these morphogens essential for different stages of lens

development (Cvekl and Zhang, 2017), with defects in their signalling activity shown to

compromise lens development. While sustained inductive signalling of BMP and FGF are

essential for lens placode development and early stages of lens specification (Jin et al. 2012),

specification of these early stages requires the inhibition of Hh signalling , with heightened

Hh-signalling activity suppressing lens formation in zebrafish (Barth and Wilson, 1995). Later in

lens morphogenesis, Wnt signalling is activated to promote epithelial cell adhesion, integrity, and

polarity, as well as fibre differentiation (de Iongh et al. 2006). Constitutively active Hh signalling

through its receptor, patched, promotes epithelial maintenance at the expense of fibre

differentiation (Kerr et al. 2012). Thus, the inhibition of Hh-signalling, once again with fibre cell

differentiation, is essential for normal lens development. BMP-signalling promotes apical

constriction and pro-survival signals during lens placode invagination and drives cell

proliferation of lens epithelial cells and cell cycle exit at the transitional zone, which is bolstered

by FGF-signalling that drives lens epithelial cell proliferation and fibre differentiation (Faber et

al. 2002, Wederell et al. 2006, Shu et al. 2021).
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The spatiotemporal regulation and of the ocular morphogens, together with other extracellular

signalling proteins, forms the basis of lens patterning, polarity, growth, and cell fate specification

(McAvoy et al. 1999, Wederell et al. 2006, Cvekl et al. 2017), that are regulated by the many

HSPGs we report to be expressed here. Many of these same HSPGs regulate other matrix related

proteins, including β1-integrins and fibronectin (Richardson et al. 2001, Morgan et al. 2007, Kim

et al. 2011, Roper et al. 2012), that are also co-localised to the early lens placode cells and play

an essential role in this inductive process (Parmigiani and McAvoy 1984, Zelenka et al. 2004,

Simirskii et al. 2007, Pathania et al. 2016).

Glypicans are predominantly expressed during embryonic development, and increasing evidence

suggests they are major regulators of morphogenic-signalling and gradient events in

development controlling left/right and dorsal/ventral patterning, as well as controlling tissue size

and growth cues (Filmus, 2022). Genetic and biochemical studies have shown that glypicans can

stimulate or inhibit the signalling pathways triggered by Wnts, Hh, BMPs and FGFs responsible

for patterning and tissue formation during embryogenesis depending on the context of the tissue

to drive growth patterning events (Filmus, 2022). Not surprisingly, mutations in genes encoding

glypicans often result in developmental abnormalities or overgrowth (Filmus, 2022). For

instance, Glypican-3 has been shown to inhibit hedgehog signalling during development by

competitively binding to the ligand, preventing it from binding to patched, its receptor, through a

HS-GAG independent process (Capurro et al. 2008). Similarly, Glypicans-1, -3 and -4 negatively

regulate BMP-signalling by competing with BMP receptors for ligand binding in a similar

fashion (Strate et al. 2015, Pan and Ho, 2021). On the other hand, glypicans seem to both
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positively and negatively regulate Wnt-signalling in different developmental systems.

Glypican-4 promotes cardiac specification and differentiation by attenuating canonical Wnt- and

BMP-signalling (Strate et al. 2015), while glypican-1 can act as a Wnt-coreceptor to activate

Wnt-signalling(Pan and Ho, 2021). For different morphogens, glypicans seem to mainly activate

or enhance signalling. Glypicans can interact with FGFs and their receptors to stabilise their

assembly and enhance downstream ERK1/2 or PI3K/AKT, as well as bind to TGF-β and its

receptors to promote SMAD-signalling (Pan and Ho, 2021).

As the mouse lens placode and optic vesicle invaginate at E10.5, we find that most of the HSPG

core proteins localised to the cells of the lens pit, with syndecan-1 and glypican-4 are yet to

appear. Glypican-4 was predominantly localised to the surrounding matrix together with

syndecan-2 and perlecan. Here, we begin to observe subtle changes between some of the core

proteins, such as syndecan-4, that appears to distinctly label the posterior tips of lens pit cells,

with the majority of the other core proteins localising diffusely throughout all lens pit cells.

BMP-4/-7 activity (Jidigam et al. 2015) and downstream activation of GTPases (RhoA, Rac1,

ROCK) drive changes in cytoskeletal architecture essential for cell elongation, apical

constriction and epithelial invagination during lens pit formation (Borges et al. 2011, Chauhan et

al. 2011). Glypican-3 is well established as a primary regulator of cellular responses to BMP-4/-7

in developing tissues (Paine-Saunders et al. 2000, Grisaru et al. 2001), although emerging

evidence suggests other HSPGs, such as agrin (Souza et al. 2021) and syndecan-3 (Fisher et al.

2006) may also play tissue-specific roles in BMP regulation. On the other hand, the syndecans

are major regulators of RhoA/Rac1/ROCK GTPase-signalling and cytoskeletal modifications
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through interactions with intracellular domains of their core proteins (Bass et al. 2007, Okina et

al. 2009, Tsoyi et al. 2018).

As the mouse lens acquires more of an antero-posterior polarity with the formation of a lens

vesicle at E11.5, we see that the acute change in posterior lens vesicle cell elongation to form the

first primary fibres is associated with much HSPG activity. In the first instance we not only have

PAPPS2 appearing in these cells, but also co-localising with HS-GAG and core proteins of most

HSPGs, suggesting their putative roles in the differentiation, attachment, and elongation of

primary lens fibre cells. Syndecan-1 continues to remain absent not only from lens cells but from

all developing eye structures. Given PAPSS2 appears distinctly at this developmental stage,

overlapping with many HSPGs and HS-GAGs, this suggests a marked rise in HS sulfotransferase

activity that may be essential to drive primary lens fibre differentiation. With the differentiation

of the primary fibres we also have the concomitant differentiation of the anterior lens vesicle

cells to form the epithelium. Lens epithelial cell differentiation is known to be regulated by

Wnt/beta-catenin signalling (Stump et al. 2003) that in turn is regulated by glypican-3 (Kolluri

and Ho 2019), that is perfectly positioned for this, with strong reactivity in the anterior lens

vesicle cells.

While we show that glypicans appear to generally localise in similar patterns to syndecans, the

glypicans display temporal differences in their onset. This may be indicative of different core

proteins regulating different developmental/cell fate specification/patterning events. It may be

the case that the variable spatiotemporal localisation of the different HSPGs, particularly the

glypicans, throughout lens development is representative at least in part by their differential
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regulation of the morphogenetic switches in signalling events (Filmus 2022). Although no

lens-specific phenotypes have been reported for animals deficient in glypicans, compensatory

regulation between closely related HSPGs (i.e. glypicans-2/-4 and -3/-5) are likely. Our

understanding of this family of HSPGs and how they function in different tissues is still very

limited.

The larger secreted HSPGs, perlecan, collagen XVIII, and agrin are recognized as the

predominant HSPGs in the postnatal lens capsule (Couchman and Pataki 2012, Schaefer 2014),

however, we have previously reported different patterns of other HSPG core proteins

(syndecans-1/-2/-4 and glypicans-2/-4) in the postnatal rat lens capsule: syndecan-2 and perlecan

are abundant throughout the lens capsule, while syndecan-4, glypican-2, glypican-4, collagen

XVIII, and agrin are restricted to the outer reticular lamina of the lens capsule (Schaefer 2014).

In contrast, syndecan-1-labelling appeared to be uniquely limited to the basal lamina. In the

developing mouse eye, we observed only a subset of these HSPGs in the capsule

(syndecans-1/-2/-4, glypican-4 and perlecan), suggesting that some HSPGs (i.e. glypican-2,

collagen XVIII and agrin) are deposited in the lens capsule at later stages. Of the minor HSPG

core proteins we observed in the developing lens, three are syndecans, that bind to several

structural and matrix regulatory proteins found in the lens capsule (e.g. collagen IV, laminin,

fibronectin and integrins), and have previously been implicated as key regulators of ECM

assembly, cell-matrix interactions, and cell adhesion (Bernfield, 1992, Couchman et al., 2015,

Afratis et al., 2017).
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Perlecan exists in an antero-posterior gradient in the lens capsule, consistent with complimentary

antero-posterior gradients of FGF bioavailability and signalling activity (Chamberlain &

McAvoy 1997, Hubka et al. 2019). Perlecan HSPGs are also required for structural integrity of

the lens capsule (Rossi 2003), as it is shown here to progressively be deposited to the capsule

over the course of lens development, consistent with its presence in the embryonic chick

(Soulintzi et al. 2007). While the other large secreted high molecular weight HSPGs, Collagen

XVIII and agrin, are often reported to be associated with ECM and basement membranes, here

we report that both these core proteins are present from the earliest stages of lens development

primarily within the cells of the presumptive and developing lens, and are not observed in the

lens capsule, as we previously reported in the postnatal rat lens (See chapter 2). Rather, they are

primarily associated with the lens epithelium, and show particularly strong staining in lens fibre

cells. Mice deficient for col18a1, encoding the collagen XVII core protein, have widespread

malformation of ocular tissues (Marneros et al. 2004, Elamaa et al. 2005), with overexpression of

the endostatin domain of Collagen XVIII leading to cataract and structurally compromised

basement membranes (Liu et al. 2008, Aikio et al. 2013). Overexpression of agrin also produces

a dysgenic phenotype that is specific to the eye (Chamberlain & McAvoy 1997). Similarly,

knock-down of agrin in zebrafish embryos results in a small eye and lens phenotype, leading to

decreased HS-GAG staining in the lens, but not retina, suggesting that other HSPGs may be

upregulated in response to this loss of agrin (Zhao et al. 2008). The knockdown of agrin in

zebrafish also leads to selectively decreased FGF-signalling and downstream activity of

MAPK/ERK in the lens, providing strong evidence that agrin is likely regulating FGF-ERK

signalling activity in the developing lens (Zhao et al. 2008). Interestingly, the strong pattern of

HSPG-labelling in the posterior lens vesicle cells mirrors that of phospho-ERK1/2 staining
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(Lovicu et al. 2001). Since FGF/ERK signalling is required for lens fibre cell elongation Lovicu

et al. 2001), and agrin is localised strongly to both the rapidly elongating primary and secondary

lens fibres, it may be playing an important role in FGF-induced lens fibre differentiation.

Notably, agrin is absent from the transitional zone of the lens, where cells exit the cell cycle and

begin to differentiate into fibres, instead selectively staining the elongated/ing lens fibres.

Here we report on the immunolabelling of HS-GAG and specific core proteins in the nuclei of

lens epithelial cells (syndecan-2) and fibre cells (syndecan-2, glypican-1, glypican-5, perlecan,

and agrin). Some of these HSPGs have previously been reported in the cell nuclei of other

tissues, such as glypican-1 (neurons, glial cells, Liang et al. 1997) and agrin (developing rat brain

cells, Cohen et al. 1997), while other HSPGs (i.e. glypican-5), to the best of our knowledge, are

reported here for the first time in the nuclei of lens cells. HS-GAG and HSPG core proteins in

select cell types, have been proposed to play roles in the transport of cargo or growth

factor/receptor complexes to the cell nucleus (e.g. FGF/FGFR) to regulate gene expression

(Stewart et al. 2014). The presence or absence of HSPGs correlates with cellular function,

phenotype, and changes in cell cycle phases, suggesting their placement in the nucleus may

control cellular function (Stewart et al. 2014). Here, we report that most HSPGs associated with

lens cell nuclei are present in the transitional zone or in new fibre cells, where the lens epithelial

cells exit cell cycle and undergo major morphological changes to differentiate into fibre cells,

suggesting these specific HSPGs may play a regulatory role in these processes. Further

investigations are necessary to elucidate the specific functional roles of HSPGs in lens cells.
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4.4.3 Conclusions

The current study is the first to comprehensively map all HSPG localisation in a developing

tissue during organogenesis. The differential spatial and temporal labelling of HSPG core

proteins suggests that lens cells acquire a distinctive repertoire of HSPGs as they differentiate,

resulting in selective patterns of HS-protein interactions and activity. This implies differential

roles for HSPGs and HS sulfation at key stages of lens induction and morphogenesis. Taken

together with the current literature, our findings support a requirement for HS sulfation in growth

factor-induced cellular processes in the lens, with the sulfate donor PAPSS2 playing a unique

temporal role. By further characterising and specifically modulating the different sulfated HSPGs

expressed in the lens, we hope to better understand how HSPGs regulate different growth

factor-mediated signalling events and cell behaviours in the lens. Moreover, gaining a better

understanding of how specific HSPGs regulate the ways cells respond to their environment (e.g.

response to growth factors) may allow us to develop novel strategies of regulating cell behaviour,

that will not only be relevant to lens biology and disease, such as cataract, but may extend to

other systemic growth factor-mediated pathologies.
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Table 4.1. Summary of HSPG core protein immunolocalisation in mouse eye lens development.

Embryonic

day

GAG Other Core proteins

E9.5 Lens placode HS Sdc2, Sdc3, Sdc4,

Gpc2, Gpc3, Gpc4,

Gpc5, Gpc6,

perlecan, collagen

XVIII, agrin

Optic vesicle HS, CS Sdc2, Sdc3, Sdc4,

Gpc2, Gpc3, Gpc5,

Gpc6, perlecan,

collagen XVIII, agrin

Pre Placodal matrix CS Sdc2, Sdc4, Gpc4,

Agrin

E10.5 Lens pit HS Sdc2, Sdc3, Sdc4,

Gpc1, Gpc2, Gpc3,

Gpc5, Gpc6,

perlecan, collagen

XVIII, agrin

182



Head ectoderm HS Sdc2, Sdc3, Sdc4,

Gpc1, Gpc2, Gpc3,

Gpc4, Gpc5, Gpc6,

perlecan, agrin

Optic cup HS, CS Sdc2, Sdc3, Sdc4,

Gpc1, Gpc2, Gpc3,

Gpc4, Gpc5, Gpc6,

perlecan, collagen

XVIII, agrin

Extracellular matrix

(lens pit-optic cup)

CS Sdc2, Gpc4,

perlecan?

E11.5 Anterior lens

epithelium

HS PAPSS

2

Sdc2, Sdc3, Sdc4,

Gpc1, Gpc2, Gpc3,

perlecan, collagen

XVIII, agrin

1° lens fibre cells HS PAPSS

2

Sdc2, Sdc3, Sdc4,

Gpc1, Gpc2, Gpc3,

Gpc5, Gpc6,

perlecan, collagen

XVIII, agrin
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Lens capsule HS Sdc1, Sdc2, Gpc4,

perlecan

E14.5 Anterior lens

epithelium

HS*, CS Sdc2*, Sdc3, Sdc4,

Gpc1, Gpc2, Gpc3,

Gpc4, perlecan,

collagen XVIII

2° lens fibre cells HS*, CS PAPSS

2

Sdc2*, Sdc3, Sdc4,

Gpc1, Gpc2, Gpc3,

Gpc5, Gpc6, collagen

XVIII, agrin

Lens capsule HS, CS Sdc1, Sdc2, Gpc2,

Gpc4, perlecan

Tunica vasculosa

lentis

HS, CS Sdc1, Sdc2, Gpc1,

Gpc2, Gpc4, Gpc5,

perlecan

E16.5 Anterior lens

epithelium

HS*, CS Sdc2*, Sdc3, Sdc4,

Gpc1*, Gpc2*,

Gpc3*, Gpc5,

perlecan, collagen

XVIII, agrin
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2° lens fibre cells HS*, CS PAPSS

2

Sdc2*, Sdc3, Sdc4,

Gpc1*, Gpc2*,

Gpc3*, Gpc5, Gpc6,

perlecan*, collagen

XVIII, agrin*

Lens capsule HS Sdc1, Sdc2, Gpc4,

perlecan

Tunica vasculosa

lentis

HS, CS Sdc1, Sdc2, Gpc1,

Gpc2, Gpc4, Gpc5,

perlecan

*Nuclear localisation in cells. Sdc (syndecan), gpc (glypican)
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CHAPTER 5: RESULTS III
HS-GAG SULFATION ORCHESTRATES LENS EPITHELIAL CELL
PROLIFERATION AND FIBRE DIFFERENTIATION

5.1 Preface

The following manuscripts comprise part of the following results chapter. Some sections of the

following manuscript have been reordered and/or edited for the purposes of elaboration or

continuity. Original unedited manuscripts are attached in appendix 1.

TFL Wishart and Frank J. Lovicu (2021). An Atlas of Heparan Sulfate Proteoglycans in the

Postnatal Rat Lens. Investigative Ophthalmology & Visual Science, (DOI: 10.1167/iovs.62.14.5)

This manuscript was published in Investigative Ophthalmology & Visual Science in 2022. The

work comprising these manuscripts was completed entirely during my PhD candidature under

the guidance of my primary supervisor Professor Frank Lovicu who contributed to this

manuscript by facilitating experimental design and manuscript editing.

Part of the experimental work in this chapter involved the technical assistance of a student under

my co-supervision, Miss Ye (Linzy) Zhao.

5.2 Introduction

The lens epithelium can be separated into three regions: the anterior-most central zone,

comprised of a quiescent population of lens epithelial cells, the mitotically active germinative

zone just anterior to the equator, and finally, cells which enter the transitional zone posterior the

equator exit from the cell cycle, migrate and differentiate to form elongated anucleate fibre cells

(Figure 1.3). The refined architecture and well characterised biology of the vertebrate lens makes

it an excellent model to study how these basic cellular processes are coordinated. The transitional
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cellular processes of proliferation, migration and fibre cell differentiation are distinct, and each is

orchestrated by the interplay of a complex array of signalling pathways regulated by growth

factors native to the surrounding ocular media, the aqueous and vitreous humours (Lovicu and

McAvoy, 2005). Mitogens present in the aqueous humour, bathing the posterior aspect of the

lens, promote the proliferation, survival, and maintenance of the anterior epithelial monolayer.

Posterior to the lens equator, factors found in the vitreous humour drive the differentiation of lens

epithelial cells into elongated lens fibre cells (Lovicu and McAcoy 2005).

Numerous studies have been conducted to investigate and characterise the various factors present

in the ocular environment and their individual and collective effects on lens cell behaviour. Key

among the factors found in the ocular humour are members of the FGF, PDGF, EGF, and IGF

families. These growth factors bind to and activate associated receptor tyrosine kinases found on

the surface of the lens cells, initiating the activation of downstream signalling pathways,

including Ras/Raf/MEK/ERK, PI3K/AKT, Wnt/β-catenin and Hippo/YAP pathways, essential

for lens epithelial cell proliferation and fibre differentiation.

Despite the well-characterised effects of various growth factors on lens cell behaviour, the

precise mechanisms by which these factors navigate the extracellular space, reach their intended

target cells, and initiate signalling at the appropriate intensity remain largely unknown. The

specific signalling pathways and downstream events activated can be influenced by growth

factor bioavailability, receptor expression, and even interactions with ECM proteins. Modulators

of growth factor signalling also play a key role. Two primary types of modulators play a role:

first, are regulatory pathways and molecules able to repress the activity of specific growth factors
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(e.g. negative regulation of FGF-2 by the Sef and Sprouty families of genes). The second

mechanism proposed is that of regulation of lens growth factor bioavailability and receptor

activation by ECM proteins native to the lens capsule.

The interplay of lens growth factors and their interactions with ECM proteins influence the

precise timing and location of cellular events such as proliferation, migration, and differentiation

along the anterior-to-posterior axis of the lens. Given the complexity of these processes,

identifying factors that coordinate these signalling events is crucial for understanding normal

lens physiology and pathologies arising from the disruption of these pathways. Research

conducted in mice and other model organisms points to a key regulatory role for HSPGs in the

signalling and extracellular distribution of growth factors in the lens.

HSPGs can bind to and influence the signalling activity and distribution of a wide range of

growth factors. At the cell surface, HSPGs can serve as receptors or co-receptors for various

signalling molecules, including growth factors, cytokines, and chemokines. In this role, they

directly and indirectly impact the regulation of intracellular signalling cascades, leading to the

activation of key genes that govern cell behaviour and cellular phenotype. Within the ECM,

HSPGs serve as molecular scaffolds capable of binding and sequestering growth factors,

stabilising dynamic gradients of mitogens and morphogens at the tissue level, and orchestrating

the bioavailability of these factors at the cell surface. HSPGs regulate the binding and activation

of proteins involved in cell-matrix interactions, including integrins, laminin, and collagens. This

regulation influences important cellular processes such as attachment, migration, differentiation,

and polarity.
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The lens provides a platform to dissect the molecular mechanisms and functional significance of

HSPGs, shedding light on their impact on lens development, maintenance, and disease

progression. Investigating the intricate interplay between growth factors and HSPGs holds

promise for uncovering the elusive mechanisms that govern their precise actions within the lens

and other tissues. Although previous findings lend strong evidence to suggest an important role

for HSPGs in the regulation of mitogen-induced epithelial proliferation (Iyengar et al. 2017) and

pathogenesis in the lens (Qin et al. 2017), the localisation and interactions of HSPGs with

different growth factors and their signalling complexes, remain largely uncharacterised in the

lens (see chapters 3 and 4). As different HSPGs appear to influence overlapping signalling

pathways with diverse and cell type-specific outcomes (Rossi et al. 2003), characterising

different HSPG-growth factor interactions, and developing a more comprehensive understanding

of the signalling pathways they activate, is an important area of study. Investigating the

biological consequences of functionally impairing HS sulfation modification of HSPGs would

allow insights into how these modifications affect their role as regulators of signalling in the

epithelium in normal cell biology and pathology. Moreover, a better understanding of these

underlying regulatory mechanisms may serve as a basis for the identification of novel therapeutic

targets and molecular strategies that could be implemented to slow or prevent the development

and progression of diseases characterised by abnormal growth factor-mediated epithelial cell

proliferation and HSPG sulfation profiles, such as cataract.
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Evidence compiled from ours, and other preliminary studies in other tissues, suggest that growth

factor-mediated processes in the epithelium can be regulated by modulating HS-GAG sulfation

(Wang et al. 2017, Iyengar and Lovicu, 2017). Studies in mutant animals clearly show that

HS-GAG sulfation is essential for normal lens development and maintenance. For example,

conditional ablation of genes HS-GAG sulfation enzymes, Ndst1 and Ndst2, following lens

induction resulted in decreased lens epithelial cell proliferation, apoptosis, and defective fibre

differentiation (Qu et al. 2011). Although such genetic ablation studies are valuable for

understanding the differential roles of specific sulfation enzymes, chemical and small molecule

inhibitors of HS-sulfation have also been widely employed to fine-tune the structure of

HS-GAGs in living cells. These studies have proven to be exceptionally useful for studying the

role of GAGs in biological systems, and for elucidating the biological consequences of altering

HGAG sulfation both in vitro and in vivo. Of these compounds, sodium chlorate and xylosides

are by far the best characterised and most widely utilised.

Sodium chlorate (NaClO3
-) is a competitive inhibitor of the synthesis of 3'-phosphoadenosine-

5'-phosphosulfate (PAPS), the key sulfate donor in HS-GAG sulfation reactions, has been widely

used in vitro to study the effects of HS-GAG de-sulfation on cell behaviour (Safaiyan et al. 1989,

Conrad et al. 2001, Iyengar et al. 2017). The proliferative response of lens epithelial cells

induced by aqueous or exogenous growth factors (EGF, PDGF-AA, IGF-I, FGF-2) was blocked

when cultured in sodium chlorate-supplemented medium (Iyengar et al. 2017). Moreover,

sodium chlorate specifically blocked MAPK/ERK1/2-signalling induced by aqueous and FGF-2

but not the other mitogens. These findings suggest that HSPGs are likely an important regulator

of this family of growth factors in the lens. However, little is known about the importance of
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HSPGs in the regulation of other key growth factors in the ocular milieu and their associated

downstream signalling pathways.

Another common class of molecules employed to alter HS-GAG function are synthetic

xylosides, which compete with endogenous proteins for precursors and biosynthetic enzymes to

assemble GAGs. This competition reduces endogenous proteoglycan-bound GAGs while

increasing xyloside-bound free GAGs (Lugemwa and Esko 1991, Chua and Kuberan 2017,

Persson and Mani 2018). Chick embryos cultured with β-D-Xyloside showed a severe, specific

abnormalities in lens development attributed to co disruption of lens cell proliferation and

blocked fibre differentiation paired with a dramatic decrease in FGF-2 and perlecan core protein

expression (Martín et al. 2017).

Although studies involving sodium chlorate and xylosides have been a valuable starting point for

investigating the biological consequences of altering HS-GAG sulfation, these molecules are not

ideal for this purpose. Firstly, they do not selectively inhibit the sulfation of HS-GAG over other

GAGs (i.e. chondroitin sulfate, dermatan sulfate, keratin sulfate). Second, they do not universally

affect the different sulfation sites of HS-species. For instance, MDCK cells cultured with

increasing concentrations of sodium chlorate were found to have HS-GAGs with proportionally

decreasing O-sulfation, while HS-GAG N-sulfation was unaffected. Further investigation of

O-desulfation revealed that low concentrations of sodium chlorate (5 or 20 mM) decreased 6-O

but not 2-O HS sulfation, while high concentrations of sodium chlorate blocked all O-sulfation

(Safaiyan et al. 1989). Thus, it is clear that a more selective, specific inhibitor would further

validate and improve the results achieved with these early inhibitors.

191



One such candidate is surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide, Figure 2.2), a small

molecule antagonist of HS-GAG sulfation that was first described as an excipient to produce

depot insulin (Schuksz et al. 2008). Later studies discovered that surfen, that selectively and

specifically interferes with HS-protein interactions through a competitive electrostatic

interaction, binds to the negatively charged sulfated HS-GAG chains and effectively impairs the

functional binding of HS-GAGs to their wide array of protein binding partners (Schuksz et al.

2008). Preliminary studies in CHO cells found that treatment with surfen blocked FGF-2 binding

and downstream ERK1/2-signalling activity, which are dependent on HS-GAG sulfation, in a

dose-dependent manner (Schuksz et al. 2008). However, the effects of surfen treatment have not

been studied in detail.

Here, we investigate the differential requirements for HSPG/HS-GAG sulfation in essential lens

cellular processes – lens epithelial cell proliferation and fibre cell differentiation – induced by

ocular humour and some of the major growth factors known to drive these signalling processes

in the lens. By specifically modulating HS-GAG sulfation using surfen and further characterising

which growth factors are modulated by HSPGs, we hope to better understand how key lens

HSPGs regulate different growth factor signalling cellular processes.

5.3 Results
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5.3.1 Surfen effectively blocks HSPG activity in lens cells in vitro

Previous studies in our laboratory had shown that rat lens epithelial cell proliferation induced by

aqueous or exogenous growth factors (EGF, PDGF-AA, IGF-I, FGF-2) was blocked when

cultured in sodium chlorate-supplemented medium (Iyengar et al. 2017). This study also reported

that sodium chlorate specifically blocked ERK1/2 phosphorylation induced by aqueous and

FGF-2 but not the other mitogens (Iyengar et al. 2017). Here, we demonstrate that sodium

chlorate-supplemented media blocked LEC proliferation induced by FGF-2, but not aqueous

(Figure 5.1).
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Figure 5.1. Sodium chlorate effectively blocks lens cell proliferation induced by FGF-2 but not

aqueous. A: Representative images of 5′-2′-bromo-deoxyuridine (BrdU) incorporation. B, C:

Quantification of lens cell proliferation (% BrdU incorporation). 10-day-old rat lens epithelial

explants were treated with aqueous humour (AQ) or a proliferative dose of FGF-2 (1 ng/ml) with

or without sodium chlorate (+C, 30 mM,). Relative to control (Ctrl, A1) and sodium chlorate

alone (A2), lens epithelial cell proliferation induced by aqueous was partially blocked with

sodium chlorate (A3, B). FGF-2-induced proliferation was blocked completely in the presence of

sodium chlorate (A3, C), but did not significantly decrease aqueous-induced proliferation. Data

are the mean ± SEM from at least three independent experiments. Different from FGF-2 or

aqueous alone (one-way ANOVA): ns: not statistically significant (P > 0.05), * P < 0.05, ** P <

0.01, *** P < 0.001, **** P < 0.0001. Nuclei counterstained with Hoechst dye (blue). Scale bar

= 25 µm.
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A promising candidate inhibitor of HS-GAG sulfation is surfen, a selective electrostatic inhibitor

of HS-GAG sulfation that targets all sulfation sites (Schuksz et al. 2008). FGF-2 is known to

depend on HS-GAGs for signalling activation. Treatment of LECs with FGF-2 and increasing

doses of surfen were used to determine the effective dose for blocking HS-GAG sulfation in lens

epithelial explants. Explants treated with 1 or 5 μM surfen showed no signs of decreased cell

viability. 10 μM surfen led to a significant decrease in cell number with a marked increase in

apoptotic-like cells relative to control explants (Figure 5.2 C). Co-treatment with 5 or 10 μM

Surfen, but not 1 μM, effectively blocked FGF-2-induced proliferation at 24 h (Figure 5.2 B). 5

μM surfen was therefore determined to be the optimal concentration for HS-GAG inhibition in

lens epithelial explants and was used for all following experiments in this study.
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Figure 5.2. Optimisation of Surfen hydrate, a selective inhibitor of HS-GAG activity. 10-day-old

rat lens epithelial explants treated with a proliferative dose of FGF-2 (1 ng/ml) with or without

Surfen. Relative to vehicle controls (Ctrl), explants treated for 24 h with increasing doses of

surfen (Surf/+S, 1 µM, 5 µM, or 10 µM) showed decreased cell viability (A1-5, C, number of

cells) and FGF-2 (1 ng/ml)-induced cell proliferation (A6-10, B, % BrdU-incorporation) in a

concentration-dependent manner. C) Explants treated with 1 or 5 μM Surfen alone for 24 h

showed no signs of decreased cell viability (number of cells) relative to controls (P = 0.53 and

0.91). A significant decrease in cell number relative to vehicle control was observed in explants

treated with 10 μM (P=0.007). Phase micrographs of these showed pyknotic cell nuclei

characteristic of cell death (yellow arrows, A5 and A10). D) Treatment with 5 µM Surfen alone

for 1 h decreased immunolabelling of sulfated “active” GAG chains (HS-10E4, D2) relative to

control explants (D1, D2), but not sulfated “active” CS-GAG chains (CS-56, D4). Data are the

mean ± SEM from at least two independent experiments. Different from non-treated control (C)

or FGF-2 alone (B) (one-way ANOVA): ns: not statistically significant (P > 0.05), * P < 0.05,

** P < 0.01, *** P < 0.001, **** P < 0.0001. Nuclei counterstained with Hoechst dye (blue).

Scale bars = 25 µm.s
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5.3.3 Differential requirements for HS-GAG sulfation of aqueous humour and key ocular

mitogens.

In order to investigate the differential requirements for HSPG/HS-GAG sulfation in lens

epithelial cell proliferation induced by different mitogens, we compared the effects of HS-GAG

inhibition (with surfen) on downstream signalling activity (phospho-ERK1/2 immunolabelling at

4 h) and lens epithelial cell proliferation (% BrdU incorporation at 24 h) in 10-day-old rat lens

epithelial explants treated with aqueous humour and each of the major ocular growth factors

known to stimulate lens epithelial cell proliferation (For summary see Table 5.1).

Treatment with aqueous humour, and each of the mitogens led to activation of phospho-ERK1/2

at 4 h corresponding to lens cell proliferation at 24 h, although as previously shown in Figure 1,

the levels of cell proliferation were different with different exogenous growth factors used.

Co-treatment of cells with mitogens and surfen differentially impacted both activation of

ERK1/2-signalling and lens cell proliferation for all mitogens (Figure 5.3-5.7) except for

PDGF-AA (Figure 5.8), that was not significantly affected by HS-GAG inhibition. Surfen

co-treatment partially blocked ERK1/2-signalling activity and lens cell proliferation induced by

aqueous (Figure 5.3), EGF (Figure 5.6) and IGF-I (Figure 5.7), and completely blocked the

downstream effects induced by FGF-2 (Figure 5.4) and HB-EGF (Figure 5.5).
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Figure 5.3. Surfen partially blocks aqueous-induced lens epithelial cell proliferation.

Downstream signalling activity (phospho-ERK1/2 immunolabelling at 4 h, A1-4) and cell

proliferation (% BrdU incorporation at 24 h, A5-8, B) were investigated in 10-day-old rat lens

epithelial explants treated with aqueous (AQ, 10% v/v in M199) with or without surfen (+S, 5

μM). Relative to vehicle controls (Ctrl, A1, A5) and surfen (+S, 5 μM) alone (A2, A6), explants

treated with AQ (A3, A7) showed a significant increase in phospho-ERK1/2 immunolabelling

(A3) and BrdU incorporation (A7, B: P<0.001). Pre-treatment with surfen (1 h) moderately

decreased AQ-induced phospho-ERK1/2-signalling (A4) and cell proliferation (A8, B:

P=0.0026) relative to AQ alone (A3, A7). A5-8: representative images of

BrdU-labelling/proliferation. B) Quantification of cell proliferation data. Data are the mean ±

SEM from at least three independent experiments. Different from AQ alone (Student t-test): ns:

not statistically significant (P > 0.05), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

Cell nuclei counterstained with Hoechst dye (blue). Scale bars = 25 µm.
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Figure 5.4. Surfen blocks FGF-2-induced lens epithelial cell proliferation. Downstream

signalling activity (phospho-ERK1/2 immunolabelling at 4 h, A1-4) and cell proliferation (%

BrdU incorporation at 24 h, A5-8, B) were investigated in 10-day-old rat lens epithelial explants

treated with a proliferative dose of FGF-2 (1 ng/ml) with or without surfen (+S, 5 μM). Relative

to vehicle controls (Ctrl, A1, A5) and surfen (+S, 5 μM) alone (A2, A6), explants treated with

FGF-2 (A3, A7) showed a significant increase in phospho-ERK1/2 immunolabelling (A3) and

BrdU incorporation (A7, B: P<0.001). Pre-treatment with surfen (1 h) blocked FGF-2-induced

phospho-ERK1/2 signalling (A4) and cell proliferation (A8, B: P<0.0001) relative to FGF-2

alone (A3, A7). A5-8: representative images of BrdU proliferation. B) Quantification of BrdU

proliferation data. Data are the mean ± SEM from at least three independent experiments.

Different from FGF-2 alone (Student t-test): ns: not statistically significant (P > 0.05), * P <

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Cell nuclei counterstained with Hoechst dye

(blue). Scale bars = 25 µm. Representative images (A) and data (B) of vehicle controls (A1, A5,

B: “Ctrl”) and surfen alone (A2, A6, B: “+S”) adapted from Figure 4 for purpose of visual

comparison.
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Figure 5.5. Surfen blocks HB-EGF-induced lens epithelial cell proliferation. Downstream

signalling activity (phospho-ERK1/2 immunolabelling at 4 h, A1-4) and cell proliferation (%

BrdU incorporation at 24 h, A5-8, B) were investigated in 10-day-old rat lens epithelial explants

treated with HB-EGF (50 ng/ml) with or without surfen (+S, 5 μM). Relative to vehicle controls

(Ctrl, A1, A5) and surfen (+S, 5 μM) alone (A2, A6), explants treated with HB-EGF (A3, A7)

showed a significant increase in phospho-ERK1/2 immunolabelling (A3) and BrdU

incorporation (A7, B: P<0.001). Pre-treatment with Surfen (1 h) blocked HB-EGF-induced

phospho-ERK1/2 signalling (A4) and cell proliferation (A8, B: P<0.0001) relative to HB-EGF

alone (A3, A7). A5-8: representative images of BrdU proliferation. B) Quantification of BrdU

proliferation data. Data are the mean ± SEM from at least three independent experiments.

Different from HB-EGF alone (Student t-test): ns: not statistically significant (P > 0.05), * P <

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Cell nuclei counterstained with Hoechst dye

(blue). Scale bars = 25 µm. Representative images (A) and data (B) of vehicle controls (A1, A5,

B: “Ctrl”) and surfen alone (A2, A6, B: “+S”) adapted from Figure 4 for the purpose of visual

comparison.
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Figure 5.6. Surfen partially blocks EGF-induced lens epithelial cell proliferation. Downstream

signalling activity (phospho-ERK1/2 immunolabelling at 4 h, A1-4) and cell proliferation (%

BrdU incorporation at 24 h, A5-8, B) were investigated in 10-day-old rat lens epithelial explants

treated with EGF (10 ng/ml) with or without surfen (+S, 5 μM). Relative to vehicle controls

(Ctrl, A1, A5) and surfen (+S, 5 μM) alone (A2, A6), explants treated with EGF (A3, A7) showed

a significant increase in phospho-ERK1/2 immunolabelling (A3) and BrdU incorporation (A7, B:

P<0.001). Pre-treatment with surfen (1 h) partially blocked EGF-induced phospho-ERK1/2

signalling (A4) and cell proliferation (A8, B: P=0.0019) relative to EGF alone (A3, A7). A5-8:

representative images of BrdU proliferation. B) Quantification of BrdU proliferation data. Data

are the mean ± SEM from at least three independent experiments. Different from EGF alone

(Student t-test): ns: not statistically significant (P > 0.05), * P < 0.05, ** P < 0.01, *** P <

0.001, **** P < 0.0001. Cell nuclei counterstained with Hoechst dye (blue). Scale bars = 25

µm. Representative images (A) and data (B) of vehicle controls (A1, A5, B: “Ctrl”) and surfen

alone (A2, A6, B: “+S”) adapted from Figure 4 for the purpose of visual comparison.

207



208



Figure 5.7. Surfen partially blocks IGF-I-induced lens epithelial cell proliferation. Downstream

signalling activity (phospho-ERK1/2 immunolabelling at 4 h, A1-4) and cell proliferation (%

BrdU incorporation at 24 h, A5-8, B) were investigated in 10-day-old rat lens epithelial explants

treated with IGF-I (75 ng/ml) with or without surfen (+S, 5 μM). Relative to vehicle controls

(Ctrl, A1, A5) and surfen (+S, 5 μM) alone (A2, A6), explants treated with IGF-I (A3, A7)

showed a significant increase in phospho-ERK1/2 immunolabelling (A3) and BrdU

incorporation (A7, B: P<0.001). Pre-treatment with surfen (1 h) partially blocked IGF-I

-induced phospho-ERK1/2 signalling (A4) and cell proliferation (A8, B: P=0.0177) relative to

IGF-I alone (A3, A7). A5-8: representative images of BrdU proliferation. B) Quantification of

BrdU proliferation data. Data are the mean ± SEM from at least three independent experiments.

Different from IGF-I alone (Student t-test): ns: not statistically significant (P > 0.05), * P <

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Cell nuclei counterstained with Hoechst dye

(blue). Scale bars = 25 µm. Representative images (A) and data (B) of vehicle controls (A1, A5,

B: “Ctrl”) and surfen alone (A2, A6, B: “+S”) adapted from Figure 4 for the purpose of visual

comparison.
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Figure 5.8. Surfen does not block PDGF-AA-induced lens epithelial cell proliferation.

Downstream signalling activity (phospho-ERK1/2 immunolabelling at 4 h, A1-4) and cell

proliferation (% BrdU incorporation at 24 h, A5-8, B) were investigated in 10-day-old rat lens

epithelial explants treated with PDGF-AA (10 ng/ml) with or without surfen (+S, 5 μM). Relative

to vehicle controls (Ctrl, A1, A5) and surfen (+S, 5 μM) alone (A2, A6), explants treated with

PDGF-AA (A3, A7) showed a significant increase in phospho-ERK1/2 immunolabelling (A3) and

BrdU incorporation (A7, B: P<0.001). Pre-treatment with surfen (1 h) did not block

PDGF-AA-induced phospho-ERK1/2 signalling (A4) or cell proliferation (A8, B: P=0.9290)

relative to PDGF-AA alone (A3, A7). A5-8: representative images of BrdU proliferation. B)

Quantification of BrdU proliferation data. Data are the mean ± SEM from at least three

independent experiments. Different from PDGF-AA alone (Student t-test): ns: not statistically

significant (P > 0.05), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Cell nuclei

counterstained with Hoechst dye (blue). Scale bars = 25 µm. Representative images (A) and data

(B) of vehicle controls (A1, A5, B: “Ctrl”) and surfen alone (A2, A6, B: “+S”) adapted from

Figure 4 for the purpose of visual comparison.
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To validate phospho-ERK1/2 immunolabelling and further elucidate the ability of surfen to

disrupt this signalling pathway in proliferating lens cells, Western blots were performed to

analyse early ERK1/2 signalling activation at 1 h and 4 h. In FGF-2 treated explants, both surfen

and sodium chlorate blocked ERK1/2 phosphorylation at 1 and 4 h, although this block was more

significant in explants co-treated with surfen compared with sodium chlorate (Figure 5.10 A, B).

Surfen blocked phospho-ERK1/2 activity at 1 h and 4 h induced by AQ. In HB-EGF-treated

explants, surfen blocked HB-EGF-induced phospho-ERK1/2 activity at 1 h but not 4 h.
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Figure 5.9. Effects of sodium chlorate and surfen on downstream phosphorylation of ERK1/2

protein. Western blotting was used to validate phosphorylated-ERK1/2 (phospho-ERK1/2) and

total-ERK1/2 (ERK1/2) protein at 1 h and 4 h in explants treated with a proliferative dose of

FGF-2 (1 ng/ml), aqueous (AQ, 10%) or HB-EGF (50 ng/ml) with or without sodium chlorate

(+C, 30 mM) and/or Surfen (+S, 5 µM). A) Relative to vehicle controls (NT), FGF-2-induced

phospho-ERK1/2 activity at 1h and 4h, was blocked by treatment with sodium chlorate and

surfen. B) Quantification of phospho-ERK1/2 relative to total-ERK1/2 (t-ERK1/2) protein in A

(n=2). Gapdh (housekeeping protein) labelling confirmed that t-ERK levels are not affected by

mitogen treatment (consistent for all mitogens in this chapter, data not shown). Data are the

mean ± SEM from at least three independent experiments. C) Increased phospho-ERK1/2 activity

at 1 h and 4 h induced by AQ was blocked by treatment with surfen. D) Increased

phospho-ERK1/2 activity at 1 h and 4 h induced by HB-EGF was blocked by treatment with

surfen at 1 h but not 4 h. A, C and D are representative images of western blots from at least two

independent experiments.
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5.3.4 Surfen blocks vitreous and FGF-induced lens fibre differentiation

After 5 days of culture with vitreous (Figure 5.11) or a fibre differentiating dose (150 ng/ml,

Iyengar et al. 2007) of FGF-2 (Figure 5.12), cells in lens epithelial explants had an elongate

morphology (Figure 5.11 A7, Figure 5.12 A7) and labelled strongly for β-crystallin and

aquaporin-0 (Figure 5.11 B5, B8, C3, Figure 5.12 B5, B8), while cells in vehicle control explants

remained cuboidal (Figure 5.11 A5, Figure 5.12 A5) and did not accumulate lens fibre protein

markers (Figure 5.11 B4, B7, C1, Figure 5.12 B4, B7). Explants treated with surfen alone

resembled control explants (Figure 5.11 A2, A6, C2, Figure 5.12 A2, A6), but when explants

were co-treated with a differentiating dose of FGF-2 or vitreous and surfen, cell elongation

(Figure 5.11 A8, Figure 5.12 A8), and the appearance of β-crystallin and AQP0 was significantly

decreased in cells (Figure 5.11 B6, B9, C4, Figure 5.12 B6, B9), compared with cells treated

with FGF-2 or vitreous alone. Surfen was also able to block phosphorylation of ERK1/2 after a 4

h exposure to vitreous (Figure 5.11 B12) or a high dose of FGF-2 (Figure 5.12 B12). Western

blot analysis indicates that surfen blocks FGF-2-induced β-crystallin protein accumulation as

early as 48 h after exposure to a high dose of FGF-2 (Figure 5.12 D, E).
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Figure 5.10. HS-GAG sulfation is required for vitreous-induced lens fibre differentiation.

10-day-old rat lens epithelial explants were treated up to 5 days with vitreous (VIT, 10% v/v in

M199), with or without surfen (5 µM). Relative to controls (A1, A5, B4, B7, C1) and surfen alone

(A2, A6, C2), cells in explants treated with vitreous alone for 5 days underwent classical

morphological changes consistent with secondary fibre differentiation (i.e. elongated, A7) and

showed increased immunolabelling for fibre protein markers, (B8, C3). Vitreous-treated explants

showed increased phosphorylated-ERK1/2 immunolabelling at 4 h (B11) relative to controls

(B10). Co-treatment with surfen blocked vitreous-induced fibre elongation (A8), accumulation of

fibre markers (B6, B9, C4), and ERK1/2 phosphorylation (B12). C) Low power image of explant

treated for 5 days with vitreous (C3), with (C4) or without (C3) surfen, immunolabelled for fibre

protein markers (merged). Dotted lines indicate the approximate lens equator in situ (C). Cell

nuclei counterstained with Hoechst dye (blue). Scale bars = 25 µm.
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As immunolabelling of HS-GAGs in intact lens (see chapter 3) showed differential patterns in

lens epithelial cells (cytoplasmic) and differentiating lens fibre cells (cytoplasmic, cell membrane

and nuclear), we compared this to lens epithelial explants treated with either a low proliferative

dose of FGF-2 for 24 h, or a high fibre differentiating dose of FGF-2 for 3 and 5 days and

labelled with HS-GAG (Figure 5.12 C). While there was no change in HS-GAG labelling in

explants treated with or without a low dose of FGF-2 (data not shown), when explants were

treated with a fibre differentiating dose of FGF-2, after 3 and 5 days of culture, HS-GAG was

seen to translocate from the lens capsule and cytosol of lens epithelia (Figure 5.12 C1) to the cell

nuclei of newly differentiating fibre cells (Figure 5.12 C2-3), comparable to that seen in the

intact lens.
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Figure 5.11. HS-GAG sulfation is required for FGF-2-induced lens fibre differentiation.

10-day-old rat lens epithelial explants were treated up to 5 days with a fibre differentiating dose

of FGF-2 (150 ng/ml), with or without surfen (5 µM). Relative to controls (A1, A5, B4, B7, C1)

and surfen alone (A2, A6, C2), explants treated with FGF-2 alone for 5 days labelled for fibre

protein markers, β-crystallin (B5) and aquaporin-0 (B8). FGF-2-treated explants showed

increased phosphorylated-ERK1/2 labelling at 4 h (B11) relative to controls (B10). Co-treatment

with Surfen blocked FGF-induced fibre cell elongation (A8), suppressed accumulation of fibre

markers (B6, B9), and ERK1/2 phosphorylation (B12). Mid-sagittal sections through

FGF-2-treated explants labelled for HS-GAG (HS-10E4, C) up to 5 days show elongated fibre

cell morphology (C2, C3) and translocation of HS-GAG from the lens capsule at day 0 (C1) to

the nuclei of elongating cells at 3- and 5-days post-treatment (yellow arrows, C2, C3). Dotted

lines indicate the border of the lens capsule (C1-3). Representative western blot (D) shows

surfen blocks FGF-2-induced β-crystallin protein accumulation at 48 h (E, P<0.0001).
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5.4 Discussion

This is the first study to conclusively demonstrate that HS-GAG sulfation is required to regulate

lens epithelial cell proliferation and fibre differentiation in rat lens explants induced by ocular

humour and their key component growth factors. Surfen, a novel small molecule inhibitor of

HS-protein interactions, produced a more complete block of aqueous and FGF-2-induced LEC

proliferation, relative to sodium chlorate, highlighting the putative higher selectivity and

specificity of Surfen for HS-GAGs. Surfen co-treatment partially blocked early

ERK1/2-signalling activity and lens cell proliferation induced by aqueous, EGF and IGF-I, and

completely blocked the downstream effects induced by FGF-2 and HB-EGF. PDGF-AA-induced

proliferation was independent of HS-GAG sulfation. HS-GAGs are localised to the nuclei of

differentiating lens fibre cells, and surfen blocks FGF-2 and vitreous-induced fibre

differentiation. Similarly to what was observed in situ (see chapters 3 and 4) here we show that

HA-GAGs translocate to the nuclei of differentiating fibre cells in vitro in lens epithelial explants

treated with vitreous humour or a differentiating dose of FGF-2. Moreover, we show that

blocking HS-GAG sulfation results in a block of fibre cell differentiation. Taken together, these

data reveal the differential dependence of different mitogens and morphogens to regulate these

lens epithelial cell proliferation and fibre differentiation, and adds further evidence to the

selectivity of HSPG interactions with different growth factors.

5.4.1 Surfen is an effective inhibitor of HS-GAG sulfation in vitro

To determine the requirement of HS-sulfation for LEC proliferation induced by different ocular

mitogens comprising aqueous humour, we compared activation of early signalling activation and

proliferation of LECs exposed to different growth factors with and without inhibitors of
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HS-GAG sulfation. To investigate the biological consequences of altering HS-GAG sulfation, we

first compared the effects of sodium chlorate, an established inhibitor of post-translational GAG

sulfation (Safaiyan et al. 1999, Conrad et al. 2001, Iyengar et al. 2017), and surfen, a novel

selective small molecule antagonist of HS-GAG-protein interactions (Schuksz et al. 2008). Here,

we demonstrate that sodium chlorate-supplemented media completely blocks LEC proliferation

and ERK1/2-signalling activity induced by FGF-2 but does not significantly block

aqueous-induced proliferation. Previous studies in our laboratory had shown that rat lens

epithelial cell proliferation induced by aqueous or exogenous growth factors (EGF, PDGF-AA,

IGF-I, FGF-2) was blocked when cultured in sodium chlorate-supplemented medium, and that

sodium chlorate specifically blocked ERK1/2 phosphorylation induced by aqueous and FGF-2

but not the other mitogens (Iyengar et al. 2017). On the other hand, interference with HS-GAG

sulfation using surfen completely blocked LEC proliferation and ERK1/2 activity induced by

FGF-2 and HB-EGF (proliferation only), and partially blocked the proliferative response to

aqueous, EGF and IGF-1. Proliferation induced by PDGF-AA was unaffected by the presence of

surfen. These results suggest that lens mitogens and their capacity to induce proliferation in

LECs are differentially regulated by HS-GAG sulfation.

5.4.2 Differential requirements of HSPG sulfation for lens cell proliferation induced by

different ocular mitogens.

To characterised the mitogenic competency of growth factors present in the ocular environment

and their individual and collective contributions to lens cell proliferation, we compared LEC

proliferation induced by aqueous humour, and different key mitogens found in the ocular media:

FGF-2, HB-EGF, EGF, IGF-I and PDGF-AA. Consistent with the findings of previous studies
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(Iyengar et al. 2006, Kok et al. 2009) here we report that cultured rat LECs undergo proliferation

when exposed to aqueous humour, and its primary component mitogens. We found that all

exogenous growth factors significantly increased cell proliferation, with aqueous humour

producing the highest increase, followed by IGF-I, EGF, FGF-2, PDGF-AA and HB-EGF. The

differential mitogenic capacity of lens growth factors to induce LEC proliferation, and that none

alone are comparable to that of aqueous lends further evidence to the predominating theory that

the proliferation and maintenance of the anterior lens epithelium is regulated by the activity and

interplay of several native ocular growth factors in the aqueous humour (Ibaraki and Reddy

1995, Lovicu and McAvoy 2005, Igengar et al. 2006, Iyengar et al. 2009).

While HS-GAGs bind to and regulate a wide range of growth factors, not all require HSPGs for

signalling activation. Many more are reported to be influenced directly by HSPGs, for instance,

by binding to HS-chains in the pericellular matrix, or indirectly through HS-binding and

regulation of other proteins directly related to growth factor signalling and bioavailability. For

instance, of the mitogens tested, only two (FGF-2 and HB-EGF, Chu et al. 2005) are known to

bind directly to sulfated HS-GAG chains, and of these two only FGF-2 is believed to require

HS-sulfation for the formation of its ternary signalling complex with FGF receptors, which

require HS-GAGs as co-receptors for signalling activation. Although HB-EGF can bind directly

to HS chains, which can influence its bioavailability at the cell surface, its receptor binding

activation is independent of HS-GAGs. EGF, IGF-I and PDGF-AA represent non-HS-binding

growth factors which also do not require HS-GAGs for their receptors binding and signalling

activation. For this reason, it would be expected that lens factors would be differentially affected

by loss of HS-GAG activity.
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Given the dependence of FGF-2 signalling on HS-GAG sulfation (Forsten-Williams et al. 2005),

it is not surprising that FGF-2-induced proliferation was blocked by both sodium chlorate and

surfen. The lesser extent of this block with sodium chlorate relative to surfen may be related to

the fact that sodium chlorate impacts only a subset of HS-GAG sulfation sites (Safaiyan et al.

1999). HS-GAG chain interactions with HS-binding proteins are differentially influenced by

GAG chain fine structure, specifically, chain length and the extent and patterning of

post-translational sulfation sites (reviewed in chapter 1). For instance, Hs6st-/- mutant animals

(with HS-GAGs deficient for sulfation at the 6-O-position) exhibited lacrimal gland hypoplasia

and disrupted FGF signalling, while Hs2st-/- animals (with HS-GAGs deficient for sulfation at

the 2-O-position) had a less severe phenotype (Qu et al. 2011), suggesting that FGF-HS

interaction are promoted by the presence of specific O-sulfation sites on HS chains. As an

electrostatic inhibitor, surfen binds to all sulfated sites on HS-GAGs and is predominantly

influenced by the extent of GAG-chain sulfation. On the other hand, sodium chlorate selectively

impairs O-sulfation in a dose dependent manner with low concentrations of sodium chlorate (5 or

20 mM) decreasing 6-O but not 2-O HS sulfation, and high doses of sodium chlorate (50 mM)

reduced overall o-sulfation by 70% in MDCK cells (Safaiyan et al. 1989). Thus the relatively

low dose of sodium chlorate (30 mM) used in this study and previous work from our laboratory

likely did not impair FGF-promoting HS 2-O sulfation in lens epithelial cells to the same extent

as surfen, which may explain why surfen was more effective at inhibiting FGF-2-induced

proliferation relative to sodium chlorate.
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Both surfen and sodium chlorate did not fully block the mitogenic effects of aqueous humour,

which supports the accepted notion that the proliferative capacity of aqueous is the result of the

cumulative effects of its component mitogens, several of which are not directly regulated by

HS-GAG interactions. The more significant block of aqueous by surfen relative to sodium

chlorate may also relate to the site-specific de-sulfation of HS-GAGs by sodium chlorate.

Additionally, it is possible that sodium chlorate did not equally affect the binding of all

HS-binding growth factors due to the heterogeneous nature of its desulfating effects. In addition

to selective and dose-dependent de-sulfation of different HS O-sulfation site, N-sulfation of HS

chains remains unchanged even when exposed to high concentrations of sodium chlorate

(Safaiyan et al. 1989). As LEC proliferation is impaired in mice specifically lacking N-sulfation,

it would be expected that the inhibition of HS-GAG sulfation at both O- and N-positions by

surfen would produce a more complete block of any potential binding sites on HS-GAGs. This is

important, because when binding to HS-GAG chains, FGF-2 and HB-EGF share low affinity

binding sites, but also bind selectively and with higher affinity to smaller subsets of binding sites

on HS-chains, which are exclusive to each growth factor (Chu et al. 2005). Additional research

into the specific binding requirements of HS-binding GAGs in the lens, and how they are

differentially affected by surfen vs. sodium chlorate is beyond the scope of this study but would

be valuable to elucidate the fine structural requirements of HS-GAGs in the binding and

regulation of ocular growth factors.

Surfen produced a partial block of HS proliferation induced by two non-HS-binding growth

factors, EGF and IGF. Here for the first time, we compared the mitogenic activity of two

members of the EGF family, one HS-binding (HB-EGF) (Chu et al. 2005) and the other
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HS-independent (EGF). LEC proliferation induced by HB-EGF was abrogated in the presence of

surfen, while EGF-induced proliferation was only partially blocked. The dependence of HB-EGF

on HS-sulfation is in agreement with several studies in other systems where HS-binding is

essential to HB-EGF receptor binding (Raab et al.1997) and function (Higashiyama et al. 1993,

Iwamoto et al. 2010). Unlike FGF receptors, EGF receptors do not require HS-binding for

activation, suggesting that the block of HB-EGF mitogenic activity in the presence of surfen is

upstream of receptor binding interactions. One possibility relates to competitive inhibition of

HB-EGF and surfen to HS-chains in the pericellular matrix. HS-GAG sequestration of growth

factors is important for the regulation of the bioavailability of these growth factors at the cell

surface, which may be compromised by competitive inhibition of HB-EGF/HS-GAG binding by

surfen. The partial block of HS-independent EGF by surfen was more unexpected. Although

EGF and EGF share certain receptors (HER1 and HER4) only HB-EGF requires HS-binding

(Raab et al.1997). One possible explanation for this is the indirect effects of HS-binding growth

factors (i.e. FGF-2 and HB-EGF) on EGF activity. Simulations of HS-growth factor-receptor

interactions reveal that HB-GF can regulate receptor binding EGF even when the two proteins

share no binding sites (Forsten-Williams et al. 2008). It is plausible that surfen treatment of

explants could compete for HSPGs in the pericellular matrix, releasing native HB-EGF which

may disrupt EGF binding to its shared receptors, resulting in decreased EGF-induced

proliferation.

Unlike EGF, the partial block of IGF-I activity by surfen was not entirely unexpected. HS-GAGs

do not bind IGF-I or its cognate receptors (IGFRs), and thus have no direct effect on the

bioavailability or receptor binding activity of IGF-I, however, the ability of HSPGs to influence
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IGF-I signalling indirectly is well-established due to their binding and regulation of IGF-binding

proteins (IGF-BPs) (Clemmons 1998, Allard and Duan 2018). IGFBPs are found in the

pericellular matrix and are important molecules for regulating the bioavailability of IGFs to their

receptors. Their primary role is as negative regulators of IGF-I signalling by sequestering IGFs

in the ECM, inhibiting their binding to receptors at the cell surface. HSPG binding to IGF-BPs

has been shown to increase IGF-BP concentrations in the matrix by protecting them from

degradation (Smith et al.1994).

The only growth factor tested which did not appear to be influenced by the presence of surfen

was PDGF-AA. As PDGF-A has been reported to bind to HS-GAGs, this finding was somewhat

unexpected (García-Olivas et al. 2003). One key difference between the other HS-binding

growth factors in this study (FGF-2 and HB-EGF) and PDGF-A is the selectivity of HS-GAG

binding. Most HS-protein interactions are attributable to low-affinity electrostatic interactions

between the highly negatively charged HS-GAGs and positively charged regions of the proteins.

These interactions are sufficient to categorise PDGF-A, FGF-2 and HB-EGF as HS-binding

growth factors, however, unlike PDGF-A, in addition to these low-affinity binding interactions,

FGF-2 and HB-EGF bind selectively and with higher affinity to smaller subsets of binding sites

on HS-chains, which are exclusive to each growth factor (Chu et al. 2005). The same is not true

for PDGF-A, which may explain its lower affinity for HS-binding relative to FGF-2 and

HB-EGF (Raines et al. 1992). The non-specific and low-affinity electrostatic nature of the

interaction of HS-GAGs and PDGF-A also means it can also readily bind to other sulfated

GAGs, such as CS-GAG (Hamerman et al. 1987, Klagsbran et al. 1990). As surfen is a selective

antagonist of HS-GAGs, it is reasonable to speculate that in the absence of HS-GAGs caused by
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the competitive binding of surfen, PDGF-A would bind to other available GAGs, such as

CS-GAG which are also present in the lens epithelium (see chapter 3). The observation that

treatment with sodium chlorate, a non-specific inhibitor of all sulfated GAGs, but not surfen

blocks PDGF-A-induced proliferation in LECs, lends further evidence to suggest that

HS-binding may not be essential for the mitogenic effects of PDGF in lens epithelia (Iyengar et

al. 2017).

Taken together, these findings highlight the diverse capacity of HSPGs to directly and indirectly

regulate both HS-binding non-HS-binding growth factors and their downstream biological

effects.

227



Table 5.1. Summary of effects of surfen on lens mitogen-induced signalling activity and

proliferation.

Mitogen Effect of surfen on

mitogen-induced

downstream signalling

activity (phospho-ERK1/2

immunolabelling at 4 h)

Effect of surfen on mitogen-induced

lens cell proliferation (% BrdU

incorporation over 24 h)

AQ Partially blocked Partially blocked (**)

FGF-2 (1

ng/ml)

Blocked Blocked (****)

HB-EGF Blocked Blocked (****)

EGF Partially blocked Partially blocked (**)

IGF-I Partially blocked Partially blocked (**)

PDGF-AA Not blocked Not blocked (ns)

Summary of figures 5.3-5.9. Surfen: 1 h pre-treatment prior to addition of mitogen. Different

from mitogen alone (Student t-test): ns: not statistically significant (P > 0.05), * P < 0.05, ** P

< 0.01, *** P < 0.001, **** P < 0.0001. Partially blocked = ns > P > 0.0001.
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5.4.3 HSPG sulfation is required for lens fibre differentiation

Fibre differentiation is characterised by distinct molecular and morphologic changes, such as exit

from the cell cycle, cell elongation, loss of cytoplasmic organelles including nuclei, as well as

the accumulation of fibre-specific crystallin proteins and aquaporin-0 (Wride, 2011). Unlike the

diverse effects of surfen on the different mitogens contributing to LEC proliferation, here for the

first time we report that surfen blocks fibre differentiation mediated by both a lens fibre

differentiating dose of FGF-2 and vitreous and surfen. Unlike LEC proliferation, which can be

induced both by aqueous and by each of its component mitogens in isolation, although several

growth factors contribute to the regulation and potentiation of lens fibre differentiation, the

activity of FGF-2 is required for terminal differentiation. As discussed previously, it was

expected that surfen would abrogate FGF-2 signalling, and thus it is not surprising that surfen

would block fibre differentiation induced both by FGF-2 and vitreous. One interesting finding

from these studies, was that although surfen could completely block the morphological changes

and expression of aquaporin-0 in LECs treated with vitreous or a differentiating dose of FGF-2,

an increase in β-crystallin expression was still observed. The morphological and protein changes

associated with fibre differentiation are under the control of different signalling pathways

downstream of receptor activation. Broadly, these fall into two major categories: i) elements of

fibre differentiation that require activation of MAPK/ERK-signalling, and ii) those that are

independent of the activation of this pathway, instead relying on the activation of other pathways

(e.g., PI3K/AKT). Both the morphological changes and expression of aquaporin-0 in LECs are

dependent on ERK1/2 activation. Consistent with this, surfen blocked ERK1/2 activation by

vitreous and FGF-2 at 4 h. On the other hand, β-crystallin accumulation is considered to be
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independent of ERK1/2 signalling (Lovicu et al. 2001). This work lends further compelling

evidence for the requirement of FGF-2 in lens fibre differentiation.

In explants treated with a fibre differentiating dose of FGF-2, HS-GAG was seen to translocate

from the lens capsule (where HSPGs can be sequestered) and cytosol of lens epithelia to the cell

nuclei of newly differentiating fibre cells. This is similar to what is observed in the transitional

zone of intact lenses (see chapters 3 and 4). While HSPGs localise to the nuclear compartment of

various cell-types, the function of nuclear HS/HSPGs is yet to be understood (Kovalszky et al.

2014, Stewart and Sanderson, 2014), however, their association with HS-binding proteins,

including growth factors and their high affinity receptors, may implicate them in the regulation

of gene expression and the control of cell behaviour (reviewed in Stewart and Sanderson, 2014).

For example, FGF-2 and even its receptor, FGFR-1, have been detected in the nuclei of different

cell types (Maher, 1996), including differentiating lens fibre cells (de Iongh et al. 1996), where

they can co-localise with HSPGs, influencing cell proliferation and differentiation in a cell

type-specific manner (Amalric et al. 1994).

This study provides evidence that surfen can block the effects of vitreous and FGF-2 on lens

epithelial cell differentiation and proliferation, suggesting that HSPGs may be a major regulatory

factor in the control of lens fibre differentiation.

5.4.4 Conclusions

Taken together with previous work from our laboratory, this data supports a requirement for

HSPG/GAG sulfation in growth factor-induced-signalling in the lens. This work highlights the
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divergent and complex roles of HSPGs in the signalling regulation of different lens growth

factors, and positions HSPGs as major regulators of lens cell proliferation and differentiation. By

further characterising and specifically functionally modulating these different sulfated proteins,

we hope to better understand how key lens HSPGs regulate different growth factor signalling

associated with cellular processes. Moreover, gaining a better understanding of specific HSPG

activity may allow us to develop novel ways of regulating cell behaviour, that will not only be

relevant to lens biology and disease, such as cataract, but may extend to other systemic growth

factor-mediated pathologies.
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CHAPTER 6: RESULTS IV
HEPARAN SULFATE PROTEOGLYCANS IN FIBROTIC CATARACT

6.1 Preface

Part of the experimental work in this chapter involved the technical assistance of students under

my co-supervision, Mr. James Heaton, Mr. Markus Smith and Mr. Gerard Wehbe.

6.2 Introduction

Cataract, characterised by the opacification of the lens resulting in partial or total vision loss,

stands as the primary etiological factor for global blindness (Foster and Resnikoff, 2005, Lam et

al. 2015, Pesudovs et al. 2021). Its significant influence on individual health and productivity

results in substantial economic implications for healthcare systems (Brown et al. 2013, ).

Currently, surgical intervention remains the sole therapeutic strategy for cataract management

(Allen and Vasavada 2006, Lam et al. 2015). This involves the surgical excision of the

cataractous tissue from the surrounding lens capsule, and its replacement with an intraocular

prosthetic implant (Figure 1.9) . Despite the high efficiency and efficacy of cataract surgery

(Chen et al. 2021), a considerable subset of patients can develop a secondary fibrotic cataract

within a period of five years (Wang et al. 2017, Konopińska et al. 2021, Gu et al. 2022). This

complication, known as posterior capsular opacification (PCO) is a fibrotic form of cataract with

a similar pathogenic onset to anterior subcapsular cataract or capsular opacification (ASC/ACO),

typically characterised by well-defined fibrotic events thought to be driven by TGF-β2 (reviewed

in Wormstone 2009). In PCO (Figure 6.1), lens epithelial cells left behind after surgical

phacoemulsification of most lens cells respond to aberrant, elevated levels of active TGF-β2 in

the aqueous humour (Wallentin et al. 1998), which stimulates them to undergo EMT and
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transdifferentiate into motile myofibroblastic cells (Awasthi et al. 2009, Shu and Lovicu, 2017,

Jiang et al. 2018). Similar to fibrosis in other tissues (Leask and Abraham 2004), PCO

(Reviewed in Wormstone et al. 2009, Lovicu et al. 2016) is characterised primarily by the

transformation of cuboidal lens epithelial cells to spindle-shaped motile myofibroblastic cells.

These cells deposit an aberrant matrix substrate rich in fibronectin and collagens-I and -III

(rather than collagen IV) to which they readily adhere. Influenced by FGF-2 and integrin

signalling, these myofibroblasts undergo migration and hyperproliferation, forming

Soemmering's ring. LECs may also undergo aberrant differentiation into fibre cells, known as

Elschnig's pearls. Subcapsular plaques lead to secondary opacification, compromising the

functionality of the prosthetic IOL (Neumayer et al. 2017). The only existing treatment for PCO

is Nd:YAG laser capsulotomy (Karahan et al. 2014), which is both expensive (Ursell et al. 2018,

Raulinajtys-Grzybek et al. 2020) and runs the risk of serious complications (Javitt et al. 1992, Gu

et al. 2022).

TGF-β–induced EMT is a complex stepwise phenomenon that plays a crucial role in fibrogenic

disease, that is defined by a common set of intertwined cellular events, which are each

differentially regulated by signalling molecules and pathways. First, induction of an injury

response to lens epithelial cells causes the up-regulation of TGF-β production by lens epithelial

cells, and its increased release from reservoirs in the lens capsule, along with other growth

factors including FGF-2, EGFs and PDGFs by matrix metalloproteinases (MMPs) (Tholozan et

al. 2007, Zelenka and Arpitha 2008). TGF-β binding to receptors on lens epithelial cells leads to

the initiation of canonical TGF-β SMAD signalling, where SMAD2/3 forms a complex with

SMAD4 and translocates to the nucleus, where it activates EMT-response genes and transcription

factors (Figure 1.11).
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Figure 6.1. Pathogenesis of fibrotic cataract and lens TGF-β-induced epithelial-to-mesenchymal

transition. (A) forms of fibrotic cataract. (B) molecular mechanisms underpinning the

pathogenesis of posterior capsular opacification. Abbreviations: lens epithelial cells (LECs)

anterior subcapsular cataract (ASC), anterior capsular opacification (ACO), posterior capsular

opacification (PCO), transforming growth factor-β (TGF-β), epithelial-to-mesenchymal

transition (EMT), fibroblast growth factor-2 (FGF-2), extracellular matrix (ECM).
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TGF-β binds to its high affinity receptor subsequently leading to the downstream activation of its

canonical signalling pathway, involving the phosphorylation of Small Mothers Against

Decapentaplegic (SMAD) proteins, as well as non-canonical pathways (see Figure 1.11). For

canonical signalling, TGF-β-signalling activation leads to the phosphorylation of SMAD2/3 in

the cytoplasm, which then binds to SMAD4, and subsequently this ternary complex migrates to

the cell nucleus to regulate the expression of TGF-β-responsive genes (Shirai et al. 2006, Meng

et al. 2018). Various experimental models of TGF-β-induced EMT in the lens have also

highlighted the involvement of non-canonical TGF-β signalling pathways, including MAPK,

p38, β-catenin and Rho/ROCK mediated pathways (Taiyab, & West-Mays., 2022). The

TGF-β-mediated wound healing response is also modulated and regulated by other growth

factors (e.g. FGF-2, EGF) and ECM components (i.e. α5β1-integrin/fibronectin) (reviewed by

Wormstone, 2002 and Liu and Kao, 2015).

TGF-β–induced EMT is a complex stepwise phenomenon that plays a crucial role in fibrogenic

disease, that is defined by a common set of intertwined cellular events, which are each

differentially regulated by signalling molecules and pathways. First, induction of an injury

response to lens epithelial cells causes the up-regulation of TGF-β production by lens epithelial

cells, and its increased release from reservoirs in the lens capsule, along with other growth

factors including FGF-2, EGFs and PDGFs by MMPs. TGF-β binding to receptors on lens

epithelial cells leads to the initiation of canonical TGF-β SMAD signalling, where SMAD2/3

forms a complex with SMAD4 and translocates to the nucleus, where it activates EMT-response

genes and transcription factors. The result is the trans differentiation of cuboidal lens epithelial

cells to myofibroblastic cells. The TGF-β-induced trans differentiation of lens epithelial cells to

myofibroblastic cells is characterised by i) cytoskeletal reorganisation, including the formation of
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actin stress fibres and increased expression of pro-contractile molecules (e.g. α-SMA, vimentin,

tropomyosins), which manifest in spindle-shaped cell morphology, increased cell stiffness,

reoriented microtubule polarity, and elevated cell motility (Korol 2007, Kubo et al. 2013), and ii)

focal adhesion turnover and destabilisation of adherens junctions, indicated by the loss of

epithelial markers (i.e. loss of junctional E-cadherin localisation) and the gain of mesenchymal

markers (i.e. N-Cadherin, Sail) (Taiyab et al. 2022). Alterations to the actin cytoskeleton, focal

adhesions, and stability of adherens junctions in TGF-β-induced EMT are regulated via a

RhoA/ROCK-dependent pathway (Bhowmick et al. 2001). Having completed EMT, the

myofibroblastic cells secrete abundant modified ECM, rich in fibrillar collagen I and fibronectin

(Johar et al. 2007, Saika et al. 1998, Sappino et al. 1990). The motile myofibroblastic cells

adhere to this modified matrix through interactions between matrix proteins (i.e. fibronectin)

which induce focal adhesion formation at the cell–ECM interface through focal adhesion kinase

(FAK)/integrin signalling-dependent mechanism. This alteration in both the epithelial cells and

ECM results in a corresponding change to the lens capsule, which due to the increased adhesion

of the contractile myofibroblastic cells, becomes wrinkled. At the same time, other factors in the

ocular milieu, notably FGF-2, induce increased proliferation and migration of lens epithelial and

myofibroblastic cells. The migratory and proliferative effects of FGF-2 have distinct pathways

(Boilly et al. 2000). While FGF-2-induced proliferation is primarily mediated via ERK1/2

(Boilly et al. 2000, Lovicu and McAvoy 2001) and PI3K/AKT signalling (Boilly et al. 2000),

FGF-2-induced migration rely on the signalling activity of Src kinase, p38 MAPK (Boilly et al.

2000) and integrins. Alongside FGF-2, other factors present in ocular milieu (i.e. PDGF,

HB-EGF, IGF-Is) synergize with TGF-β to augment fibrosis through crosstalk, transactivation
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and feed-forward mechanisms that include regulation of TGF-β levels, potentiation of

pro-fibrotic pathways and suppression of TGF-β regulatory signalling.

The lens is an excellent model for the study of fibrotic disease (Eldred et al. 2011), and a range

of in vitro and in vivo experimental models have been established to study the events

underpinning fibrotic cataractogenesis (Wormstone and Eldred 2016). A growing body of work

over the past decades in the lens field has made significant advances in our understanding of the

underpinnings of fibrotic cataract, but there are still many unanswered questions. What is clear is

that understanding the molecular basis of PCO is essential to elucidate potential strategies for

prevention and treatment. The specific molecules and mechanisms that regulate PCO and its

associated molecular mafia, remain largely unidentified and unexplored. Similarly, though the

pathogenesis of fibrotic cataract has been extensively characterised both in vitro and in vivo, the

field has yet to fully elucidate the role of external factors influencing the activation and

progression of TGF-β-mediated EMT in the lens. Identifying the molecules that regulate cell

behaviour and maintain the integrity of the lens is fundamental to discerning the underlying

mechanisms involved in cataract formation. One such class of potential regulatory candidates are

the HSPGs, which are known to impart a multifactorial influence over several key players and

pathways involved in fibrosis.

Progressive advances in the field of glycobiology have revealed a critical role for proteoglycans

in the activation and regulation of growth factor signalling and processes associated with

mitogen-driven pathogenesis. As different HSPGs appear to influence overlapping signalling

pathways with diverse and cell type-specific outcomes (Rossi 2003), characterising different

HSPG-growth factor interactions to develop a more comprehensive understanding of the

functional significance of HSPG-signalling changes with the onset of pathology, is an important
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area of study. Studies from many tissues lend strong evidence to suggest an important role for

HSPGs in the regulation of fibrotic disease (Solic et al. 2005, Westergren-Thorsson et al. 2017,

Lord et al. 2018), however, the functional roles of HSPGs in fibrotic cataract remain largely

uncharacterised.

HSPGs directly bind to and regulate the distribution and signalling activity of both FGF-2 and

TGF-β in fibrosis (Chen at al., 2004, Qin et al. 2017), and have also been shown to be involved

in the activity of key regulators of myofibroblast migration, including fibronectin (Kusano et al.

2000, Stepp et al. 2010), integrins (Couchman and Woods, 1999, Filla et al. 2006, Morgan et al.

2007, Qin et al. 2017), and focal adhesion kinase (Wilcox-Adelman et al. 2002, Shihan et al.

2020). HS/HSPGs have been shown to bind to TGF-β2 (Lyon et al. 1997, Rider and Mulloy

2017) and it is important for TGF-β2-signalling in some systems. For instance, disruption of HS

synthesis (Ext1 knockdown) in mouse neural crest cells resulted in disrupted TGF-β2 signalling

(Iwao et al. 2009). HS-GAG also binds to protein antagonists of TGF-β2 including gremlin,

which has recently been reported to drive the development of PCO by promoting LEC

proliferation and activation of TGF-β/SMAD signalling pathways (Ma et al. 2019). The effects

of specifically disrupting HS-GAG in the lens on TGF-β2 signalling has yet to be investigated.

For instance, a recent body of work has extensively characterised the role of Syndecan-4 in the

pathogenesis of fibrotic cataract and demonstrated its potential as a therapeutic target for fibrotic

lens pathologies such as fibrotic forms of cataract (i.e. ACO/PCO) (Qin et al. 2017). In this

landmark study, syndecan-4 was reported to regulate FGF-2 and α5β1-integrin signalling, with

both FGF-driven proliferation and integrin-mediated adhesion and migration of LECs involved

in the development of ACO/PCO requiring HSPG co-receptor activity. Moreover, mice lacking

syndecan-4 have significantly reduced occurrence of lens opacification in an injury-induced
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model of fibrotic wound healing (Qin et al. 2017). RNA interference knockdown of syndecan-4

in cultured human LECs also blocked FGF-induced proliferation and associated ERK1/2 and

PI3/AKT/mTOR signalling pathway activation (Qin et al. 2017), with the same study reporting

increased syndecan-4 expression in the LECs of age-related cataract patients (Qin et al. 2017).

Taken together, this data highlights HSPGs as potentially critical regulators of the aberrant cell

behaviour underlying pathogenic processes, including TGF-β-induced EMT. A better

understanding of these underlying regulatory mechanisms may serve as a basis for the

identification of novel therapeutic targets and molecular strategies that could be implemented to

slow or prevent the development and progression of diseases characterised by abnormal growth

factor-mediated epithelial cell proliferation and HSPG sulfation profiles, such as fibrotic cataract.

Here, we investigate the spatiotemporal immunolabelling of HSPGs in the pathogenesis of

fibrotic cataract and also establish the first functional requirement for HSPGs in driving

TGF-β-induced EMT in the lens. Here, we investigate the spatiotemporal immunolabelling and

functional requirement of HSPGs in the pathogenesis of fibrotic cataract.

6.3 Results

6.3.1 Heparan sulfate is the predominant HSPG-GAG associated with lens fibrotic plaques.

Relative to wild-type lenses (Figure 6.2 A1), Alcian blue (AB) staining (indicating regions rich

in sulfated GAGs) (Chute et al. 2019) is diminished from the lens capsule as it is increased in

certain regions of lens fibrotic plaques (Figure 6.2 A2)., taken from transgenic mouse lines

overexpressing TGF-β, indicating some heterogeneity in plaque sulfation patterns. A similar

pattern was seen when labelling for HS-GAG chains, with increased staining in discrete cell
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populations within the plaques, and a marked loss of staining from the lens capsule (Figure 6.2

B2). In contrast, relative to the lens of wild-type mice (Figure 6.2 C1), CS-GAG staining was

uniformly lost in lens cells of transgenic mice that comprise the fibrotic plaques (Figure 6.2 C2).
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Figure 6.2. Distribution of sulfated glycosaminoglycans in normal anterior lens vs fibrotic

anterior subcapsular plaques of 21-day-old transgenic mice overexpressing TGF-β1.

Comparison between the normal anterior lenses of 21-day-old wild-type mice (WT, A1, B1, C1)

relative to mice overexpressing TGF-β1 in the lens (TGF-β1 GOF, A2, B2, C2) presenting with

anterior subcapsular plaques (ASC, outlined by white dotted lines). Mid-sagittal anterior lens

sections stained with Alcian Blue and Haematoxylin & Eosin (AB H&E, A1-2) show distribution

of sulfated GAGs, and morphology respectively. Staining shows comparative immunolabelling of

the highly sulfated domains on heparan sulfate (HS-10E4, red, B1-2) or chondroitin sulfate

(CS-56, green, C1-2) glycosaminoglycan chains. Cell nuclei are counterstained with Hoechst dye

(blue). Scale bar = 25 µm.
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6.3.2 Immunolocalisation of HSPGs is differentially altered in the pathogenesis of fibrotic

cataract.

When examining for HSPG labelling patterns in 21-day-old wildtype mouse lenses, these

resembled those reported earlier for 10-day-old Wistar rats (see Chapter 3), except for glypicans

1, 5 and -6, that labelled strongly in the anterior epithelia of 10-day-old rats, but only stained

weakly in 21-day-old mice lens (Figure 6.3 A1, E1, F1). Also, of note, syndecan-2 was not

detected in the lens capsule of 21-day-old wildtype mouse lenses, although we found it to be

present in 10-day-old Wistar rats (See chapter 3).

Compared with normal WT lenses, HSPG core proteins were markedly modified in cataractous

plaques of transgenic lenses. These pathology-induced modifications could be grouped into

different categories: i) changes in levels of protein and ii) changes in spatial and cellular patterns

of labelling.
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Figure 6.3. Immunolocalisation of syndecan core proteins in the normal anterior lens vs fibrotic

anterior subcapsular plaques of 21-day-old mice. Mid-sagittal sections from 21-day-old

wild-type mice (WT, A1, B1, C1, D1) and mice overexpressing TGF-β1 in the lens (TGF-β1 GOF,

A2, B2, C2, D2) presenting with anterior subcapsular plaques (ASC) were immunolabelled for

Syndecan (1-4) core proteins (red). Dotted white lines indicate the outline of fibrotic plaques.

Cell nuclei counterstained with Hoechst (blue). Scale bar = 25 µm.
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Relative to wild-type, levels of different HSPGs were observed to increase or decrease in fibrotic

plaques in a core protein-dependent manner. For instance, levels of labelling for syndecan-1,

syndecan-3 (Figure 6.3 A, C), glypican-1, glypican-2, glypican-5 (Figure 6.4 A, B, E), collagen

XVIII and agrin (Figure 6.5 A, B) were observed to be markedly increased in lens plaques of

transgenic mice relative to wild-type mice. Only CS-GAG immunolabelling was observed to be

decreased in lens fibrotic plaques of transgenic mice, relative to wild-type mice (Figure 6.2 C).

The levels of syndecan-2, syndecan-4 (Figure 6.3 B, D), glypican-3, glypican-4 and glypican-6

(Figure 6.4 C, D, F) did not appear to increase or decrease.
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Figure 6.4. Immunolocalisation of glypican core proteins in the normal anterior lens vs fibrotic

anterior subcapsular plaques of 21-day-old mice. Mid-sagittal sections from 21-day-old

wild-type mice (WT, A1, B1, C1, D1, E1, F1) and transgenic mice overexpressing TGF-β1 in the

lens (TGF-β1 GOF, A2, B2, C2, D2, E2, F2) presenting with anterior subcapsular plaques (ASC)

were immunolabelled for glypican (1-6) core proteins (red). Dotted white lines indicate the

border of fibrotic plaques. Cell nuclei counterstained with Hoechst (blue). Scale bar = 25 µm.
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Of the core proteins that were still present in plaques, two different localisation patterns were

observed. Syndecan-1, syndecan-3 (Figure 6.3 A2, C2) and glypican-3 (Figure 6.4 C2) localised

to fibrotic plaques relatively homogeneous, labelling most cells within the plaque. On the other

hand, syndecan-2, syndecan-4 (Figure 6.3 B2, D2), glypican-1, glypican-2, glypican-3,

glypican-5 (Figure 6.4 A2, B2, C2, E2), collagen XVIII and agrin (Figure 6.5 A2, B2) appeared

to label only a specific subpopulation of cells within the plaque, giving a more heterogeneously

pattern. This distinction can be further dissected into different core proteins displaying

heterogeneous staining within or around cells throughout the whole plaque, extracellularly (i.e.

collagen XVII, figure 6.5 A2, glypican-1; Figure 6.4 A2). On the other hand, several core

proteins appear to label only a specific subpopulation of cells within the plaque, forming clear

regions of division (i.e. Agrin, Figure 6.5 B2; glypican-2, Figure 6.4 B2).
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Figure 6.5. Immunolocalisation of collagen XVIII and agrin core proteins in the normal anterior

lens vs fibrotic anterior subcapsular plaques of 21-day-old mice. Mid-sagittal sections from

21-day-old wild-type mice (WT, A1, B1) and transgenic mice overexpressing TGF-β1 in the lens

(TGF-β1 GOF, A2, B2) presenting with anterior subcapsular plaques (ASC) were

immunolabelled for collagen XVIII and agrin core proteins (red). Dotted white lines indicate the

border of fibrotic plaques. Cell nuclei counterstained with Hoechst (blue). Scale bar = 25 µm.
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Table 6.1. Summary of changes to HSPG core protein immunolocalisation in fibrotic cataracts.

Change in level of
labelling

↑ Increase in TGF-β1
GOF relative to WT

syndecan-1, syndecan-3, glypican-1,
glypican-2, glypican-5, collagen XVIII,
agrin

↓ in TGF-β1 GOF
relative to WT

HS-GAG, CS-GAG

No change in TGF-β1
GOF relative to WT

Syndecan-2, syndecan-4, glypican-3,
glypican-4, glypican-6

Core protein
labelling of cells
comprising fibrotic
plaques

Staining not observed in
any cells within plaques

glypican-6

Homogenous staining of
cells within plaque

Syndecan-1, syndecan-3, glypican-3,

Heterogeneous staining
or staining of a specific
subpopulation of cells
within plaque

HS-GAG, CS-GAG, syndecan-2,
syndecan-4, glypican-1, glypican-2,
glypican-3, glypican-5, collagen XVIII,
agrin

Abbreviations: Heparan sulfate proteoglycan (HSPG), Increase (↑), Decrease (↓), transforming

growth factor-β1 (TGF-β1), gain-of-function (GOF), wild-type (WT), heparan suflate

glycosaminoglycan (HS-GAG), chondroitin suflate glycosaminoglycan (CS-GAG)
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6.3.3 The HS-GAG antagonist surfen blocks TGF-β2- EMT in the lens.

Pharmacological inhibition of HS-GAG activity in vitro blocked TGF-b-induced morphological

changes in lens epithelial cells (i.e., elongation, migration) and downstream signalling (e.g.

nuclear translocation of tSMAD2/3) associated with fibrotic epithelial-to-mesenchymal

transition. Relative to cells in control explants (Figure 6.6 A1, B1) and those treated with surfen

alone (Figure 6.6 B2, B2), cells treated with TGF-β2 alone for 3 days underwent morphological

changes consistent with epithelial-to-mesenchymal transition (i.e. elongation, apoptosis, capsular

wrinkling, Figure 5 A3) and showed increased immunolabelling for the myofibroblastic

stress-fibre marker, alpha-smooth muscle actin (α-SMA, Figure 6.6 B3) and altered labelling for

the epithelial membrane marker beta-catenin (β-catenin, Figure 6.6 B3). Explants treated with

TGF-β2 for 3 days (Figure 6.6 C2) also showed decreased celluar staining of sulfated HS-GAG

relative to untreated control explants (Figure 6.6 C1). Pre-treatment of lens epithelial explants

with surfen blocked the TGF-β-induced myofibroblastic phenotype (Figure 6.6 A4), including

the accumulation of α-SMA (Figure 6.6 B4).
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Figure 6.6. Surfen blocks TGF-β-induced epithelial-to-mesenchymal transition. 21-day-old rat

lens epithelial explants were treated up to 3 days with TGF-β2 (TGF-β2, 300 pg/ml), with or

without surfen (+S, 5 µM), and labelled for myofibroblastic stress-fibre marker alpha-smooth

muscle actin (α-SMA, red) and epithelial membrane marker beta-catenin (β-catenin, green).

Capsular wrinkling indicated by yellow arrows (A3). C) Explants treated with TGF-β2 for 3 days

(C2) were compared with control explants and labelled for sulfated HS-GAG (HS-10E4, red).

Dotted lines indicate approximate boundaries of regions of exposed capsule (C2). Cell nuclei

counterstained with Hoechst dye (blue). Scale bars = 25 µm.
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Relative to controls explants (Figure 6.7 A1’) and explants treated with surfen alone (Figure 6.7

B2’), cells in explants treated with TGF-β2 alone (Figure 6.7 A3’) for 2 h showed increased

nuclear co-localisation of total SMAD2/3, that was blocked with pre-treatment with surfen

(Figure 6.7 A4’). TGF-β2-induced increased levels of vimentin, snai1, and phospho-ERK1/2

activity at 2 h (Figure 6.7 B), when compared to control explants,. TGF-β2-induced increases in

vimentin and phospho-ERK1/2 were completely blocked with surfen pre-treatment of cells, with

Snai1only partially blocked (Figure 6.7 B).
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Figure 6.7. Effects of surfen on early TGF-β-induced signalling. 21-day-old rat lens epithelial

explants were treated for 2 h with TGF-β2 (TGF-β2, 300 pg/ml), with or without surfen (+S, 5

µM). Nuclear translocation is indicated by yellow arrows. Western blotting was used to

investigate early signalling markers associated with TGF-β2-induced EMT (vimentin, Snai1,

phosphorylated-ERK1/2 (phospho-ERK1/2) and total-ERK1/2 (ERK1/2)) at 2 h (B). Cell nuclei

counterstained with Hoechst dye (blue). Scale bar = 25 µm.
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Relative to controls (Figure 6.8 A1, B1, C1, D1) and surfen alone (Figure 6.8 A2, B2, C2, D2),

All treatment timepoints of surfen blocked the induction of a TGF-β-induced myofibroblastic

phenotype (Figure 6.8 A4, B4, C4, D4). In order to compare the ability of surfen to block TGF-β

signalling after the induction of the critical initial phase of TGF-β-lens EMT, LECs were co- and

post-treated with surfen (relative to TGF-β treatment). Explants in the co-treated and post-treated

Surfen conditions showed a moderate increase in α-SMA staining, but cells remained cuboidal

and did not form stress fibres (Figure 6.8 , B4, C4, D4).
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Figure 6.8. Timing of Surfen treatment does not impact morphological changes associated with

TGF-β-induced epithelial-to-mesenchymal transition. 21-day-old rat lens epithelial explants

were treated up to 3 days with TGF-β2 (TGF-β2, 300 pg/ml), with or without surfen (+S, 5 µM).

Surfen was added to explant culture medium 1 h before TGF-β2 (1 h pre-treat, A2, A4), together

with TGF-β2 (co-treat, B2, B4), 1 h after TGF-β2 (1 h post-treat, C2, C4), or 1 d after TGF-β2

(1 d post-treat, D2, D4). Cells were probed for myofibroblastic stress-fibre marker alpha-smooth

muscle actin (α-SMA, red) and epithelial membrane marker beta-catenin (β-catenin, green). Cell

nuclei counterstained with Hoechst dye (blue). Scale bar = 25 µm.
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6.4 Discussion

Disruption of cellular processes associated with pathology have often been linked to significant

changes in specific HSPGs (Heimann et al. 2001, Ibrahim et al. 2017) or HS-GAG sulfation

enzymes (Saravanan et al. 2019), that can either drive these pathogenic processes, as seen in

cataract (the opacification of the lens) (Qin et al. 2017), or can promote healing (reviewed in

Park and Shukla, 2013). These changes can affect both specific core proteins (i.e. cleavage of

specific cell surface HSPGs, up-/down-regulation of specific core proteins, changes in tissue

expression patterns) and/or HS chain structure (i.e. cleavage of HS chains, up-/down-regulation

of specific HS biosynthesis/sulfation enzymes). Moreover, this can highlight roles for specific

HSPGs in the pathogenesis of disease.

6.4.1 Distribution of sulfated glycosaminoglycans associated with lens fibrotic plaques.

Proteoglycans make up a significant fraction of the matrix associated with fibrotic lesions, and

accumulation of GAGs in the fibrotic areas can be visualised by Alcian Blue staining, indicating

regions rich in sulfated GAGs (Chute et al. 2019), or by immunolabelling of sulfated

GAG-chains. Relative to wild-type lenses we observed Alcian blue staining and HS-GAG

immunofluorescent staining to be diminished from the lens capsule and increased in certain

regions the subcapsular plaques from lenses of our transgenic mice, consistent with a decrease in

sulfated HS-GAG staining observed in rat lens epithelial explants treated with TGF-β2 for 3 days

(see Figure 6.6 C). CS-GAG immunostaining showed decreased overall labelling in transgenic

mouse lenses relative to wild-type. The loss of HS-GAG from the matrix associated with tissue

fibrosis or injury is frequently reported owing to HS-GAG cleavage by increased activity of

MMPs. MMPs, in particular MMP-2 and -9, are increased in the lens capsules of fibrotic
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cataracts in vivo in humans and rats (Seomun et al. 2001, Wong et al. 2004) and have been shown

to be up-regulated by TGF-β in vitro in rat lenses and lens epithelial cell lines preceding to the

onset of EMT (Seomun et al. 2001, Dwivedi et al. 2006, Nathu et al. 2009, Liu et al. 2021). The

cleavage of HSPGs from the capsule serves a regulatory function, as a mechanism of releasing

pools of HS-bound ligands sequestered in the pericellular matrix to increase their bioavailability

to cells. HSPGs are known to bind to several heparin-binding growth factors known to contribute

to or potentiate lens fibrosis, including TGF-β (McCaffrey et al. 1992, Lyon et al. 1997), FGF-2,

HB-EGF, PDGFs, BMPs and Wnts, several of which have been shown to increase in

bioavailability with the onset of lens fibrosis. Moreover, Mice deficient in MMP-9 showed

increased resistance to TGF-β1-induced ASC plaque formation (Korol et al. 2014), and MMP

inhibitors decrease fibrotic cataract formation in vitro (Dwivedi et al. 2006, Morarescu et al.

2010). Moreover, MMP inhibition prevents human lens epithelial cell migration and contraction

of the lens capsule (Wong et al. 2004), cellular events associated with the signalling activity of

these growth factors in lens epithelial cells, and MMP-9 deficiency HSPG-associated proteins

involved in actin polymerization and cell migration (Liu et al. 2021) suggesting a possible link

between HSPG and MMP-9 activity, and that the release of these factors from HS-GAG

sequestration may be important for their biological activity.

HSPGs and their associated GAGs have also been shown to play a more direct role in the

potentiation and regulation of several key events in fibrosis. For this reason, they are also

commonly up-regulated in fibrotic lesions, where they are synthesised and deposited into the

newly formed aberrant matrix, or targeted to the surface of fibrotic cells where they regulate

growth factor signalling, focal adhesion and migration. For this reason, it was not surprising to
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observe HS-GAG staining associated with the cells and new aberrant matrix synthesised and

deposited within the subcapsular plaques. Although in other systems CS-GAGs have been shown

to be up-regulated in fibrosis where they have the capacity to serve similar functions to

HS-GAGs, here we show that the predominant GAGs associated with ASCs in these transgenic

mice are HS. Our findings agree with earlier work that have identified increased HS- but not

CS-GAGs localised to the basal lamina of lens epithelial cells in PCO plaques (Ishibashi et al.

1995). As different HSPGs can act as both positive and negative modulators of different factors

driving fibrosis, depending on their associated core proteins, the presence or absence of GAG

staining is generally insufficient to conclude a regulatory role, or lack thereof, for different

sulfated GAGs in a tissue. As earlier chapters of this thesis (See chapters 3 and 4) showed that

the lens expresses a unique profile of spatially and temporally regulated HSPGs, and as tissue

HSPG profiles have been reported to change to support pathogenesis in a disease- and

tissue-specific manner, we next characterised the specific HSPG core protein labelling profile in

lenses of wild-type and our TGF-β1 gain of function transgenic mice.

6.4.2 Immunolocalisation of HSPGs is differentially altered in the pathogenesis of fibrotic

cataract.

Given the unique lens HSPG core protein profile we established earlier, we postulated that the

significant molecular and phenotypic alterations to the lens with fibrotic cataract may be

associated with changes in the expression and/or localisation of lens HSPGs. Compared with

wild-type mice lenses, HSPG core proteins were markedly modified in cataractous plaques of

transgenic lenses. These pathology-induced modifications could be grouped into different
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categories: i) changes in levels of protein and ii) changes in spatial and cellular patterns of

labelling. In lens fibrotic plaques of transgenic mice, we observed increased levels of labelling

for syndecan-1, syndecan-3, syndecan-4, glypican-1, glypican-3, glypican-2, glypican-5,

collagen XVIII and agrin relative to lenses of wild-type mice. The levels of syndecan-2,

glypican-4 and glypican-6 did not appear to change. Pathogenic cell changes are often

characterised by significant changes to the pathways and factors influencing cell signalling and

behaviour.

Of the core proteins that were still present in plaques, labelling for syndecan-2, syndecan-4,

glypican-1, glypican-2, glypican-3, glypican-5, collagen XVIII and agrin appeared more

heterogeneous, potentially highlighting a specific subpopulation of cells within the plaque. A key

feature common to fibrotic plaques observed in our transgenic TGF-β1 GOF mice and in both

human anterior subcapsular cataracts is their heterogeneous composition of spindle-shaped

myofibroblasts (expressing myofibroblastic markers, e.g. α-SMA, Hales et al. 1994) and aberrant

fibre cells (expressing fibre markers, e.g. beta-crystallin) surrounded by depositions of fibrillar

ECM.

Our findings are consistent with several studies in the lens (Qin et al. 2017) and other tissues

(Herum et al. 2013, Lunde et al. 2016, Lord et al. 2018, Udomsinprasert et al. 2020, Wilson et al.

2022) indicating that specific HSPGs are up-regulated with the onset of TGF-β-induced EMT

and fibrosis.
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Here we report that syndecan-4 is up-regulated in the localised to fibrotic plaques, and show

increased immunostaining relative to the epithelium of wild-type lenses. This finding is in

agreement with a recent body of work which extensively characterised the role of Syndecan-4 in

the pathogenesis of TGF-β-induced lens EMT and demonstrated its potential as a therapeutic

target for fibrotic lens pathologies such as fibrotic forms of cataract (i.e. ACO/PCO) (Qin et al.

2017). In this landmark study, syndecan-4 was reported to regulate FGF-2 and α5β1-integrin

signalling, with both FGF-driven proliferation and integrin-mediated adhesion and migration of

LECs involved in the development of ACO/PCO requiring HSPG co-receptor activity. Moreover,

mice lacking syndecan-4 have significantly reduced occurrence of lens opacification in an

injury-induced model of fibrotic wound healing (Qin et al. 2017). RNA interference knockdown

of syndecan-4 in cultured human LECs also blocked FGF-induced proliferation and associated

ERK1/2 and PI3K/AKT/mTOR signalling pathway activation (Qin et al. 2017), with the same

study reporting increased syndecan-4 expression in the LECs of age-related cataract patients

(Qin et al. 2017). Our finding of syndecan-4 expression in the anterior plaques of transgenic

mice overexpressing TGF-β1 in the lens adds further evidence to the prospect of syndecan-4 as a

key regulator of fibrotic disease in the lens.

In addition to the established roles in the regulation of FGF-2 and integrin signalling, one of the

characteristic features of the syndecan family of HSPGs is their association with and regulation

of the cellular cytoskeleton. All syndecans have been shown to interact with actin-associated

proteins and evidence has been presented for signalling to the cytoskeleton (Morgan et al. 2007,

Yoneda and Couchman, 2003). Syndecan-4 signals to the cytoskeleton primarily through PKCα

that binds directly to the syndecan-4 core protein (Oh et al. 1997, Horowitz and Simons, 1998)
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and this phosphorylation of the syndecan-4 core protein is sufficient for the modulation of focal

adhesions and actin stress fibres (Echtermeyer et al. 1999), linked to lens fibre cell differentiation

(Weber and Menko, 2006). A role for syndecan-3 may be in its association with Src kinases and

cortactin (Filla et al. 2004, Kinnunen et al. 1998) which are essential regulators of the

morphological changes underlying EMT (Walker et al. 2007, Li et al. 2019, Liu et al. 2021).

Ephrin signalling, which is required for the phosphorylation of the syndecan-3 core protein

(Asundi and Carey, 1997), has been implicated as a potential contributor to aberrant proliferation

and loss of epithelial integrity and EMT in anterior lens epithelial cells (Murugan and Cheng

2022). Syndecan-3 deficiency impairs neuronal migration in the brain (Hienola et al. 2006), and

explanted satellite cells from syndecan-3 null mice display aberrant differentiation, with a

general increase in overall tyrosine phosphorylation (Cornelison et al. 2004).

Of all the syndecans, only syndecan-2 was observed to be decreased in plaques relative to

wild-type. Unlike transgenic animals deficient in sdc1, sdc3 and sdc4 which have not been

reported to have any dysgenic ocular phenotypes (Echtermeyer et al. 2001, Dickinson et al. 2016,

Gougoula et al. 2019), Sdc2-/- (Sdc2tm1b(KOMP)Wtsi) mice have a high incidence of lens anomalies,

including cataract (Dickinson et al. 2016), but these remain poorly characterised. It is not clear if

this represents a lens-intrinsic- or secondary-phenotype, as syndecan-2 deficiency in ocular

endothelial cells delays retinal vascular development and inhibits VEGF-signalling and

angiogenesis (Corti et al. 2019). It is possible that syndecan-2 is driving cell proliferation,

migration, invasion and EMT as it has been shown to do in colorectal cancer via MAPK

signalling (Jang et al. 2016, Hua et al. 2020). Syndecan-2 is co-localised with fibronectin – a key

protein found in modified ECM associated with fibrotic lens plaques (Shihan et al. 2020) – in the
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anterior segment of the eye (Filla et al. 2004) and can regulate its assembly into the ECM (Klass

et al. 2000).

Thus, despite their seemingly high structural and functional similarities, our findings provide

additional evidence for distinct and separable roles for different syndecan family members in

pathogenesis.

Due to the broad-reaching nature of HSPGs and the vast ray of proteins they bind, it can be

difficult to dissect the roles of individual HSPG core proteins based on changes in core protein

expression and localisation alone. However, given that the roles of specific HSPGs in fibrosis

show similarities across different tissue types (Lord et al. 2018), taken together with previous

detailed studies in the lens and other fibrotic diseases characterising the molecular interactions

and regulatory roles of specific HSPG core proteins and families, the spatiotemporal changes in

the overall HSPG profile observed in this study may provide indications of their potential roles

in TGF-β-induced EMT and contribution to the pathogenesis of fibrotic cataracts.

We also show that two other members of the syndecan family of HSPGs, syndecans-1 and -3,

four glypican family members (glypican-1, glypican-3, glypican-2, glypican-5), and the high

molecular weight HSPGs collagen XVIII and agrin are localised to fibrotic plaques and show

increased immunostaining relative to the epithelium of wild-type lenses. To our knowledge, this

is the first reported association of these HSPGs with fibrotic cataract, however, their reported

roles in the pathogenesis of other fibrotic diseases, and regulation of key pathways known to

drive TGF-β-EMT may shed light on their potential roles in lens. In addition to their role as

regulators of FGF-2 and integrin signalling, syndecan HSPGs are important regulators of

cytoskeletal organisation and focal adhesion formation.
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Glypicans-1 (Kleeff et al. 1998) and -3 (Midorikawa et al. 2003) are overexpressed in several

cancers characterised by an up-regulation of TGF-β signalling (Friess et al. 1993).

TGF-β1-induced SMAD2 phosphorylation pattern was attenuated in glypican-1 antisense

transfected cells (Li et al. 2004). Glypican-1 and -3 control the responses of primary human

suture mesenchymal cells to BMPs by inhibiting BMP signalling through SMAD-dependent and

SMAD-independent pathways by sequestering BMPs away from the cells. Similarly, inhibition

of endogenous GPC1 and GPC3 potentiates BMP2 responsiveness of human suture

mesenchymal cells (Dwivedi et al. 2013). Glypican-3 is overexpressed in hepatocellular

carcinoma, plays a key pro-oncogenic role in the progression of this cancer through its negative

regulation of BMP-7 signalling through the SMAD signalling pathway (Midorikawa et al. 2003),

and promotes of TGF-β–induced EMT through MAPK/ERK signalling (Wu et al. 2015). This

regulation is selective to these growth factors, as enhanced expression of glypican-3 did not

impact the signalling activity of IGF or HB-EGF, indicating that specific HSPGs may regulate

the signalling activity of specific growth factors (Midorikawa et al. 2003). BMP-7 counteracts

the fibrogenic activity of TGF-β in lens cells (Shu et al. 2017) and is down-regulated in cataract.

Thus, it is possible that the increased expression of glypican-3, and possibly also the related

glypican-1, we have observed here in the fibrotic plaques is related to the suppression of BMP

signalling characteristic of lens fibrosis (Shu et al. 2017).

Transgenic mice overexpressing endostatin (C-terminal domain of type collagen XVIII) develop

nuclear cataracts, and progressive occurrence of vacuoles in the epithelial cell layer. In older

mice, the epithelial cells became spindle-shaped and formed clusters on the anterior of the lens.
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This process resembled the epithelial-mesenchymal transition in the lens caused by transforming

growth factor-β. Endostatin is also known to cause disassembly of the actin cytoskeleton via

down-regulation of RhoA activity, which drives alterations to the actin cytoskeleton, focal

adhesions, and stability of adherens junctions involved in TGF-β-induced EMT (Bhowmick et al.

2001, Korol 2017, Taiyab and West-Mays 2022).

Beyond the overall levels of the proteoglycan observed here, it is also important to note that the

localisation of specific HSPG core proteins is relevant to understanding their contribution to

pathogenesis. For instance, loss of cell surface staining, but acquisition of cytoplasmic or nuclear

staining can indicate significant changes in cell-HSPG interactions/activity which are relevant to

disease progression. For instance, the Syndecan-1 protein plays a crucial role in cell

proliferation, adhesion, and migration, however, it was somewhat unexpected to find that it was

upregulated in fibrotic plaques, as syndecan-1 is typically known to be characteristically

localised to epithelial cells, where it is co-regulated with E-cadherin, and in fact often plays a key

role in maintaining the epithelial phenotype. For instance, loss of syndecan-1 from the cell

surface is associated with down-regulation of E-cadherin and myofibroblastic transformation

(Kato et al. 1995). On the other hand, increased levels of matrix-associated syndecan-1 are

associated with poor prognosis in several cancers, thought to be related to its regulation of

growth factor bioavailability from within the pericellular matrix (Handra-Luca 2020). Thus, it is

possible that this may be the case for syndecan-1 in fibrotic plaques.

Although we were not able to investigate the comparative immunostaining of perlecan in fibrotic

lenses due to lack of a commercially available antibody, previous studies report increased
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perlecan staining in the corneal stroma of transgenic mice overexpressing TGF-β1, suggesting

that perlecan may represent a component of the matrix-associated GAGs regulating

TGF-β-induced EMT in the lens. Moreover, the roles of perlecan in fibrosis are similar across

different tissue types (Lord et al. 2018). Future studies would benefit from adding comparative

immunostaining of the perlecan core protein to those investigated here, to gain a more complete

picture of the different HSPG core protein profile associated with ASC.

6.4.3 HSPGs are required for TGF-β2-induced TGF-β2 EMT in lens.

TGF-β–induced EMT is a complex stepwise phenomenon that plays a crucial role in fibrogenic

disease, that is defined by a common set of intertwined cellular events, which are each

differentially regulated by signalling molecules and pathways. HSPGs have been implicated in

the regulation of several key pathways involved in TGF-β–induced EMT.

TGF-β binding to receptors on lens epithelial cells leads to the initiation of canonical TGF-β

SMAD signalling, where SMAD2/3 forms a complex with SMAD4 and translocates to the

nucleus, where it activates EMT-response genes and transcription factors. The result is the

trans-differentiation of cuboidal lens epithelial cells to myofibroblastic cells (Shirai et al. 2006,

Shirai et al. 2014, Shirai et al. 2018). We demonstrated that pharmacological inhibition of

HS-GAG activity in vitro with surfen blocked TGF-β-induced trans differentiation of lens

epithelial cells to myofibroblastic cells (i.e., elongation, migration).
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HSPG activity is also required for TGF-β-mediated cytoskeletal re-organisation and

destabilisation of adherens junctions indicated by the ability of surfen to block accumulation of

the pro-contractile stress-fibre marker α-SMA. Surfen also prevented loss of epithelial membrane

marker β-catenin and the gain of mesenchymal markers (i.e. Sail) (Taiyab et al. 2022), associated

with fibrotic EMT. Surfen also blocked early indicators of TGF-β2-mediated downstream

signalling. TGF-β2-induced nuclear translocation of SMAD2/3 and increases in vimentin and

phospho-ERK1/2 were completely blocked with surfen pre-treatment of cells, with Snail, (an

important transcriptional repressor of E-cadherin) only partially blocked.

The motile myofibroblastic cells adhere to this modified matrix rich in fibrillar collagen I and

fibronectin (Johar et al. 2007, Saika et al. 1998, Sappino et al. 1990) through interactions

between matrix proteins (i.e. fibronectin) which induce focal adhesion formation at the

cell–ECM interface through focal adhesion kinase (FAK)/integrin signalling-dependent

mechanism (Mamuya et al. 2014). This alteration in both the epithelial cells and ECM results in

a corresponding change to the lens capsule, which due to the increased adhesion of the

contractile myofibroblastic cells, becomes wrinkled. Surfen maintained the epithelial

cobblestone phenotype of the LECs and maintained the integrity and structure of the native lens

capsule. HSPGs bind to (Laurie et al. 1986, Tumova et al. 2000) and regulate the deposition of

collagen and fibronectin into the ECM (Klass et al. 2000, Filla et al. 2004), and regulate focal

adhesion, migration and enhance matrix contractility via FAK/integrin and MAPK/ERK

signalling in fibrosis (Laterra et al. 1983, Midwood et al. 2004, Chen et al. 2005, Chen et al.

2008, Qin et al. 2017). Corneal fibroblasts cultured on fibronectin (imitating a fibrotic corneal

stroma environment) showed significantly higher HS-GAG nuclear localisation compared to
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controls cultured on collagen (imitating a normal corneal stroma) (Richardson et al. 2001),

indicating that HSPG-fibronectin interactions may represent an additional pathway for HSPG

nuclear localisation in fibrosis. Thus, blocking HSPG activity with surfen may prevent EMT by

inhibiting HSPG-mediated fibrotic modifications to the lens capsule, and the interactions

between HSPGs and fibrotic matrix proteins (i.e., fibronectin) required for HSPG-matrix

interaction-induced adhesion, migration, and matrix contractility in lens EMT.

Other factors in the ocular milieu, notably FGF-2, induce increased proliferation and migration

of lens epithelial and myofibroblastic cells. The migratory and proliferative effects of FGF-2

have distinct pathways (Boilly et al. 2000). While FGF-2-induced proliferation is primarily

mediated via ERK1/2 (Boilly et al. 2000, Lovicu and McAvoy 2001) and PI3K/AKT signalling

(Boilly et al. 2000), FGF-2-induced migration rely on the signalling activity of Src kinases, p38

MAPK (Boilly et al. 2000) and integrins. As shown in the previous chapter, HSPGs regulate

FGF-2 signalling in the lens via the ERK pathway to induce LEC proliferation. FGF-2 is

significantly up-regulated in the aqueous humour after cataract surgery (Iyengar et al. 2017, Wen

et al. 2022), and has been shown to facilitates cytoskeleton reorganisation, proliferation,

migration and fibrosis of lens cells via FAK/Integrin and MAPK/ERK signalling to promote

fibrosis (Qin et al. 2017, Wen et al. 2022). Thus, inhibition of HSPG activity may block

proliferation, EMT, cell adhesion and migration induced by FGF-2 signalling, which would

otherwise be promoted by increased HSPG activity in fibrotic plaques.

Alongside FGF-2, other factors present in ocular milieu (i.e. PDGF, HB-EGF, IGFs) synergize

with TGF-β to augment fibrosis through crosstalk, transactivation and feed-forward mechanisms
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that include regulation of TGF-β levels, potentiation of pro-fibrotic pathways and suppression of

TGF-β regulatory signalling. Since we have shown that LEC proliferation induced by FGF-2,

HB-EGF and IGF-I is under the control of lens HSPGs (see chapter 5), it is reasonable to

conclude that HSPGs in the cataractous lens may also be driving the signalling and

bioavailability of these factors to promote LEC proliferation, migration and potentiation of

TGF-β signalling.

Other growth factors may also play emerging synergistic roles in EMT. Immunohistochemical

studies of fibrotic plaques of patients before and after cataract surgery show higher levels of IGF

and PDGF relative to pre-operative lenses (Shigemitsu et al. 1998), and hyperactivation of PDGF

receptor β induces fibrotic EMT in lens cells (Chandler et al. 2021). Although our earlier results

indicate that PDGF-induced proliferation is not regulated by lens HSPGs, several studies have

reported changes in growth factor regulation correlating with pathology-induced changes in the

levels and localisation of HSPGs and their associated GAGs.

6.4.4 HSPGs are differentially required for both the induction and progression of

TGF-β2-induced EMT.

PCO is a condition that progresses over time and is likely to develop in two phases (Wormstone,

2002). Injury to the lens (by surgery, for instance) induces a transient but significant increase in

levels of active TGF-β2 in the aqueous humour, initiating the initial phase of PCO characterised

by induction of early pro-fibrotic signalling in LECs (i.e. SMAD2/3 signalling) leading to

changes to gene expression, together with elevation of protein levels (e.g. α-SMA, Hales et al.

1994). The impact of this period is significant as the resulting changes provide the platform from
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which PCO continues to develop through a second slower phase driven largely by autocrine

mechanisms of lens cells which gives rise to persistent, long-term signalling events (i.e.

cytoskeletal reorganisation, destabilisation of junctional proteins, secretion of modified fibrillar

matrix and migration) resulting matrix contraction and transdifferentiation (Wormstone et al.

1997, Wormstone et al. 2000, Wormstone et al. 2001, Korol 2017, Taiyab and West-Mays 2022).

These two phases have also been observed in our rat epithelial explant model. TGF-β2-treated

LECs will commit to EMT fate following TGF-β2 treatment, even when only briefly exposed

(Wormstone, 2002). As our initial studies were intended to investigate the requirement of HSPGs

in this critical initial phase of TGF-β-lens EMT, LECs were pre-treated with surfen to eliminate

any potential regulatory functions of HSPGs. Here we have shown that blocking HS-GAGs prior

to the introduction of exogenous TGF-β2 prevents both stages of EMT. While this result

indicates that HSPG activity is essential for the initial inductive phase of EMT, it was unclear if

HSPG activity was also required for the regulation of more long-term signalling events resulting

in matrix contraction and transdifferentiation. Co-treatment of surfen together with TGF-β2, and

post-treatment of cells with surfen 24 h after addition of TGF-β2 blocked the migration and

myofibroblastic transformation of LECs, but did not completely block expression of α-SMA.

These findings suggest that HSPGs appear to regulate both the early phase (indicated by the

ability of surfen pre-treatment to block TGF-β2-induced SMAD2/3 signalling and downstream

expression of α-SMA) and late phase of EMT (indicated by the ability of surfen co- and

post-treatment to block the downstream phenotypic and behavioural changes of lens cells of

EMT, via an α-SMA-independent pathway).
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Figure 6.9. Schematic diagram of the aetiology and pathogenesis of fibrotic cataracts, and the

role of HSPGs in the regulation of key cellular events. A) Fibrotic cataracts may form at the

anterior or posterior pole of the lens, resulting in a plaque and opacification of the lens, such as

in primary anterior subcapsular cataract (ASC), or secondary cataracts, such as anterior

capsular opacification (ACO) or posterior capsular opacification (PCO). These secondary

cataracts arise from LECs left behind during cataract surgery that undergo a wound healing

response, causing them to transdifferentiate into myofibroblasts, where they form a plaque. B)

The pathogenesis of PCO involves three main steps: i) LECs undergo an

epithelial-to-mesenchymal transition (EMT) under the influence of TGFβ-2 signalling to become

motile myofibroblastic cells. These cells undergo cytoskeletal reorganisation (e.g. stress fibre

formation) and secrete abundant aberrant extracellular matrix containing fibronectin (Fn), as

they adhere to the lens capsule. ii) The myofibroblastic LECs migrate to the posterior capsule

driven by FGF-2 and integrin signalling. iii) The myofibroblastic LECs undergo FGF-2 driven

proliferation to form a plaque, adhering to and modulating the posterior lens capsule. C)

Heparan sulfate proteoglycans (HSPGs) can contribute to the fibrotic events underpinning

ASC/ACO/PCO pathogenesis in several ways: i) Secreted HSPGs form an integral part of the

new secreted matrix, where they can sequester TGFβ-2 and FGF-2, controlling their

bioavailability to the myofibroblastic cells, ii) through interactions with matrix proteins (e.g.

α5β1-integrin/fibronectin, (Fn) HSPGs (e.g. syndecan-4) can regulate cell adhesion and

migration, and stress-fibre formation, iii) HSPGs (e.g. syndecan-4) are essential co-receptors for

FGF-2. FGF receptor (FGFR)-FGF-2-HS signalling complexing and activation results in

ERK1/2 and PI3K/Akt/mTOR signalling activation required for FGF-2 driven proliferation of

myofibroblastic LECs.
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6.4.5 Conclusions

Here, we investigate the spatiotemporal immunolabelling of HSPGs in the pathogenesis of

fibrotic cataract and also establish the first functional requirement for HSPGs in driving

TGF-β-induced EMT in the lens. Taken together, this data highlights HSPGs as potentially

critical regulators of the aberrant cell behaviour underlying pathogenic processes, including

TGF-β-induced EMT. A better understanding of these underlying regulatory mechanisms may

serve as a basis for the identification of novel therapeutic targets and molecular strategies that

could be implemented to slow or prevent the development and progression of diseases

characterised by abnormal growth factor-mediated epithelial cell proliferation and HSPG

sulfation profiles, such as fibrotic cataract.

We propose that alterations to the expression and localisation of specific HSPG core proteins and

their associated HS-GAG chains in fibrotic cataract may differentially orchestrate the cellular

processes driving the pathogenesis of ASC and PCO. Moreover, the results of this in vitro work

indicate that the modulation of these HSPGs may be effective in blocking TGFB-induced

signalling leading to fibrotic cataract. As disruption to the lens epithelium leads to fibrotic

cataract, establishing a greater knowledge of the molecules/mechanisms involved in maintaining

these cells will provide a better understanding of this disease.
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CHAPTER 7: GENERAL DISCUSSION

7.1 Introduction

HSPGs can be likened to the mysterious "dark matter" of the biological world: a ubiquitous and

fundamental element that is yet to be fully integrated into the mainstream dogma of molecular

biology. Present in all mammalian cells, HSPGs encompass dynamic and distinct roles in the

development and maintenance of tissues, both on the cell surface and within the ECM, acting as

a multifunctional bridge between cells and their environment. Progress in glycobiology has

uncovered a significant function for HSPGs in the regulation of growth factors, matrix proteins,

and signalling molecules. This positions HSPGs as key orchestrators of biological processes,

including cell growth, differentiation, and survival. The eye lens is a relatively simple but

prolifically studied tissue that presents an ideal stage on which to characterised and model the

expression and unique roles of individual HSPGs in the ocular milieu. The well defined stages of

development, refined architecture and well characterised biology of the vertebrate lens makes it

an excellent model to study how basic cellular processes are coordinated, through the specific

activity of native ocular growth factors triggering a complex interplay of intracellular signalling

pathways (Lovicu and McAvoy 2005), potentially all regulated at some level and degree by

HSPGs.

7.2 Heparan sulfate is the predominant HSPG-associated GAG in the lens

The specificity of HSPG-protein interactions does not only depend on the core protein type (e.g.

syndecan, glypican), or their localisation (e.g. the cell surface or ECM), but also on the type (i.e.

HS-GAG or CS-GAG) and fine structure (i.e. sulfation) of their GAG chains. In this body of

work we show that although developing and postnatal lens cells produce proteoglycans carrying
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both HS- and CS-GAGs, it is the HS that is the predominant sulfated GAG associated with the

lens. We also show that this HS-GAG labelling is analogous in similar regions of lenses across

different vertebrate species.

Despite differences in the levels of GAGs in the lens, we also show that regional labelling for

HS-GAG and CS-GAG do not always overlap, suggesting that chondroitin sulfate proteoglycans

(CSPGs) may play a distinct role in ocular biology to HSPGs (see Tao et al. 2022). The distinct

functional roles of HS-GAG and CS-GAG (Karamanos et al. 2018) align with their ability to

each interact selectively with different proteins in a structure-dependent manner (Vallet et al.

2021), possibly accounting for their different tissue localisation (Smetsers et al. 2003, Clark et al.

2011, Maeda et al. 2011). Importantly, only HS-GAG was present in the developing lens until

E14.5, indicating that HS-GAGs are likely the major species regulating the earliest events of lens

induction, invagination, and cell fate specification. The overlapping and divergent patterns of

HS-GAG and CS-GAG in the lens (e.g. in newly differentiating secondary lens fibres) implies

that these GAGs may both contribute to the regulation of some functional processes in the lens

(e.g. fibre differentiation), while other processes are likely to be regulated predominantly by HS

(e.g. morphogen gradient formation in the lens capsule).

The regional distribution of highly sulfated “active” HS-GAGs may provide an indication of

their relative contributions to cell behaviour. These patterns were often associated with regions of

lens cell activity in both the developing lens (i.e. lens placode, posterior aspect of lens pit/vesicle

and lens transitional zone) and postnatal lens (i.e increased HS-GAG labelling in the transitional

and germinative zones of the rat lens, specifically in actively dividing LECs). Of particular
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interest was the nuclear localisation of HS observed in newly differentiating secondary lens

fibres. This phenomenon has also been observed in vitro in lens epithelial cells undergoing

FGF-induced lens fibre differentiation. The functions of HS/HSPGs in the nucleus are not fully

understood, but they are known to transport HS-binding proteins, including growth factors and

their receptors, to the nucleus to regulate gene expression and control cellular functions. We also

observed an increase in the intensity of sulfated HS-labelling extending from the central

epithelium to the equatorial germinative zone, suggesting a correlation between a change in the

mitotic activity of lens epithelial cells in the germinative zone with a change in the specific

HSPG profile of the epithelial cells.

7.3 The lens has a unique profile of HSPG core proteins that are spatiotemporally

regulated in lens development

The localisation of HSPG core proteins can provide valuable information about their functional

roles in a specific tissue. As increasing evidence suggests that HSPG core proteins play

important roles in lens signalling and architecture, here, we present for the first time a

comprehensive atlas of the unique HSPG profile of the murine ocular lens throughout key stages

of life. Most HSPGs are expressed in the lens, that aligns with other postnatal lens HSPG

transcript expression profiles (Hoang et al. 2014, Khan et al. 2015, Audette et al. 2016,

Cavalheiro et al. 2017, Kakrana et al. 2018). Lens HSPGs are differentially localised to specific

cell types (i.e. LECs, fibre cells) and functional regions of the lens (i.e. germinative zone,

transitional zone, lens capsule). The differential localisation of HSPGs within anterior lens

epithelia suggests they play distinct roles in the maintenance and polarity of the lens epithelium

and may hold functional significance for the regulation of different HSPG-protein interactions
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and signalling networks. Given their roles in other tissues, it can be speculated that these HSPGs

likely play a role in the formation of local gradients by binding to native factors and regulating

their bioavailability to adjacent cells.

An interesting finding of this work was the significantly divergent expression patterns of the

closely related HSPGs (e.g. syndecans) that suggested that specific HSPG core proteins may be

differentially regulating lens growth factors or specific biological events (e.g. lens proliferation,

fibre differentiation, fibre elongation etc). The variety of labelling patterns and intensity vary in

the different subcellular functional compartments (e. cytoplasm, nucleus) and regions (anterior vs

posterior) of these cells. Despite their seemingly high structural and functional similarities, our

findings provide additional evidence for distinct and separable roles for different HSPG family

members.

The unique localisation and expression patterns of HSPG core proteins in the lens indicate that

different HSPGs may have diverse roles in regulating lens cell processes like epithelial cell

proliferation and fibre differentiation. The differential spatial and temporal labelling of HSPG

core proteins suggests that lens cells acquire a distinctive repertoire of HSPGs as they

differentiate, resulting in selective patterns of HS-protein interactions and activity. Taken

together with the current literature, our findings support a requirement for HS sulfation in growth

factor-induced lens cellular processes during embryogenesis. Moreover, these findings highlight

the diverse roles of different HSPGs within a single system and indicate the lens as a candidate

tissue for future studies seeking to elucidate the different roles of related proteoglycans.
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7.4 HSPGs differentially regulate key lens growth factors and are required for lens

epithelial cell proliferation and lens fibre differentiation

The interplay and tight control of lens growth factors and their downstream signalling pathways

maintains the integrity of the vertebrate lens throughout life. For the first time, here we

conclusively demonstrate that HS-GAG sulfation is required to regulate lens epithelial cell

proliferation and fibre differentiation in rat lens cells induced by ocular humour and different

ocular growth factors. The fine structure requirements of HS-ligand interactions varies with the

ligand, conferred by variations in the sulfation patterns of HS chains, leading to differential

regulation of biological functions. By treating lens epithelial cells in explants with a HS-specific

antagonist Surfen, we were able to effectively block sulfation of only HS-GAG, leading to

impaired lens epithelial cell proliferation and fibre differentiation, as well as a block to the

corresponding activation of intracellular ERK1/2-signalling induced by these factors.

In addition to its essential role for lens cell survival (Chamberlain and McAvoy, 1989, Chow et

al. 1995, Garcia et al. 2005), FGF-induced lens fibre differentiation promotes cell elongation

(Lovicu and McAvoy, 1989) and the accumulation of fibre-specific β-crystallin (Chamberlain

and McAvoy, 1989, Peek et al. 1992) and aquaporin-0 (AQP0/MIP) (Golestaneh et al. 2008).

Interestingly, FGF-induced ERK1/2-signalling is required for the elongation of fibre cells

(Lovicu and McAvoy, 2001, Li and Musil, 2001) and the associated expression of filensin and

AQP0/MIP (Lovicu and McAvoy, 2001, Golestaneh et al. 2008), but not for β- and γ-crystallins

(Lovicu and McAvoy, 2001, Wang et al. 2009), that may be under the control of alternate

signalling pathways, such as PI3K/AKT (Wang et al. 2009). As we show that Surfen is able to

block FGF-induced β-crystallin accumulation (Wishart and Lovicu, 2021), this suggests that
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these alternative pathways regulating crystallin expression are also dependent on HS sulfation,

consistent with HSPGs role as an upstream co-receptor for FGFR-signalling in lens. As FGFs are

the only class of growth factors to induce lens fibre differentiation in mammals (Lovicu and

McAvoy, 2005), Surfen blocking studies signify HSPGs as important regulators of lens cell fate

(Wishart and Lovicu, 2021).

Due to the homogeneous nature of HSPGs, and given their activity is determined primarily by

their sulfation, here we initially targeted all HS sulfation given the likely functional redundancy

amongst the different HSPGs. We validate the previously reported, well-established effects of

sodium chlorate (that targets all sulfated molecules) on lens and build on this by focussing only

on the role of HS-sulfation, by using Surfen. Impaired HS blocks FGF-2-induced

ERK1/2-phosphorylation and lens epithelial cell proliferation and fibre differentiation. Taken

together with previous work from our laboratory, this data supports a requirement for

HSPG/GAG sulfation in growth factor-induced-signalling in the lens. The Surfen blocking

studies support that the functional roles of HSPGs in the lens are predominantly through HS

sulfation and not via other sulfated GAGs (e.g. CS-GAG). These experimental blocking studies

in vitro also focus attention on the different modalities of HSPG function, as co-receptors for

matrix molecules and their ability to serve as independent receptors for heparin-binding growth

factors. HSPGs also indirectly influence the intracellular signalling (e.g. MAPK/ERK,

PI3K/AKT/mTOR, and the Rho family of GTPases of these molecules) by regulating receptor

binding interactions, activation and trafficking (Bishop et al. 2007).
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It is important to note that to date, limited research has been directed toward the study of HSPGs

and their regulatory networks in the lens, and many key areas of interest have not been

investigated to the extent that they could be covered in this thesis. Of particular interest to the

field of lens biology would be further investigation of the relevance of HS-GAG/ HSPG-protein

interactions in regulating lens water transport and antioxidant systems, HS-interactions with lens

matricellular proteins (e.g. SPARC/GRIFN), interactions between HS and intrinsic metal ions in

the lens, and further in depth characterisation of signalling networks (e.g. regulation of protein

phosphatases) by lens HSPGs.Our future studies will seek to investigate the differential functions

and protein interactions of specific HSPG members.

By further characterising, and specifically functionally modulating these different sulfated

proteins, we hope to better understand how key lens HSPGs regulate different growth factor

signalling associated with cellular processes. Moreover, gaining a better understanding of

specific HSPG activity may allow us to develop novel ways of regulating cell behaviour, that

will not only be relevant to lens biology and disease, such as cataract, but may extend to other

systemic growth factor-mediated pathologies.

7.5 HSPGs are differentially localised in fibrotic cataract, and HS-sulfation is essential for

lens epithelial-to-mesenchymal transition

Given HSPGs are master orchestrators, either directly or indirectly, of most pathways and protein

interactions involved in cell communication, maintenance and transformation, changes in key

regulatory pathways leading to the onset of pathogenesis are often accompanied by changes in

the levels and/or localisation of specific HSPG core proteins, highlight roles for specific HSPGs
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in the pathogenesis of many different diseases (Heimann et al. 2001, Ibrahim et al. 2017). Here,

for the first time we report on pathology-induced alterations to the spatiotemporal labelling of

HSPGs in fibrotic cataract, and also highlight the functional requirement for HSPGs in driving

TGF-β-induced EMT in the lens. The requirement of HS for lens cell EMT, combined with the

differential expression of HS-GAG and specific HSPG core proteins in cataractous lenses

suggests that changes in the selective patterns and interactions and activity of specific HSPGs

may point to candidate targets for the regulation of fibrotic changes underpinning the

pathogenesis of fibrotic cataract. We propose that these alterations to the levels and localisation

of specific HSPG core proteins, and their associated HS-GAG chains in fibrotic cataract may

differentially orchestrate the cellular processes driving the pathogenesis of ASC and PCO.

Moreover, the results of this in vitro work indicate that the modulation of these HSPGs may be

effective in blocking TGF-β-induced signalling leading to fibrotic cataract. As disruption to the

lens epithelium can lead to fibrotic cataract, establishing a greater knowledge of the

molecules/mechanisms involved in maintaining these cells will provide a better understanding of

this disease. Due to the broad-reaching nature of HSPGs and the vast array of proteins they bind,

it can be difficult to dissect the specific roles of individual HSPG core proteins based on changes

in core protein expression and localisation alone, however, given that the roles of specific

HSPGs in fibrosis show similarities across different tissue types (Lord et al. 2018), taken

together with previous detailed studies in the lens and other fibrotic diseases characterising the

molecular interactions and regulatory roles of specific HSPG core proteins and families, the

spatiotemporal changes in the overall HSPG profile observed in this study may provide

indications of their potential roles in TGF-β-induced EMT and contribution to the pathogenesis

of fibrotic cataracts.
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Future research may also seek to investigate changes in the HSPG profile of other forms of

cataract (e.g. age-related, congenital). For instance, HPSGs have been implicated in the

pathology of congenital cataract with a study by Sulochana and colleagues (1997) reporting that

65.9% of children with congenital cataracts also presented with elevated levels of HS and

CS-GAGs in the blood, urine and lens. The authors speculated that the additional anionic GAG

chains may accumulate in the lens and induce the extracellular accumulation of Na+ ions and

water, causing cataracts in a similar manner to the pathogenesis of adult cortical cataract

(Sulochana et al., 1997). It is possible that this change in GAG chain profile, would also be

associated with a change in core protein profile, similar to what we have shown here with

fibrotic cataract.

7.6 Conclusions

Advances in the field of glycobiology have revealed a critical role for HSPGs in the activation

and regulation of growth factors, matrix proteins and signalling molecules. This places HSPGs at

the forefront of master regulators of homeostatic processes including cell proliferation,

differentiation, and survival. The broad expression of HSPGs throughout the different ocular

cells and tissues regulate many key signalling molecules to promote ocular development and

homeostasis.

Here we have detailed the spatial expression profile of all known HSPG core proteins in the

ocular lens. These findings are supported by many studies in animal models showing that loss or

overexpression of specific HSPG core proteins results in unique phenotypic outcomes for the

lens, as well as other ocular tissues. Much of this may be brought on by the loss or dysregulation
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of their HS chain structure and function leading to ocular pathogenesis. Indeed, similar to HSPG

core proteins, HS sulfation enzymes are expressed in a cell- and tissue-specific manner and the

disruption of different sulfation patterns impacts growth factors, perturbing cellular function. The

fine structure of HS-GAGs, characterised by the sulfation pattern, is an important determinant of

the specificity of HS-protein interactions. Although HSPG sulfation clearly plays a critical role

in the lens, the specific HS chain sulfation patterns required for HSPG interactions with ocular

growth factors are unknown. Evaluation of interactions between lens mitogens and

structurally-defined HS oligosaccharides, and phenotypic analyses of animal models with

lens-specific knockdown of different HS-sulfotransferases would be valuable to further elucidate

relationships between HS fine structure and HSPG interaction with different key lens growth

factors and the contribution of different sulfation patterns to ligand binding kinetics and receptor

dimerization, lens epithelial cell proliferation, fibre differentiation and EMT, along with the

respective downstream signalling pathways. In many eye tissues, including the lens, significant

changes in HSPG expression and function can either promote repair or drive pathogenesis.

Often, this comes down to changes and regulatory activity of only a handful of specific HSPGs

that are unique to different pathological processes. Given the importance of RTK-signalling in

development and disease, and the known regulation of these RTKs by HSPGs, it is surprising

that few studies have undertaken comprehensive developmental evaluation of tissues lacking

different HSPG components. Further characterisation of the lenses in existing HSPG-mutant

animals, and the generation of lens-specific knockdown animals, and comprehensive evaluation

of how the established HSPG profile of the lens changes throughout lens development, or in

disease (e.g. fibrotic cataract) would be a valuable step towards a better understanding of specific

HSPG functional modulation pathways in the lens. Once identified, these HSPGs may serve as
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valuable biomarkers and targets for the development of novel therapeutics, as has been done for

other ocular and systemic diseases, including cancer.
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Abstract: Heparan sulphate proteoglycans (HSPGs) consist of a core protein decorated with sulphated
HS-glycosaminoglycan (GAG) chains. These negatively charged HS-GAG chains rely on the activity
of PAPSS synthesising enzymes for their sulfation, which allows them to bind to and regulate the
activity of many positively charged HS-binding proteins. HSPGs are found on the surfaces of cells and
in the pericellular matrix, where they interact with various components of the cell microenvironment,
including growth factors. By binding to and regulating ocular morphogens and growth factors,
HSPGs are positioned to orchestrate growth factor-mediated signalling events that are essential for
lens epithelial cell proliferation, migration, and lens fibre differentiation. Previous studies have
shown that HS sulfation is essential for lens development. Moreover, each of the full-time HSPGs,
differentiated by thirteen different core proteins, are differentially localised in a cell-type specific
manner with regional differences in the postnatal rat lens. Here, the same thirteen HSPG-associated
GAGs and core proteins as well as PAPSS2, are shown to be differentially regulated throughout
murine lens development in a spatiotemporal manner. These findings suggest that HS-GAG sulfation
is essential for growth factor-induced cellular processes during embryogenesis, and the unique and
divergent localisation of different lens HSPG core proteins indicates that different HSPGs likely play
specialized roles during lens induction and morphogenesis.

Keywords: lens development; heparan sulphate proteoglycan (HSPG); PAPSS; syndecan; glypican

1. Introduction

During early embryogenesis, the morphogenesis of the eye lens begins with the
proximal interaction between the surface head ectodermal cells with the evaginating optic
vesicle, resulting in a thickening of this apposing ectoderm to become the lens placode. The
apical constriction of these cells leads to placode invagination to form the lens pit, which
will separate from the neighbouring head ectoderm to form the hollow lens vesicle. The
cells at the anterior aspect of the lens vesicle will differentiate to form the lens epithelium,
while the posterior lens vesicle cells elongate to form the primary lens fibre cells. The
elongation of these primary fibres that extend to reach the overlying epithelium rids the
vesicle of its lumen to form the basic structure of the lens [1,2]. From this point onwards,
the lens continues to grow, as proliferating epithelia at the lens equator exit the cell cycle
and elongate and differentiate to form secondary fibre cells, displacing the older fibre cells
towards the centre of the lens [1,2]. As fibre cells mature, there is autophagy of their nuclear
material and organelles, and the formation of specialized membrane interdigitations, as
they acquire their distinctive transparency, a characteristic that allows the lens to perform
its primary function to transmit and focus light onto the retina [3].

Lens development and maintenance are governed by the interplay of a complex net-
work of signalling molecules within the ocular microenvironment [4]. Extensive research
conducted over several decades has led to the identification of these crucial molecules
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and elucidation of their distinct and complementary functions in regulating specific mor-
phogenic events and cellular behaviour [5,6]. Secreted primarily from the different ocular
tissues, including the lens, retina and ciliary body, these diffusible growth factors, including
members of the fibroblast growth factor (FGF) [7–9], Wnt [10–12], bone morphogenetic
protein (BMP) [13,14] and Hedgehog (Hh) [15,16] families, that are found in the ocular
milieu, influence lens cell behaviour (i.e., proliferation, migration, differentiation, and cell
death) [4]. For the defined stages of lens morphogenesis, these factors need to be tightly
controlled in a spatial and temporal manner to regulate the induction, and anteroposterior,
left–right, and dorsoventral patterning of the lens [5,6]. While the various effects of growth
factors on lens cell behaviour are well known, and often overlapping, the mechanisms
governing the movement of these factors through the extracellular space, their precise
arrival and signal transmission within target cells, remains unknown. Recent studies
in mice and other animal models have highlighted the significance of heparan sulphate
proteoglycans (HSPGs) localised to the cell membrane and extracellular matrix (ECM) of
tissues, in facilitating the signalling and distribution of growth factors, respectively [17].

HSPGs are composed of a specific core protein structure, covalently linked to a small
number of heparan sulphate (HS) glycosaminoglycan (GAG) chains. Of the thirteen
full-time HSPGs, they are divided into three major families depending on this core pro-
tein structure: the transmembrane family (i.e., syndecans), glycerophosphatidylinositide
(GPI)-anchored family (i.e., glypicans) and the secreted family (e.g., perlecan, agrin, and
collagen XVIII) [17,18]. The syndecans and glypicans are generally localised to the cell
surface, whereas perlecan, agrin, and collagen XVIII are more commonly found in the ECM
and basement membranes [17].

In the synthesis of HS-GAG chains, HS sulfotransferases facilitate the transfer of sul-
phate ions (SO4-) from the sulphate-donor molecule, 3′-phosphoadenosine 5′-phosphosulfate
(PAPS), to HS-GAGs. PAPS is a crucial and rate-limiting sulphate donor molecule that
regulates all post-translational sulfation reactions in the golgi apparatus and is produced
by cellular PAPS synthetases (PAPSS1/2) [19,20]. The negatively charged sulphate groups
of the HS-GAG chains interact with the positively charged lysine/arginine-rich regions of
many proteins [17], allowing HSPGs to interact with and modulate the activity of various
growth factors including FGFs [21,22], BMPs [23,24], Wnts [25,26], Hh [27,28], and ECM
molecules, such as integrins [29,30], laminin [31], and fibronectin [32].

The downstream effects of HSPG–protein interactions include the activation of high-
affinity receptor signalling complexes, and the mediation of intracellular signalling cascades
leading to the activation of key effector genes and changes in the cell behaviour and
phenotype [17,33]. The pleiotropic modulation of growth factor receptor signalling by
HSPGs (altering ligand density and activity) can locally stabilise mitogen and morphogen
gradients at the tissue level [33]. These gradients are critical for organogenesis and for the
maintenance of normal tissue homeostasis [34]. As the activity of HSPGs primarily depends
on its fine structure (i.e., sulphation) and location (i.e., the cell surface or ECM) of their
HS-GAG glycosaminoglycan chains, the specific activity of HSPGs in a given cell-type or
tissue, at a given time can be determined by its HSPG profile: the localisation of HSPG core
proteins and its complement of HS-GAG sulfation enzymes [17,33]. Previously, we have
shown all HSPG core proteins are present in the postnatal rat lens, localised to its epithelia,
fibres and basement membrane, the lens capsule, in unique and distinct expression patterns
that align with key functional regions [35]. The distinct spatial and temporal expression of
HSPGs implies that differentiating lens cells may acquire a unique set of HSPGs, leading
to specific patterns of HS–protein interactions and function during lens morphogenesis.
Here, we report for the first time the comprehensive spatial and temporal localisation of
all HSPGs in the developing murine lens. Taken together with the current literature, we
highlight putative roles for specific HSPGs during key stages of lens development, as well
as provide support for the requirement of HS sulphation in growth factor-induced lens
cellular processes.
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2. Materials and Methods
2.1. Animals

Animal experimentation protocols were authorized by The University of Sydney Ani-
mal Ethics Committee and were conducted in accordance with the guidelines established by
the National Health and Medical Research Council (Australia) as well as the Association for
Research in Vision and Ophthalmology’s declaration for the Use of Animals in Ophthalmic
and Vision Research. Mouse conception was recorded as midnight on the day of mating
and embryos were routinely collected post conception at embryonic (E) day 9.5 (E9.5),
E10.5, E11.5, E14.5, and E16.5, representing key stages of lens development (see Figure 1).
Pregnant FvB/N mice were sacrificed by asphyxiation with carbon dioxide, and embryos
were extracted and sacrificed by decapitation. Embryonic heads were collected for histolog-
ical processing. Ten-day-old (P10) albino Wistar rats (Rattus norvegicus) were sacrificed by
asphyxiation with carbon dioxide followed by cervical dislocation.
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Figure 1. Representative stages of murine lens development. Arrows in lens placode formation
indicate inductive interactions. Other arrows indicate cell movements/growth.

2.2. Immunolabelling of Heparan Sulphate Proteoglycans

Intact embryonic heads were collected and fixed for 24 h in 10% neutral buffered
formalin (NBF; Sigma, Castle Hill, NSW, Australia) before processing for routine paraffin
embedding. Paraffin-embedded tissues were serially sectioned at 5–6 µm. Mid-sagittal
sections of embryonic heads from at least three independent animals were used for im-
munolabelling and for periodic acid–Schiff’s (PAS) staining to highlight lens morphology.
Monoclonal antibodies were used to detect all highly sulphated HSPGs as previously
described [35]. Embryonic head sections were first labelled for highly sulphated forms
of HS-GAG (HS-GAG F58-10E4, 370255; Amsbio LLC, Abingdon, UK). We also labelled
for sulphated chondroitin sulphate (CS)-GAGs (CS-56, C8035; Sigma), as some HSPGs
(syndecans -1/-3, agrin and collagen XVIII) carry CS-GAG chains alongside their predom-
inant HS-GAG chains. To characterize the spatial localisation of the different HSPGs in
the developing murine lens, we immunolabelled mid-sagittal sections using commercially
available antibodies (see Supplementary Table S1). For all immunofluorescent labelling
studies, cell nuclei were counter-labelled with bisbenzimide (Hoechst 33258; Sigma). Im-
ages in figures are oriented with the ventral side positioned to the right and the dorsal
side to the left. Controls were included to account for any effects of autofluorescence
(unlabelled tissue controls), secondary antibodies (chain-specific isotype and secondary
antibody alone controls), co-labelling effects (single label controls), and nuclear staining
(no Hoechst controls). Tissue samples from at least three individual animals (up to 6 eyes)
at different stages of development were used for each label/antibody investigated.

A light microscope equipped with epifluorescence (Leica DMLB 100S, DFC-450C
camera and LAS software v4.8.0, Leica Microsystems, Wetzlar, Germany) was used for
PAS-staining (brightfield). For immunolabelling (immunofluorescence) studies, images
were captured using a ZEISS LSM-800 microscope with an AxioCam 506 camera and ZEN
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Blue Edition v2.3 software (Carl Zeiss, Jena, Germany), or a ZEISS AxioScan.Z1 microscope
with a Hamamatsu ORCA-flash 4.0 v2 camera and ZEN SlideScan 2012 software (Carl
Zeiss). All images were saved as uncompressed tagged information field format (TIFF) files
at 16-bit depth. Image processing was performed using Photoshop v21.1.1 (Adobe, Inc.,
San Jose, CA, USA) and ImageJ (FIJI) v2.0 (Wayne Rasband, NIH, Bethesda, MD, USA) on
the Mac OS X 10.15.6 (Apple Inc., Cupertino, CA, USA) and Windows 10 (Microsoft Inc.,
Seattle, WA, USA) operating systems.

3. Results

A summary of the labelling for HS-GAG, CS-GAG, PAPSS2, and all thirteen HSPG
core proteins during murine lens development is outlined in Table 1.

3.1. PAPS Synthetase-2 Is Localised to the Developing Mouse Lens

We first immunolabelled the PAPSS2 (HSPG sulfation) in the developing mouse lens
(Figure 2). PAPSS2 reactivity was absent from all early eye structures, including cells com-
prising the lens placode (E9.5, Figure 2(A1)), and lens pit (E10.5, Figure 2(A2)). It was not
until E11.5, in the lens vesicle that PAPSS2 immunolabelling appeared, strongly localised to
the elongating primary lens fibre cells (Figure 2(A3)). This fibre-specific label persisted and
was also observed in the early secondary lens fibre cells at E14.5 (Figure 2(A4–A7)) and
E16.5 (Figure 2(A8–A10)). At E16.5, PAPSS2 reactivity was also evident in the anterior lens
epithelium but was not present in the lens capsule (Figure 2(A9)).

3.2. Heparan Sulphate Is the Predominant Sulphated Glycosaminoglycan Expressed throughout
Murine Lens Development

HSPG core proteins can carry HS-GAG GAG chains or a combination of both HS-GAG
and CS-GAG chains. To determine which of these two GAG species represents the major “ac-
tive” sulphated fraction of HSPGs in the developing lens, the distribution of HS-GAG and
CS-GAG was compared during key stages of lens development (Figure 3(A1–A8,B1–B8))
using antibodies specific for the sulphated domains on HS-GAG (HS-10E4, Figure 3(C1–C8))
or CS-GAG (CS-56, Figure 3(D1–D8)) chains. HS-GAG chain labelling was first observed at
very low levels in the cells of the lens placode (E9.5, Figure 3(C1)) with stronger labelling in
the lens pit (E10.5, Figure 3(C2)). At E11.5 (Figure 3(C3)), HS-GAG labelling was prominent
in the developing lens capsule, anterior lens epithelium and ubiquitously in elongating
primary lens fibre cells. HS-GAG reactivity was maintained in the lens capsule and cy-
toplasm of anterior epithelial cells at E14.5 (Figure 3(C4)) and E16.5 (Figure 3(C5–C8)).
The HS-GAG chain labelling was the strongest throughout the cytoplasm of secondary
lens fibre cells (Figure 3(C4)), with decreased reactivity at the germinative and transi-
tional zones (Figure 3(C4,C8)). The concentrated immunolabelling of HS-GAG was also
observed at the posterior tips (E14.5, Figure 3(C4)) and in the nuclei (Figure 3(C4,C7)) of
elongating secondary fibre cells. Although absent from the extracellular matrix of the early
developing eye (E9.5 and E10.5; Figure 3(B1,B2)), HS-GAG was strongly associated with
the matrix connecting the posterior lens vesicle and early retina (Figure 3(C3)), and the
developing vitreous humour from E14.5 (Figure 3(C4)). In contrast to the localisation of
active HS-GAG chains in early lens development, CS-GAG chain labelling was primarily
observed in the pericellular matrix (Figure 3(D1–D3)). CS-GAG immunolabelling was
completely absent from the lens placode (Figure 3(D1)), lens pit (Figure 3(D2)), and lens
vesicle (E11.5, Figure 3(D3)). Similarly, CS-GAG reactivity was first observed at low levels
in the E14.5 lens capsule, anterior lens epithelium, and anterior pole of the secondary
lens fibre cells (Figure 3(D4)). CS-GAG immunostaining was strongly correlated with the
extracellular matrix at all early stages of eye development, particularly in the preplacode
matrix (E9.5; Figure 3(D1)), and the interstitial matrix connecting the invaginating lens pit
and optic cup (E10.5; Figure 3(D2)) and surrounding the lens vesicle (E11.5; Figure 3(D3)).
CS-GAG was weakly evident in the ocular humours in the later stages of eye develop-
ment (E14.5 and E16.5; Figure 3(D4–D6)). CS-GAG immunolabelling was absent from
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the lens capsule at E16.5 (Figure 3(D5,D6,D8)), and decreased in the fibre cells relative to
E14.5 (Figure 3(D7,D8)). The CS-GAG labelling remained in the anterior lens epithelium
(Figure 3(D5)) and decreased in the germinative and transitional zones (Figure 3(D8)).
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posterior lens capsule (pc). Scale bars = 25 μm. Images in figures are oriented with ventral side po-
sitioned to the right and the dorsal side to the left. 

3.2. Heparan Sulphate Is the Predominant Sulphated Glycosaminoglycan Expressed throughout 
Murine Lens Development 

HSPG core proteins can carry HS-GAG GAG chains or a combination of both HS-
GAG and CS-GAG chains. To determine which of these two GAG species represents the 
major “active” sulphated fraction of HSPGs in the developing lens, the distribution of HS-
GAG and CS-GAG was compared during key stages of lens development (Figure 3A1–
A8,B1–B8) using antibodies specific for the sulphated domains on HS-GAG (HS-10E4, Fig-
ure 3C1–C8) or CS-GAG (CS-56, Figure 3D1–D8) chains. HS-GAG chain labelling was first 
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Figure 2. Immunolocalisation of PAPS synthetase-2 in the developing murine eye. Mid-sagittal mouse
(FvB/N) eye sections from embryonic day-9.5 (E9.5; (A1), E10.5 (A2), E11.5 (A3), E14.5 (A4–A7) and
E16.5 (A8–A10)) labelled for 3′-Phosphoadenosine 5′-Phosphosulphate Synthase 2 (PAPSS2; yellow).
Nuclei counterstained with Hoechst (blue). Dotted white lines indicate lens equator (A5,A8). Magenta
arrowheads indicate localisation at lens fibre tips (A5–A10). Lens placode (lpl), optic vesicle (ov), head
ectoderm (ect), lens pit (lp), optic cup (oc), lens vesicle (lv), anterior lens epithelium (epi), primary
lens fibre cells (1◦ lf), secondary lens fibre cells (2◦ lf), cornea (cor), retina (ret), ciliary body (cb), iris
(ir), germinative zone (gz), transitional zone (tz), anterior lens capsule (ac), and posterior lens capsule
(pc). Scale bars = 25 µm. Images in figures are oriented with ventral side positioned to the right and
the dorsal side to the left.
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Figure 3. Distribution of sulphated GAGs in mouse eye development. Eye sections from embryonic
day 9.5 (E9.5; (A1,B1,C1,D1), E10.5 (A2,B2,C2,D2), E11.5 (A3,B3,C3,D3), E14.5 (A4,B4,C4,D4), and
E16.5 (A5–A8,B5–B8,C5–C8,D5–D8)) FvB/N mice. Mid-sagittal eye sections stained with periodic
acid–Schiff’s (PAS, (A1–A8)) show cell morphology. Sections stained with a secondary antibody
only show representative negative controls (negative control; (B1–B8)). Sections labelled the highly
sulphated “active” forms of heparan sulphate (HS-GAG, red, (C1–C8)) or chondroitin sulphate (CS-
GAG, green, (D1–D8)) glycosaminoglycan chains. Nuclei counterstained with Hoechst (blue). Yellow
arrowheads indicate nuclear localisation (C4,C7). Dotted lines indicate the lens equator (A8). The
lens placode (lpl), head ectoderm (ect), preplacodal matrix (ppm); optic vesicle (ov), lens pit (lp), optic
cup (oc), lens vesicle (lv), anterior lens epithelium (epi), primary lens fibre cells (1◦ lf), secondary lens
fibre cells (2◦ lf), cornea (cor), retina (ret), ciliary body (cb), iris (ir), germinative zone (gz), transitional
zone (tz), anterior lens capsule (ac), posterior lens capsule (pc). Scale bars = 25 µm. Images in the
figures are oriented with a ventral side positioned to the right and the dorsal side to the left.

3.3. Syndecan HSPGs Are Differentially Spatially Localised in the Lens throughout Development

The different syndecan HSPGs differ in their expression, both temporally and spatially,
at all major stages of eye development. Syndecan-1 remains absent from the developing
lens until E16.5, where it is strongly localised to the lens capsule and posterior vessels of
the tunica vasculosa lentis (tvl). Weak syndecan-1 staining is also observed in a subset of
anterior lens epithelial cells and anterior secondary fibre cell tips (Figure 4(A5)). Syndecan-2
(Figure 4(B1)), -3 (Figure 4(C1)) and -4 (Figure 4(D1)) are found at E9.5 in both the optic vesi-
cle and the lens placode. The expressions of these syndecans persist at embryonic day 10.5,
with strong labelling in the lens pit and optic cup (Figure 4(B2,C2,D2)). Syndecan-2 strongly
stained throughout the invaginating lens pit, while syndecan-3 and -4 labelled particularly
strong in the posterior cells of the lens pit (Figure 4(C2,D2)). At E11.5, the prospective
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lens epithelial cells and elongating primary lens fibre cells showed strong labelling of
syndecan-2 (Figure 4(B3)) and -3 (Figure 4(C3)). For syndecan-2, this label was restricted
to the primary lens fibres and absent from the anterior aspect of the lens (Figure 4(D3)).
Syndecan-1 was absent from the lens up to E11.5, where it first appears to localise to the
inner aspect of the retina (Figure 4(A3)). At E14.5, the localisation of each of the syndecans
was distinct from each other. Syndecan-1 was primarily localised to the differentiating reti-
nal ganglion cells, and the lens capsule and blood vessels (Figure 4(A4)). Syndecan-2 was
strongly localised to the lens capsule, tvl, lens epithelial cells, and nuclei of fibre cells. It also
showed strong localisation in the cornea and developing iris (Figure 4(B4)). Syndecan-3
(Figure 4(D3)) and -4 (Figure 4(D4)) were both present in the lens epithelium and fibres
in different patterns. Syndecan-3 staining was primarily observed in the secondary lens
fibres, concentrated on the anterior fibre tips. It was absent from newer secondary lens
fibre cells (Figure 4(C4)). On the other hand, syndecan-4 staining was primarily observed
in early secondary fibre cells, with distinct staining at the anterior and posterior fibre cell
tips (Figure 4(D4)). These expression patterns were maintained at E16.5 for syndecan-2
(Figure 4(B5–B8)), -3 (Figure 4(C5–C8)), and -4 (Figure 4(D5–D8)). At E16.5, syndecan-1 was
still absent from the lens cells, but strongly localised to the lens capsule (Figure 4(A5–A8)).

3.4. Glypican HSPGs Differ in Temporal Expression at Key Stages of Lens/Eye Development

At E9.5, glypican-4 is exclusively localised to the pre-placodal matrix (Figure 5(D1)),
while glypican-2, -5, and -6 are present in both the lens placode cells and optic vesicle
(Figure 5(B1,C1,E1,F1)). Glypican-1 was absent at this early stage (Figure 5(A1)). By E10.5,
all glypicans were present in the lens pit and optic cup, apart from glypican-4, that was
localised to the extracellular matrix between the lens pit and optic cup (Figure 5(D2)). The
label for glypican-3 and -5 was concentrated upon the basal aspect of the lens pit in the
presumptive primary lens fibre cells (Figure 5(C2,E2)). Glypican-1, -2, -5, and -6 were also
present in the surface head ectoderm (Figure 5(A2,B2,E2,F2)). All glypicans were present
in the lens vesicle (Figure 5(A2,B2,C2,E2,F2)), except for glypican-4, that was primarily
localised to the lens capsule, differentiating retinal ganglion cells, and posterior lens blood
vessels (Figure 5(D3)). At E11.5, glypican-3 stained all lens vesicle cells diffusely, with
more intense staining in the presumptive lens epithelial cells (Figure 5(C3)). Glypican-1,
-2, -5, and -6 were predominantly localised to the posterior elongating primary lens fibre
cells (Figure 5(A3,B3,E3,F3)). These glypicans were mostly localised in a concentrated
region at the posterior tips of the primary lens fibres, apart from glypican-6, that strongly
labelled all fibre cells (Figure 5(F3)). From E14.5, the expression of glypicans was gener-
ally consistent. Glypican-1 (Figure 5(A4–A8)), -2 (Figure 5(B4–B8)), -3 (Figure 5(C4–C8)),
and -5 (Figure 5(E4–E8)) were predominantly localised to the lens epithelium and newly
differentiating secondary lens fibre cells, where perinuclear staining was observed for all
four glypicans (Figure 5(A7,B7,C7,E7)). Glypican-4 was absent from lens cells, with some
punctate staining in the anterior lens epithelium, and strong localisation to the lens capsule
(Figure 5(D4–D8)). Glypican-6 was absent from the epithelium and transitional zone, but
strongly labelled the cytoplasm of the fibre cells (Figure 5(F4–F8)).

Postnatally, in the 10-day-old rat lens, labelling for glypican-5 was localised to both
epithelial and fibre cells, with stronger labelling at the germinative and transitional zones
(Supplementary Figure S1(B1–B4)). Glypican-5 was also found in the corneal epithelium
and endothelium (Supplementary Figure S1(B5,B7)), ciliary non-pigmented epithelium
(Supplementary Figure S1(B8)), and in remnant blood vessels of the tunica vasculosa lentis
(Supplementary Figure S1(B4)). Glypican-5 was absent from the lens capsule (Supplementary
Figure S1(B1,B2,B4)).
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Figure 4. Distribution of syndecan core proteins in the developing mouse eye. Mid-sagittal sec-
tions from embryonic day-9.5 (E9.5; (A1,B1,C1,D1)), E10.5 (A2,B2,C2,D2), i5cat (A3,B3,C3,D3),
E14.5 (A4,B4,C4,D4) and E16.5 (A5–A8,B5–B8,C5–C8,D5–D8)) FvB/N mice. Sections labelled for
syndecan-1 (A1–A8), syndecan-2 (B1–B8), syndecan-3 (C1–C8), or syndecan-4 (D1–D8) HSPG core
proteins (red). Nuclei counterstained with Hoechst (blue). Labelling of cell nuclei indicated in (B7,B8).
White arrowheads indicate the staining of lens fibre cell tips (C4–C6,C8,D3, D4,D6–D8). The dotted
line indicates the lens equator (A8). Lens placode (lpl), head ectoderm (ect), preplacodal matrix (ppm),
optic vesicle (ov), lens pit (lp), optic cup (oc), lens vesicle (lv), anterior lens epithelium (epi), primary
lens fibre cells (1◦ lf), secondary lens fibre cells (2◦ lf), cornea (cor), retina (ret), ciliary body (cb),
iris (ir), germinative zone (gz), transitional zone (tz), anterior lens capsule (ac), and posterior lens
capsule (pc). Scale bars = 25 µm. * denotes artefact. Images in the figures are oriented with the ventral
side positioned to the right and the dorsal side to the left.

3.5. Localisation of High-Molecular-Weight HSPGs Extends beyond the Lens Capsule

Immunoreactivity for perlecan is weak in early lens structures (Figure 6(A1,A2)) but
labelling appears to be stronger in the matrix and basement membranes of the E11.5 eye
(Figure 6(A3)). At this stage, perlecan is observed in the anterior cells of the lens vesicle
(Figure 6(A3)). This pattern of staining is maintained in the fully formed lens at E14.5
and E16.5, with perlecan mostly restricted to the lens capsule and anterior lens epithelium
(Figure 6(A4–A8)). Diffuse perlecan staining was observed in the nuclei of some differenti-
ating lens fibre cells (Figure 6(A7)). Both collagen XVIII/endostatin (Figure 6(B1,B2)) and
agrin (Figure 6(C1,C2)) were observed in the cells of the lens placode and lens pit. Collagen
XVIII/endostatin reactivity was restricted to a punctate label in the primary lens fibres
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of the lens vesicle (Figure 6(B3)). This label persisted in the E14.5 lens (Figure 6(B4)). At
E16.5, collagen XVIII/endostatin labelled in condensed patches throughout the cytoplasm
of both lens epithelial and fibre cells (Figure 6(B5–B8)). On the other hand, agrin stained
strongly throughout the cells of the lens vesicle, concentrated apically in the presumptive
anterior lens epithelial cells, and basally in the new elongating primary lens fibre cells
(Figure 6(C3)). From E14.5, agrin immunoreactivity was strongly visible throughput the
cytoplasm of the central lens fibre cells (Figure 6(C4)), and this label persisted in the E16.5
lens (Figure 6(C5–C8)). Agrin was clearly associated with a subset of fibre cell nuclei
(Figure 6(C4,C7)). Agrin staining was almost completely absent from the anterior lens
epithelium and transitional zone (Figure 6(C4,C5,C8) and Table 1).
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labelling appears to be stronger in the matrix and basement membranes of the E11.5 eye 
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(Figure 6A3). This pattern of staining is maintained in the fully formed lens at E14.5 and 
E16.5, with perlecan mostly restricted to the lens capsule and anterior lens epithelium 

Figure 5. Distribution of glypican core proteins in the developing mouse eye. Mid-sagittal
sections from embryonic day-9.5 (E9.5; (A1–F1)), E10.5 (A2–F2), E11.5 (A3–F3), E14.5 (A4–F4),
and E16.5 (A5–A8,B5–B8,C5–C8,D5–D8,E5–E8,F5–F8) FvB/N mice. Sections labelled for glypican-1
(A1–A8), glypican-2 (B1–B8); glypican-3 (C1–C8), glypican-4 (D1–D8), glypican-5 (E1–E8), or
glypican-6 (F1–F8) HSPG core proteins (red). Nuclei counterstained with Hoechst dye (blue). Yellow
arrowheads indicate nuclear localisation (A4,A5,A7,A8,B4,B5,B7,B8,C7). White arrowheads indicate
the staining of lens fibre cell tips (A3). Dotted lines indicate lens equator (A8). Lens placode (lpl),
head ectoderm (ect), preplacodal matrix (ppm), optic vesicle (ov), lens pit (lp), optic cup (oc), lens
vesicle (lv), anterior lens epithelium (epi), primary lens fibre cells (1◦ lf), secondary lens fibre cells
(2◦ lf), cornea (cor), retina (ret), ciliary body (cb), iris (ir), germinative zone (gz), transitional zone (tz),
anterior lens capsule (ac), and posterior lens capsule (pc). Scale bars = 25 µm. Images in figures are
oriented with ventral side positioned to the right and the dorsal side to the left.
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Figure 6. Distribution of high-molecular-weight HSPG core proteins in the developing mouse
eye. Mid-sagittal sections from embryonic day-9.5 (E9.5; (A1–C1)), E10.5 (A2–C2), E11.5 (A3–C3),
E14.5 (A4–C4), and E16.5 (A5–A8,B5–B8,C5–C8) FvB/N mice. Sections labelled for perlecan (A1–A8),
collagen-XVIII/endostatin (B1–B8), or agrin (C1–C8) HSPG core proteins (red). Nuclei counterstained
with Hoechst dye (blue). Yellow arrowheads indicate nuclear localisation (A7,C4,C7,C8). White
arrowheads indicate the staining of the lens fibre cell tips (C3). Dotted lines indicate the lens equator
(A8). The lens placode (lpl), head ectoderm (ect), optic vesicle (ov), lens pit (lp), optic cup (oc), lens
vesicle (lv), anterior lens epithelium (epi), primary lens fibre cells (1◦ lf), secondary lens fibre cells
(2◦ lf), cornea (cor), retina (ret), ciliary body (cb), iris (ir), germinative zone (gz), transitional zone (tz),
anterior lens capsule (ac), and posterior lens capsule (pc). Scale bars = 25 µm. Images in figures are
oriented with ventral side positioned to the right and the dorsal side to the left.
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Table 1. Summary of HSPG immunolocalisation in mouse eye lens development.

Embryonic Day GAG Other Core Proteins

E9.5

Lens placode HS
Sdc2, Sdc3, Sdc4, Gpc2, Gpc4,

Gpc5, Gpc6, perlecan, collagen
XVIII, agrin

Optic vesicle HS, CS
Sdc2, Sdc3, Sdc4, Gpc2, Gpc5,

Gpc6, perlecan, collagen
XVIII, agrin

Preplacodal matrix CS Sdc2, Sdc4, Gpc4, Agrin

E10.5

Lens pit HS
Sdc2, Sdc3, Sdc4, Gpc1, Gpc2,
Gpc3, Gpc5, Gpc6, perlecan,

collagen XVIII, agrin

Head ectoderm HS
Sdc2, Sdc3, Sdc4, Gpc1, Gpc2,

Gpc3, Gpc4, Gpc5, Gpc6,
perlecan, agrin

Optic cup HS, CS
Sdc2, Sdc3, Sdc4, Gpc1, Gpc2,

Gpc3, Gpc4, Gpc5, Gpc6,
perlecan, collagen XVIII, agrin

Extracellular matrix
(lens pit-optic cup) CS Sdc2, Gpc4, perlecan?

E11.5

Anterior lens
epithelium HS PAPSS2

Sdc2, Sdc3, Sdc4, Gpc1, Gpc2,
Gpc3, perlecan, collagen

XVIII, agrin

1◦ lens fibre cells HS PAPSS2
Sdc2, Sdc3, Sdc4, Gpc1, Gpc2,
Gpc3, Gpc5, Gpc6, perlecan,

collagen XVIII, agrin
Lens capsule HS Sdc1, Sdc2, Gpc4, perlecan

E14.5

Anterior lens
epithelium HS *, CS

Sdc2 *, Sdc3, Sdc4, Gpc1, Gpc2,
Gpc3, Gpc4, perlecan,

collagen XVIII

2◦ lens fibre cells HS *, CS PAPSS2
Sdc2 *, Sdc3, Sdc4, Gpc1, Gpc2,

Gpc3, Gpc5, Gpc6, collagen
XVIII, agrin

Lens capsule HS, CS Sdc1, Sdc2, Gpc2, Gpc4, perlecan
Tunica vasculosa

lentis HS, CS Sdc1, Sdc2, Gpc1, Gpc2, Gpc4,
Gpc5, perlecan

E16.5

Anterior lens
epithelium HS *, CS

Sdc2 *, Sdc3, Sdc4, Gpc1 *, Gpc2 *,
Gpc3 *, Gpc5, perlecan, collagen

XVIII, agrin

2◦ lens fibre cells HS *, CS PAPSS2
Sdc2 *, Sdc3, Sdc4, Gpc1 *, Gpc2 *,

Gpc3 *, Gpc5, Gpc6, perlecan *,
collagen XVIII, agrin *

Lens capsule HS Sdc1, Sdc2, Gpc4, perlecan
Tunica vasculosa

lentis HS, CS Sdc1, Sdc2, Gpc1, Gpc2, Gpc4,
Gpc5, perlecan

* Nuclear localisation in cells.

4. Discussion

While there are many reports to date studying vertebrate lens morphogenesis and the
growth factors involved, less is understood about how these different growth factors are
positioned to drive this development. Given the important role of HSPGs in regulating
many growth factors, together with recent studies implicating HSPGs as essential for
the induction and development of the eye, here we present the most comprehensive
spatiotemporal labelling of all the different HSPG core proteins and their associated GAGs
throughout murine lens development. This study complements and extends from our
earlier report on the localisation of HSPGs in the postnatal rat lens [35], wherein we
described how the defined patterns of all HSPGs associate with lens cellular activity. Of
note is that our earlier study reported the absence of glypican 5 in the postnatal lens, of
which we now have corrected and clearly show that it is indeed also present in the lens
when using a more selective and effective commercial antibody. Given that all HSPGs are
expressed in the lens, by linking the defined localisation of their respective HSPG core
proteins, along with their reported mode of activity, it can provide valuable insights into
their functional roles [36,37].
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The activity of HSPGs is largely dependent on the distinct sulfotransferases of their
HS chains, which source sulphate from PAPS produced by PAPSS1/2 synthetases [38,39].
Transcriptome data identify both papss1 and papss2 in the lens [40], with strong PAPSS2
protein labelling in the developing murine and postnatal rat eye, specifically in the lens [38].
Here, we found that PAPSS2 was absent in very early lens induction (i.e., lens placode,
lens pit), with strong reactivity first appearing in the lens vesicle, distinctly labelling the
elongating primary lens fibre cells. This fibre-specific label persisted and was later observed
in secondary lens fibres at E14.5 and E16.5 when the differentiating lens epithelium also
began to label strongly for PAPSS2. The weak to no immunolabelling for PAPSS2 in the
lens placode and pit is of interest as we see the strong labelling of not only HS-GAG but
many HSPGs that require PAPSS for their sulfation. The absence of PAPPS2 suggests
that the activity of HSPGs in early lens induction may be largely mediated by HSPG core
protein–protein interactions, and is independent of GAG–protein interactions, implying an
expected low sulfation and binding potential of these HSPGs with ocular growth factors.
An example of this is glypican-4, that only carries HS chains but does not overlap in
expression with HS-GAG. Alternatively, it is also plausible that the other PAPSS isoform,
PAPSS1 (encoded by the papss1 gene), is the predominant sulphate donor at this early
stage of lens development, consistent with transcript expression profiles from published
embryonic mouse lens datasets [41–44].

The selectivity of interactions between HSPGs and proteins is not solely determined
by the type of core protein (such as syndecan or glypican) or its location (for example,
on the cell surface or in the extracellular matrix), but also by the precise structure (i.e.,
sulphation) of the HS-GAG chains. Although HSPGs are primarily composed of HS-GAGs,
certain species such as syndecan-1/-3 [45,46], agrin [47], and collagen XVIII [48] may also
carry CS-GAGs. Lens cells produce some proteoglycans carrying both HS-GAG and CS-
GAG, although HS-GAG is the most common [35,49,50]. Consistent with this, here we
report that HS-GAG, and not CS-GAG, is the predominant GAG associated with HSPGs
throughout murine lens development. Unlike HS-GAG, CS-GAG was absent from the
lens until E14.5, indicating that HS-GAGs are likely the major species regulating the early
events of lens induction, invagination, and cell fate specification. The presence of CS-GAG
in the pre-placodal and peri-lenticular matrix throughout development may suggest a role
in cell–matrix interactions or morphogen gradient formation. In contrast, HS-GAG was
absent from the ocular matrix throughout the early stages of lens development, instead
appearing and localising predominantly to the presumptive and differentiating lens cells.
These patterns were often associated with regions of lens cell activity (i.e., lens placode,
posterior aspect of lens pit/vesicle and lens transitional zone). The expression patterns
of HS-GAG and CS-GAG in the developing lens suggest that both GAG types may have
overlapping and distinct roles in regulating functional cellular processes. For instance, fibre
differentiation may be regulated by both GAG types, while morphogen gradient formation
in the lens capsule may be predominantly regulated by HS-GAG. In other tissues, such as
the developing brain, HS-GAG and CS-GAG have been shown to serve distinct functional
roles, with CS-GAG stabilizing existing synaptic connections and HS-GAG stimulating the
formation of new synapses [51]. These functional differences are likely due to the selective
interaction of each GAG type with different proteins in a structure-dependent manner [52].
The reported differential localisation of HS-GAG and CS-GAG [51,53,54] is consistent with
their distinct functional roles [55].

Most of the HSPG core proteins that we examined localised to the cells of the surface
head ectoderm and optic vesicle; however, syndecan-1 and glypican-1 were both absent
at this stage. Despite being a traditionally cell-associated HSPG, glypican-4 was absent
from the head ectoderm and optic vesicle but was strongly localised to the pre-placodal
matrix. Similarly, syndecan-2, which is traditionally a cell-associated HSPG, was also
observed in the pre-placodal matrix, along with the surface head ectoderm and optic
vesicle, consistent with previous reports of syndecan-2 being a matrix-associated HSPG in
ocular tissues [35,56]. The pre-placodal matrix is thought to prevent this defined region
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of proliferative head ectodermal cells from spreading, so that their continued prolifera-
tion and progressive cell crowding thickens this region of the ectoderm to form the lens
placode [57]. The regulated signalling activities of several mitogens and morphogens,
such as BMPs, Hh, FGFs, and Wnts, orchestrate the inductive events associated with the
optic vesicle-presumptive lens interaction [58,59], and all these growth factors have been
shown to be regulated by the HSPGs that we localise to the lens placode [60–64]. FGF,
Hh, BMP, and Wnt-signalling are each essential regulators in eye development, with their
on/off switching essential for different stages of lens development [6], and defects in
their signalling activity shown to compromise lens development. While the sustained
inductive signalling of BMP and FGF are essential for lens placode development and
the early stages of lens specification [65], these early stages also require the inhibition
of Hh- [16] and Wnt- [66] signalling, with heightened Hh-signalling activity shown to
suppress lens formation in zebrafish [67]. Later in lens morphogenesis, Wnt-signalling is
activated to promote epithelial cell adhesion, integrity, and polarity, as well as fibre differ-
entiation [11,66,68,69]. Constitutively active Hh-signalling through its receptor, patched,
promotes epithelial maintenance at the expense of fibre differentiation [70]. Thus, the
inhibition of Hh-signalling, once again with fibre cell differentiation, is essential for normal
lens development. BMP-signalling promotes apical constriction and pro-survival signals
during lens placode invagination and drives proliferation of lens epithelial cells and cell
cycle exit at the transitional zone, that is bolstered by FGF-signalling driving lens epithelial
cell proliferation and fibre differentiation [13,14,71].

The spatiotemporal regulation of the ocular morphogens, together with other extra-
cellular signalling proteins, forms the basis of lens patterning, polarity, growth, and cell
fate specification [1,6,72], that are regulated by the many HSPGs we report to be expressed
herein. Many of these same HSPGs regulate other matrix-related proteins, including
β1-integrins and fibronectin [73–75], that are also co-localised to the early lens placode
cells, and play an essential role in this inductive process [76–79].

Glypicans are predominantly expressed during embryonic development, and increas-
ing evidence suggests that they are major regulators of morphogenic signalling and gradient
events in development, controlling left/right and dorsal/ventral patterning, as well as
controlling tissue size and growth cues [80]. Genetic and biochemical studies have shown
that glypicans can stimulate or inhibit the signalling pathways triggered by Wnts, Hh,
BMPs, and FGFs, that have been mentioned to be responsible for patterning and tissue
formation during embryogenesis, depending on the context of the tissue to drive growth
patterning events [80]. Not surprisingly, mutations in genes encoding glypicans often result
in developmental abnormalities or overgrowth [80]. For instance, Glypican-3 has been
shown to inhibit hedgehog signalling during development by competitively binding to the
ligand, preventing it from binding to patched, through a HS-GAG independent process [61].
Similarly, Glypicans-1, -3, and -4 negatively regulate BMP-signalling by competing with
BMP receptors for ligand binding in a similar fashion [81,82]. On the other hand, glypicans
seem to both positively and negatively regulate Wnt-signalling in different developmental
systems. Glypican-4 promotes cardiac specification and differentiation by attenuating
canonical Wnt- and BMP-signalling [81], while glypican-1 can act as a Wnt-coreceptor to
activate Wnt-signalling [82]. For different morphogens, glypicans seem to mainly activate
or enhance signalling. Glypicans can interact with FGFs and their receptors to stabilize
their assembly and enhance downstream ERK1/2 or PI3K/Akt, as well as bind to TGF-β
and its receptors to promote SMAD-signalling [82].

As the mouse lens placode and optic vesicle invaginate at E10.5, we find that most of
the HSPG core proteins localise to the cells of the lens pit, with syndecan-1 and glypican-4
yet to appear. Glypican-4 was predominantly localised to the surrounding matrix together
with syndecan-2 and perlecan. Here, we begin to observe subtle changes between some of
the core proteins, such as syndecan-4, that appears to distinctly label the posterior tips of
lens pit cells, with the majority of the other core proteins localising diffusely throughout
all the lens pit cells. BMP-4/-7 activity [83] and the downstream activation of GTPases
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(RhoA, Rac1, ROCK) drive changes in cytoskeletal architecture essential for cell elongation,
apical constriction, and epithelial invagination during lens pit formation [84]. Glypican-3 is
well established as a primary regulator of cellular responses of BMP-4/-7 in developing
tissues [85], although emerging evidence suggests that other HSPGs, such as agrin [86]
and syndecan-3 [87], may also play tissue-specific roles in BMP regulation. On the other
hand, the syndecans are major regulators of RhoA/Rac1/ROCK GTPase-signalling and
cytoskeletal modifications, through interactions with the intracellular domains of their core
proteins [88–90].

As the mouse lens acquires more of an antero-posterior polarity with the formation
of the lens vesicle at E11.5, we see that the acute change in posterior lens vesicle cell
elongation to form the first primary fibres is associated with much HSPG activity. In the
first instance, we not only have PAPPS2 appearing in these cells, but also co-localising
with HS-GAG and the core proteins of most HSPGs, suggesting their putative roles in
the differentiation, attachment, and elongation of primary lens fibre cells. Syndecan-1
continues to remain absent not only from lens cells but from all developing eye structures.
Given that PAPSS2 appears distinctly at this developmental stage, overlapping with many
HSPGs and HS-GAGs, this suggests a marked rise in HS sulfotransferase activity that
may be essential to drive primary lens fibre differentiation. With the differentiation of the
primary fibres, we also have the concomitant differentiation of the anterior lens vesicle
cells to form the epithelium. Lens epithelial cell differentiation is known to be regulated
by Wnt/beta-catenin signalling [68] which in turn is regulated by glypican-3 [91], that is
perfectly positioned for this, given the strong reactivity we observe in the anterior lens cells.

While we show that glypicans appear to generally localise in similar patterns to syn-
decans, the glypicans display temporal differences in their onset. This may be indicative of
different core proteins regulating different developmental/cell fate specification/patterning
events. It may be the case that the variable spatiotemporal localisation of the different
HSPGs, particularly glypicans, throughout lens development is representative at least in
part by their differential regulation of the morphogenetic switches in signalling events [80].
Although no lens-specific phenotypes have been reported for animals deficient in glypicans,
compensatory regulation between closely related HSPGs (i.e., glypicans-2/-4 and -3/-5)
is likely. Our understanding of this family of HSPGs and how they function in different
tissues is still very limited.

The larger secreted HSPGs, perlecan [35,92–94], collagen XVIII [35,92], and agrin [35,95]
are recognized as the predominant HSPGs in the postnatal lens capsule; however, we have
previously reported different patterns of other HSPG core proteins (syndecans-1/-2/-4
and glypicans-2/-4) in the postnatal rat lens capsule: syndecan-2 and perlecan are abun-
dant throughout the lens capsule, while syndecan-4, glypican-2, glypican-4, collagen
XVIII/endostatin, and agrin are restricted to the outer reticular lamina of the lens cap-
sule [35]. In contrast, syndecan-1-labelling appeared to be uniquely limited to the basal
lamina. In the developing mouse eye, we only observed a subset of these HSPGs in the lens
capsule (syndecans-1/-2/-4, glypican-4 and perlecan), suggesting that some HSPGs (i.e.,
glypican-2, collagen XVIII, and agrin) are deposited in the capsule at later stages. Of the
minor HSPG core proteins we observed in the developing lens, three are syndecans, that
bind to several structural and matrix regulatory proteins found in the lens capsule (e.g.,
collagen IV, laminin, fibronectin and integrins), and have previously been implicated as
key regulators of ECM assembly, cell–matrix interactions, and cell adhesion [38].

Perlecan exists in an antero-posterior gradient in the lens capsule, consistent with com-
plimentary antero-posterior gradients of FGF bioavailability and signalling activity [96,97].
Perlecan HSPGs are also required for the structural integrity of the lens capsule [36], as it
is shown here to be progressively deposited to the capsule over the course of lens devel-
opment, consistent with its label in the embryonic chick lens [98]. While the other large
secreted high-molecular-weight HSPGs, collagen XVIII, and agrin are often reported to
be associated with ECM and basement membranes, here we report that both these core
proteins are present from the earliest stages of lens development, primarily within the cells
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of the presumptive and developing lens, and are not observed in the lens capsule, as we
previously reported in the postnatal rat lens [38]. Rather, they are primarily associated with
the lens epithelium, and show particularly strong staining in lens fibre cells. Mice deficient
for col18a1, encoding the collagen XVII core protein, have a widespread malformation of
ocular tissues [99,100], with the overexpression of the endostatin domain of Collagen XVIII
leading to cataract and structurally compromised basement membranes [101,102]. The
overexpression of agrin also produces a dysgenic phenotype that is specific to the eye [95].
Similarly, the knock-down of agrin in zebrafish embryos results in a small eye and lens phe-
notype, leading to decreased HS-GAG staining in the lens, but not retina, suggesting that
other HSPGs may be upregulated in response to this loss of agrin [103]. The knockdown of
agrin in zebrafish also leads to selectively decreased FGF-signalling and the downstream
activity of MAPK/ERK in the lens, providing strong evidence that agrin is likely regulating
FGF-ERK signalling activity in the developing lens [103]. Interestingly, the strong pattern
of HSPG-labelling in the posterior lens vesicle cells mirrors that of phospho-ERK1/2 stain-
ing [104]. Since FGF/ERK-signalling is required for lens fibre cell elongation [105], and
agrin is strongly localised to both the rapidly elongating primary and secondary lens fibres,
it may be playing an important role in FGF-induced lens fibre differentiation. Notably,
agrin is absent from the transitional zone of the lens, where cells exit the cell cycle and begin
to differentiate into fibres, instead of selectively staining the elongated/ing lens fibres.

Here, we report on the immunolabelling of HS-GAG and specific core proteins in
the nuclei of lens epithelial cells (syndecan-2) and fibre cells (syndecan-2, glypican-1,
glypican-5, perlecan, and agrin). Some of these HSPGs have previously been reported in
the cell nuclei of other tissues, such as glypican-1 (neurons, glial cells); [106] and agrin
(developing rat brain cells) [107], while other HSPGs (i.e., glypican-5), to the best of our
knowledge, are reported herein for the first time in the nuclei of lens cells. HS-GAG and
HSPG core proteins in select cell types have been proposed to play roles in the transport
of cargo or growth factor/receptor complexes to the cell nucleus (e.g., FGF/FGFR) to
regulate gene expression [35,108]. The presence or absence of HSPGs correlates with cellular
function, phenotype, and changes in cell cycle phases, suggesting that their placement
in the nucleus may control cellular function [35,108]. Here, we report that most HSPGs
associated with lens cell nuclei are present in the transitional zone or in new fibre cells,
where the lens epithelial cells exit the cell cycle and undergo major morphological changes
to differentiate into fibre cells, suggesting that these specific HSPGs may play a regulatory
role in these processes. Further investigations are necessary to elucidate the specific
functional roles of HSPGs in lens cells. The current study is the first to comprehensively
map all HSPG localisation in a developing tissue during organogenesis. The unique
patterns of expression observed here for HSPG core proteins in the developing lens imply
that, during differentiation, lens cells acquire a distinct set of HSPGs that may interact
selectively with proteins, resulting in distinct patterns of HS-protein binding and signalling
regulation. Moreover, our findings suggest that different HSPGs may play distinct and
overlapping roles at different stages of lens induction and morphogenesis. In conjunction
with earlier research, our findings also suggest that HS-GAG sulfation is necessary for
growth factor-induced cellular processes in the lens, and that PAPSS2 plays a distinct
temporal role as a sulphate donor. By further characterizing and specifically modulating
the different sulphated HSPGs expressed in the lens, we hope to better understand how
HSPGs regulate different growth factor-mediated signalling, and its respective lens cell
behaviour. With this, the specific roles of HSPGs in modulating growth factor activity could
facilitate the development of innovative approaches for manipulating cellular behaviour.
Such strategies could have broader implications beyond the context of lens biology and
diseases, extending to other growth factor-mediated pathologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12101364/s1, Figure S1: Distribution of glypican-5 core protein in
the 10-day-old rat eye; Table S1: Primary antibodies used for GAG and core protein immunolocalisation.
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PURPOSE. The arrangement of lens cells is regulated by ocular growth factors. Although
the effects of these inductive molecules on lens cell behavior (proliferation, survival, and
fiber differentiation) are well-characterized, the precise mechanisms underlying the regu-
lation of growth factor-mediated signaling in lens remains elusive. Increasing evidence
highlights the importance of heparan sulfate proteoglycans (HSPGs) for the signaling
regulation of growth factors; however, the identity of the different lens HSPGs and the
specific roles they play in lens biology are still unknown.

METHODS. Semiquantitative real-time (RT)-PCR and immunolabeling were used to char-
acterize the spatial distribution of all known HSPG core proteins and their associated
glycosaminoglycans (heparan and chondroitin sulfate) in the postnatal rat lens. Fibroblast
growth factor (FGF)-2-treated lens epithelial explants, cultured in the presence of Surfen
(an inhibitor of heparan sulfate [HS]-growth factor binding interactions) were used to
investigate the requirement for HS in FGF-2-induced proliferation, fiber differentiation,
and ERK1/2-signaling.

RESULTS. The lens expresses all HSPGs. These HSPGs are differentially localized to distinct
functional regions of the lens. In vitro, inhibition of HS-sulfation with Surfen blocked
FGF-2-mediated ERK1/2-signaling associated with lens epithelial cell proliferation and
fiber differentiation, highlighting that these cellular processes are dependent on HS.

CONCLUSIONS. These findings support a requirement for HSPGs in FGF-2 driven lens cell
proliferation and fiber differentiation. The identification of specific HSPG core proteins
in key functional lens regions, and the divergent expression patterns of closely related
HSPGs, suggests that different HSPGs may differentially regulate growth factor signaling
networks leading to specific biological events involved in lens growth and maintenance.

Keywords: lens, heparan sulfate proteoglycan (HSPG), syndecan, glypican

The ocular lens is a well-established model for studying
growth factor regulation of cell behavior.1 The lens is a

relatively simple tissue, composed of two distinct cell types,
with a monolayer of cuboidal epithelial cells overlying the
anterior surface of elongate and precisely aligned fiber cells,
that make up the lens bulk. Postnatally, lens growth is depen-
dent on the proliferation of the epithelial cells in the germi-
native zone, and their subsequent differentiation into fiber
cells at the transitional zone.2,3 Fiber differentiation is char-
acterized by distinct molecular and morphologic changes,
such as exit from the cell cycle, cell elongation, loss of cyto-
plasmic organelles, and nuclei, as well as the accumulation
of fiber-specific crystallin proteins.4 The normal architecture,
and hence transparency of the lens, depends on the mainte-
nance of this distinctive pattern of growth.

The organization of lens cells is regulated by the ocular
environment, namely, the aqueous and vitreous humors that
bathe the lens. In vitro studies have shown that growth
factors native to the aqueous humor promote the mito-
genic activity of the lens epithelial cells,5 whereas factors in
the vitreous humor induce the differentiation of secondary
lens fiber cells.6 These native factors, including insulin-like

growth factor-I (IGF-I)7; epidermal growth factor (EGF)8;
platelet-derived growth factor-A (PDGF-AA)9,10; hepatocyte
growth factor (HGF)11; ephrins12,13; and bone morpho-
genetic proteins (BMPs)14 act in concert with fibroblast
growth factors (FGFs)15,16 to potentiate and regulate lens
epithelial cell proliferation5,17 and fiber differentiation.18

FGFs have been reported to be particularly impor-
tant in the regulation of lens cell survival, proliferation,
and differentiation.15,16,19 They activate their high affinity
receptor tyrosine kinases (RTKs; e.g. FGFRs) in lens in
a concentration-dependent manner,20 stimulating a prolif-
erative and/or fiber differentiation response21 via down-
stream signaling, including the mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK)
and phosphoinositide-3-kinase (PI3K/Akt) pathways.17,18,22

Differential distribution of FGF bioavailability in the eye can
regulate these lens growth processes,21 with the proliferating
lens epithelial cells exposed to lower levels of FGF activity
in the aqueous, and the differentiating fiber cells exposed to
higher levels of FGF activity from the vitreous.23,24 Although
the many distinct and overlapping effects of growth factors
on lens cell behavior are well-characterized, the mechanisms
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underlying how they traverse the extracellular space, arrive
precisely at the target cells, and transmit signaling within
cells at the appropriate level, is still unclear. Recent studies
in mice and other animal models have revealed the impor-
tance of cellular and extracellular matrix (ECM)-associated
heparan sulfate proteoglycans (HSPGs) for the signaling and
extracellular distribution of growth factors.25

HSPGs are complex glycoconjugates composed of a
core protein backbone decorated with covalently linked
linear heparan sulfate (HS) and/or chondroitin sulfation (CS)
glycosaminoglycan (GAG) chains. The negatively charged
sulfate groups of HS/CS chains interact with positively
charged lysine/arginine-rich regions of many proteins,
including growth factors and ECM molecules (e.g. integrins,
laminin, fibronectin, and collagens).26 The interactions of
growth factors with native HSPGs can influence their recep-
tor binding and signaling activation,27,28 gradient forma-
tion,29 modulation of their signaling activity,30 as well as
protecting cells from degradation.31 Through modulation of
the bioavailability, receptor binding, and signaling activa-
tion of mitogens and morphogens, HSPGs are positioned as
master regulators of growth factor signaling in cell biology
and development.25,32

The HSPG superfamily is divided into three major groups
based on their core-protein structure. The transmembrane
syndecans (1–4)33 and glycerophosphatidylinositide (GPI)-
anchored glypicans (1–6)34 are localized to the cell surface,
while the large secreted HSPGs, including perlecan, agrin,
and collagen XVIII/endostatin, are primarily secreted by
cells and deposited to the ECM and basement membranes.35

Different HSPG core proteins play unique roles in tissue
homeostasis, and these roles are often tissue and cell-type
specific.25 Moreover, the number, localization, and HS/CS
sulfation patterns of HSPGs can modify their protein inter-
actions, and therefore their function.36 For instance, to date,
HSPG core proteins identified in the vertebrate eye have
been found to have functional roles unique to the tissue
where they are expressed. HS-linked forms of perlecan are
required for structural integrity of the lens capsule, but
not the glomerular basement membrane,37 whereas overex-
pression of agrin in the lens causes a dysgenic phenotype
that is specific to the eye.38 The localization of HSPG core
proteins can hence provide valuable information pertain-
ing to their functional roles in specific tissues.39 Immuno-
labeling of HSPG core proteins syndecan-1, syndecan-4,
and glypican-4 within the proliferative zone of the brain,
together with in vitro evidence that HSPGs are required
for FGF-stimulated proliferation of brain precursor cells,
identified these HSPGs as key regulators of FGF-stimulated
proliferation in brain development.40 Earlier studies suggest
that specific HSPGs may differentially regulate biological
processes in the lens. For example, heparan-binding growth
factors can bind electrostatically to gradients of HS proteo-
glycans.41 This is observed in the extracellular matrix of
the lens capsule, with complimentary antero-posterior gradi-
ents of the matrix-associated HSPG perlecan, FGF bioavail-
ability, and signaling activity.20,42 Other studies have also
provided support for a direct role of cell-surface HSPGs,
rather than basement membrane localized HSPGs, in FGF
signaling.43–46

To determine which specific HSPG core proteins could
potentially be involved in the regulation of signaling events
important for lens cell biology, here, we comprehensively
characterized the presence and comparative spatial localiza-
tion of all known HSPG core proteins in the postnatal rat

lens. We found that the lens has a unique profile of HSPG
core proteins that are differentially localized to distinct func-
tional regions of the lens. The significantly divergent expres-
sion patterns of closely related members of the one HSPG
family (e.g. syndecans), suggests that different HSPG core
proteins may differentially regulate different growth factors,
such as FGFs, and specific lens cellular processes (e.g. prolif-
eration, fiber cell elongation, and differentiation). Our in
vitro studies also show that it is the heparan sulfation on the
HSPGs and not their chondroitin sulfation that is required
for FGF-2-induced ERK1/2 activity, leading to lens epithelial
cell proliferation and fiber differentiation.

METHODS

Animals

All animal experimental procedures were approved by
The University of Sydney Animal Ethics Committee (AEC
#2017/1269) and conducted in accordance with the guide-
lines set by the National Health and Medical Research Coun-
cil (Australia), and the Association for Research in Vision
and Ophthalmology statement for the Use of Animals in
Ophthalmic and Vision Research. 10-day-old albino Wistar
rats (Rattus norvegicus) were euthanized by asphyxiation
with carbon dioxide followed by cervical dislocation.

Gene Expression

Total RNA was extracted from dissected 10-day-old rat lens
epithelial cells and lens fiber cells (n = pooled tissue from
at least 5 animals) using the ISOLATE II RNA Micro Kit
(Bioline, Eveleigh, New South Wales, Australia), accord-
ing to the manufacturer’s instructions. Following DNAse
treatment and reverse transcription (SensiFAST cDNA
Synthesis Kit, Bioline), the relative expression of transcripts
encoding all known HSPG core proteins was investigated
using semiquantitative reverse transcription polymerase
chain reaction (RT-qPCR). RT-qPCR was performed as
biological triplicates, according to the manufacturer’s
instructions with the QuantStudio 12K Flex Real-Time
PCR System (ThermoFisher Scientific, Waltham, MA, USA)
using TaqMan Gene Expression Assays for proteoglycan
core proteins (accession numbers: Syndecan-1 [Sdc1]:
Rn01469776_m1; Syndecan-2 [Sdc2]: Rn00565242_m1;
Syndecan-3 [Sdc3]: Rn00696372_m1;Syndecan-4 [Sdc4]:
Rn00664688_m1; Glypican-1 [Gpc1]: Rn01427370_m1;
Glypican-2 [Gpc2]: Rn00593367_m1; Glypican-3 [Gpc3]:
Rn00516722_m1; Glypican-4 [Gpc4]: Rn01457394_m1;
Glypican-5 [Gpc5]: Rn01468174_m1; Glypican-6 [Gpc6]:
Rn01466049_m1; Perlecan [Hspg2]: Rn01515780_g1; Agrin
[Agrn]: Rn00598349_m1; Collagen XVIII alpha chain
1 [Col18a1]: Rn01428983_m1; and glyceraldehyde 3-
phosphate dehydrogenase [Gapdh]: Rn01462662_g1; Life
Technologies, Carlsbad, CA, USA). No-template controls
were included for each assay. Relative core protein tran-
script expression was quantified relative to housekeeping
(Gapdh) expression for lens epithelial cells and lens fiber
cells respectively. Data were represented a log(�Ct) relative
to Gapdh ± standard error of the mean (SEM), from at least
three independent experiments.
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Immunolabeling of Heparan Sulfate
Proteoglycans

Intact eyes or uncultured lens epithelial wholemounts were
collected and fixed for 24 hours or 5 minutes, respec-
tively, in 10% neutral buffered formalin (NBF; Sigma, Castle
Hill, New South Wales, Australia) before processing for
routine paraffin embedding (lens epithelial wholemounts
were pre-embedded in 1% noble agar; Sigma). Paraffin-
embedded tissues were serially sectioned at 5 μm. Lens
epithelial wholemounts were also isolated and immediately
fixed for 1 minute in cold methanol (Sigma) in preparation
for histochemical staining or immunolabeling procedures.
Mid-sagittal sections and lens epithelial wholemounts from
at least three animals were used for staining and immunola-
beling. Representative sections were also stained with peri-
odic acid–Schiff (PAS) to highlight lens morphology.

Whole eye sections and lens epithelial wholemounts
were first labelled for HS using a monoclonal antibody (HS
F58-10E4, 370255; Amsbio LLC, Abingdon, UK). As some
HSPGs (i.e. Syndecans −147 and −3,48 agrin,49 and collagen
XVIII/endostatin50) may carry CS GAG chains, in addition
to the predominant HS chains, we also labeled for highly
sulfated forms of CS (CS-56, C8035; Sigma). As the inter-
actions of most HSPG-binding proteins are electrostatic in
nature, and rely on GAG chain sulfation, these antibod-
ies can be used to detect all sulfated “active” HSPGs in a
tissue.51–53 When used alongside core protein-specific anti-
bodies, a more complete picture of the HSPG profile of the
lens can be determined.

As specific HSPGs can differentially regulate cell
responses and behaviors, and their differential expression
is reported to be spatiotemporally regulated in a cell type-
and tissue-specific manner,39,40 we characterized the spatial
localization of the different HSPGs in the postnatal lens.
Localization of HS and HSPG core proteins were investi-
gated by immunolabeling 10-day-old rat lens mid-sagittal
sections and lens epithelial wholemounts, using commer-
cially available antibodies (see Supplementary Table S1).
For all immunofluorescent labeling studies, cell nuclei were
counter-labeled with bisbenzimide (Hoechst 33258; Sigma).
We included the following controls for the immunofluores-
cence studies: (i) unlabeled tissue, (ii) chain-specific isotype
controls, (iii) secondary antibody alone, (iv) single label, and
(v) no Hoechst.

Brightfield and immunofluorescence images were
acquired using either a Leica DMLB 100S microscope
equipped with a DFC-450C camera using Leica Application
Suite (LAS) software version 4.8.0 (Leica Microsystems); a
ZEISS LSM-800 microscope with an AxioCam 506 camera
using ZEN Blue Edition version 2.3 software (Carl Zeiss,
Jena, Germany), or a ZEISS AxioScan.Z1 microscope (Carl
Zeiss) with a Hamamatsu ORCA-flash 4.0 version 2 camera
(Hamamatsu Photonics, Shizuoka, Japan) using ZEN SlideS-
can 2012 software (Carl Zeiss). Phase-contrast images were
acquired using an Olympus CK2 microscope (Olympus,
Tokyo, Japan) with a Leica DFC-280 camera (Leica Microsys-
tems) using Leica FireCam software version 1.5 (Leica
Microsystems). Images were saved as tagged information
field format (TIFF) without compression at 8-bit (phase-
contrast images) or 16-bit depth. Photoshop version 21.1.1
(Adobe, Inc., San Jose, CA, USA) and ImageJ (FIJI) version
2.0 (Wayne Rasband, National Institutes of Health [NIH],
Bethesda, MD, USA) were used for image processing within
the Mac OS X 10.15.6 (Apple Inc., Cupertino, CA, USA) and

Windows 10 (Microsoft Inc., Seattle, WA, USA) operating
systems.

Preparation and Treatment of Lens Epithelial
Explants

Lenses were dissected from 10-day-old rat eyes and epithe-
lial explants were prepared as previously described.23,54

Explants were cultured in medium 199 with Earle’s salts
(M199) supplemented with 0.1 μg/mL L-glutamine, 50 IU/mL
penicillin, 50 μg/mL streptomycin, 2.5 μg/mL Amphostat B,
and 0.1% bovine serum albumin (BSA; all from Sigma, Castle
Hill, New South Wales, Australia) at 37°C in 5% CO2. Lens
epithelial explants were cultured with 1 ng/mL (for up to 24
hours) or 150 ng/mL (for up to 5 days) recombinant FGF-2
(PeproTech Inc., Rocky Hill, NJ, USA) to stimulate epithelial
cell proliferation or lens fiber differentiation, respectively,
as previously described.17,55 To block HS sulfation, explants
were co-treated with either 30 mM sodium chlorate (NaClO3,
in M199; Sigma)16,56 or with up to 10 μM Surfen (bis-2-
methyl-4-amino-quinolyl-6-carbamide, in DMSO; Sigma).57

Control explants were untreated or treated with an equal
volume of DMSO vehicle (in experiments with Surfen). Cells
were pretreated overnight (for NaClO3)16 or for 1 hour (for
Surfen) prior to the addition of FGF-2.

Lens Epithelial Proliferation and Viability

Cell (nuclei) counts were performed on representative
images of explants (at least 3 animals per treatment group)
cultured with increasing doses of Surfen (1, 5, or 10 μM)
for 24 hours to assess cell viability. Explants treated with
Surfen (5 μM) for 1 hour were immunolabeled for HS and
CS GAGs. To identify cells in S-phase of the cell cycle,
5′-2′-bromo-deoxyuridine (BrdU; 150 μg/mL) was added
to explant cultures 18 hours post-treatment and cultured
for an additional 6 hours prior to fixation in 10% neutral
buffered formalin (10 minutes). BrdU-immunolabeling was
performed as previously described17 and explants were
counterstained with Hoechst 33258 (Sigma). Representative
images were taken of each explant per treatment group.
Cell counts (total cells and BrdU-positive) were performed
using an optimized batch processing macro using ImageJ
(FIJI) software (version 2.0; Wayne Rasband, NIH, USA) from
images captured using an epifluorescent microscope (Leica
Microsystems, Weltzar, Germany), and averaged for each
treatment group. BrdU-proliferation assays were performed
on representative images of explants cultured with a prolif-
erating dose of FGF-2 (1 ng/mL), together with increasing
doses of Surfen (1, 5, or 10 μM) for 24 hours.

Measuring Secondary Lens Fiber Differentiation

To visualize early changes in downstream MAPK/ERK
signaling activation, explants treated with FGF-2 (1 ng/mL
for proliferation,16 or 150 ng/mL for lens fiber differ-
entiation58), with or without Surfen (5 μM), were fixed
with methanol 4 hours after treatment and immunola-
beled for mouse anti-phospho-ERK1/2 (p-ERK1/2, 9106;
1:100; Cell Signaling Technology). Explants treated with a
differentiating dose of FGF-2 (150 ng/mL), with or with-
out Surfen (5 μM), were fixed (10% NBF for 5 minutes)
5 days after treatment and immunolabeled for markers of
fiber differentiation: rabbit anti-β-crystallin23 and mouse
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anti-Aquaporin-0/MIP59 (1:100; Santa Cruz Biotechnology
Inc., Dallas, TX, USA).

Western Blot Analysis

Lens epithelial explants (at least 5 animals per treatment
group) were collected at relevant time points post-treatment,
into cold protein lysis buffer containing 2.5 mM EDTA,
25 mM Tris-HCl, 0.375 M NaCl, 250 mM NaVO3, protease
and phosphatase inhibitors (Roche, Basel, Switzerland),
10 mM sodium deoxycholate, and Triton X-100 (Sigma).
Sample protein concentrations were determined using the
Micro BCA Protein Assay Kit (Thermo Fisher Scientific).
Lysates were prepared for electrophoresis with Laemmli
sample buffer (Bio-Rad Laboratories, New South Wales,
Australia) containing 5% (v/v) β-mercaptoethanol. Samples
were run on 12% SDS-PAGE gels and transferred onto
Immobilon-PSQ polyvinylidene fluoride (PVDF) membranes
(Merck Millipore). Following transfer, membranes were
blocked at room temperature for 1 hour in 2.5% (w/v) BSA
blocking buffer (in Tris-buffered saline-Tween 20 [TBST]:
0.1% v/v Tween-20 in Tris-buffered saline; Sigma), and
subsequently incubated overnight at 4°C with primary
antibodies appropriately diluted in BSA blocking buffer.
The following primary antibodies were used: mouse anti-
phospho-ERK1/2 (p-ERK1/2, 9106; 1:1000; Cell Signaling
Technology), rabbit anti-ERK1/2 (ERK1/2; 9102, 1:1000;
Cell Signaling Technology) and mouse anti-GAPDH (G8795;
1:5000; Sigma). Following primary antibody incubation,
membranes were rinsed in TBST and incubated with
secondary antibodies (1:5000 in TBST) for 2 hours at room
temperature. Secondary antibodies used were a horse anti-
mouse IgG HRP-linked antibody (7076; Cell Signaling Tech-
nology) and a goat anti-rabbit IgG HRP-linked antibody
(7074; Cell Signaling Technology). Membranes were imaged
using the enhanced chemiluminescence (ECL) kit (Merck
Millipore) and ChemiDoc MP imaging system (Bio-Rad Labo-
ratories Inc.). Band densities were quantified using Image

Lab software (Bio-Rad Laboratories Inc.), and normalized
relative to GAPDH internal control.

Statistical Analysis

Data were presented as the mean or change in mean ±
SEM from three or more independent experiments. All
statistical analyses were performed using Prism 8 software
(GraphPad Software Inc, San Diego, CA, USA). Unless other-
wise stated, primary analyses of all dependent variable
data were performed using unpaired Students t-test with
Welch’s correction, and the Holm-Šídák method when multi-
ple comparisons were corrected. Effects were considered
statistically significant if P < 0.05.

RESULTS

Relative Expression of HSPG Core Protein
Transcript in the Lens

Transcripts for all 13 HSPG core proteins were detected
in the lens (Fig. 1). Gpc2 mRNA appeared to be the most
highly expressed in lens epithelial cells, whereas most other
HSPG core protein transcripts were highest in fiber cells
(see Fig. 1). Moreover, mRNA encoding Sdc2, Sdc4, and
Col18a1were the lowest of any HSPG core protein transcript
expressed in lens epithelial cells, whereas for fiber cells the
lowest expression levels were observed for Sdc2 and Hspg2
(see Fig. 1).

Localization of Sulfated GAGs (HS and CS). As
some HSPGs (i.e. Syndecans −147 and −3,48 agrin,49 and
collagen XVIII/endostatin50) may carry HS or both HS/CS
GAG chains, the distribution of HS- and CS-GAG label-
ing was compared in 10-day-old rat eye sections (Fig. 2),
and lens epithelial cell wholemounts using antibodies that
recognize the functionally “active” sulfated domains on
HS51,52 (see Figs. 2B1–B11) or CS53 (see Fig. 2C1–C11) GAG
chains. HS-GAG labeling was prominent in the lens capsule
(see Figs. 2B2, 2B3, 2B5), the cytoplasm of lens epithelial

FIGURE 1. Relative expression of HSPG core protein transcripts in 10-day-old rat lens epithelial and fiber cells. Data are represented a
log(�Ct) of HSPG core protein transcript expression in lens epithelial cells (LECs; dark bar) or Fibers (grey bar), relative to Gapdh ±
standard error of the mean (SEM), from at least three independent experiments (n = 3), applying unpaired t-tests with Welch’s correction.
Multiple comparisons were corrected for using the Holm-Šídák method. Significance threshold set at P > 0.05 (P > 0.05 = ns, not significant;
P < 0.05 = *; P < 0.01 = **; P < 0.001 = ***).
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FIGURE 2. Distribution of sulfated glycosaminoglycans in the 10-day-old rat eye. Mid-sagittal eye sections stained with Periodic acid-Schiffs
(PAS; A1–11) show morphology of regions of interest. Corresponding sections (B2–B11, C2–C11) and 10-day-old rat lens epithelial whole-
mounts (lec WM; B1, C1) immunolabel the highly sulfated domains on heparan sulfate (HS; B1–11) or chondroitin sulfate (CS; C1–11)
glycosaminoglycan chains. Yellow arrows (B2, B4) indicate nuclear localization. Dotted white lines demarcate outline of the lens capsule.
Insets in B2, B3, and B5 represent images that were underexposed to show further detail of the HS-10E4 label in the anterior, equato-
rial, and posterior lens capsule, respectively. For immunofluorescence, nuclei were counterstained with Hoechst dye (blue). Abbreviations:
lens; central anterior epithelium (epi) and capsule (ac), germinative zone (gz), transitional zone (tz), lens fiber cells (fib), posterior lens
capsule (pc). Cornea; epithelium (epi), Bowman’s capsule (bc), stroma (str), endothelium (endo), Descemet’s membrane (dm). Iris; anterior
iris/sphincter pupillae (sp), iridial stroma (str), corneal basement membrane (bm). Ciliary body; non-pigmented ciliary epithelium (nce),
pigmented ciliary epithelium (pce), ciliary inner limiting membrane (ilm), ciliary stroma (str). Scale bars = 50 μm (A1), 25 μm (A2–11,
B1–11, C1–11).

cells (see Figs. 2B1, 2B2, 2B3) and on the cell membranes
of newly elongating lens fiber cells (see Figs. 2B3, B4). HS-
GAG reactivity increased at the germinative and transitional
zones (see Fig. 2B3), and adjacent lens capsule (see Fig. 2B3
inset). A subset of lens epithelial and fiber cell nuclei was
positive for HS-GAG immunolabeling (see Figs. 2B2, B4
inset, arrows). Strong HS-GAG immunoreactivity was also
observed in the corneal epithelium (see Fig. 2B6), stroma
(see Fig. 2B7), and endothelium and associated Descemet’s
membrane (see Fig. 2B8), the basement membranes of the

iris (see Fig. 2B10), and the inner limiting membrane of the
ciliary body (see Fig. 2B11). CS-GAG was absent from the
lens capsule (see Figs. 2C2, C3, C5) with infrequent posi-
tive labeling for CS-GAG observed in the cytoplasm of lens
epithelial cells (see Figs. 2C1, 2C2). Relative to the anterior
lens epithelium, CS-GAG labeling was more prominent in
the equatorial epithelium with a stronger label at the tran-
sitional zone (see Fig. 2C3). This label was further intensi-
fied in the cytoplasm of newly elongating lens fiber cells
(see Fig. 2C3, C4). CS-GAG labeled strongly in the corneal
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FIGURE 3. Anterior lens capsule and epithelia. Representative immunofluorescence (red) of HSPG core proteins for Syndecan-1 to −4 (A–
D), Glypican-1 to -6 (E–J), Perlecan (K), Collagen XVIII/endostatin (L), and Agrin (M) in sections (1-series) or epithelial wholemounts (lec
WM, 2-series) of 10-day-old rat lens. Yellow arrows indicate nuclear localization. Dotted white lines demarcate lens capsule. Cell nuclei
counterstained with Hoechst (blue). Abbreviations: lens epithelium (epi). Scale bars = 25 μm.

epithelium, Bowman’s capsule (see Fig. 2C6) and endothe-
lium (see Fig. 2C8), with increased reactivity in the iridial
stroma (see Fig. 2C10), and inner limiting membrane and
stroma of the ciliary body (see Fig. 2C11). No CS-GAG was
found in the iridial basement membranes (see Fig. 2C10).

HSPG Core Proteins are Differentially Localized
Key Functional Regions in the Lens

All HSPG core proteins, except for glypican-5
(Fig. 3I, Fig. 4I), were readily detected in lens sections
(see Figs. 3, 4). Expression patterns of individual core
proteins were widely varied, both within families (e.g.
syndecans) and between families (e.g. syndecans and
glypicans). Despite this heterogeneity, most core proteins
could be classified by their unifying expression patterns
consistently observed in key “functional” regions of the lens
(germinative and transitional zones).

Lens Capsule. The lens capsule labeled for three
of the four transmembrane syndecans (syndecan-1, −2,
and −4; see Figs. 3A1, 3B1, 3D1; Fig. 4A, 4B, 4D),
two of the six glypicans (glypican-2 and −4; see Figs.
3F1, 3H1; Figs. 4F, H), and all three high-molecular weight
HSPG core proteins (perlecan, collagen XVIII/endostatin
and agrin; Figs. 3K1, 3L1, 3M1; Figs. 4K, 4L, 4M). Perlecan

and syndecan-2 were the most prominent species label-
ing the lens capsule. Syndecan-2 and perlecan label-
ing was observed throughout the lens capsule thickness
(see Figs. 3B1, 3K1; Figs. 4B, 4K), whereas syndecan-
4 (see Fig 3D1), glypican-2 (see Fig. 3F1), glypican-4
(see Fig. 3H1; Fig. 4H3), collagen XVIII/endostatin (Fig. 3L1),
and agrin (see Fig. 3M1; Fig. 4M3) labeling was restricted
to the outermost layer of the lens capsule. In contrast,
syndecan-1 labeling (see Fig. 3A1; Fig. 4A3) appeared
to be uniquely limited to the innermost capsule layer,
opposing the cells. Capsular labeling of syndecan-1 (see
Fig. 3A1; Figs. 4A1, 4A3), syndecan-2 (see Fig. 3B1; Figs.
4B1, 4B3), glypican-2 (see Fig. 3F1; Figs. 4F1, 4F3), glypican-
4 (see Fig. 3H1; Figs. 4H1, 4H3), and to a lesser extent
agrin (see Fig. 3M1; Figs. 4M1, 4M3), increased in an antero-
posterior gradient, whereas labeling for syndecan-4 (see
Fig. 3D1; Figs. 4D1, 4D3), and collagen XVIII/endostatin
(see Fig. 3L1; Figs. 4L1, 4L3) was present in the anterior
capsule but absent from the equatorial and posterior regions
of the lens capsule. Syndecan-2, syndecan-4, glypican-4,
perlecan, collagen XVIII/endostatin, and agrin were also
localized throughout the corneal stroma (Supplementary
Fig. S1), iridial stroma, ciliary body stroma, and iridial
basement membranes (Supplementary Fig. S2). Glypican-
2 did not appear in any ocular basement membranes (see
Supplementary Figs. S1F, A2E) other than the lens capsule
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FIGURE 4. Equatorial lens, cortex and posterior capsule. Representative immunofluorescence (red) of HSPG core proteins for Syndecan-1 to
-4 (A–D), Glypican-1 to -6 (E–J), Perlecan (K), Collagen XVIII (L), and Agrin (M) in sections of the equatorial germinative/transitional zone
(gz/tz; 1-series), outer cortical fibers (fib; 2-series), and posterior capsule (pc; 3-series) of 10-day-old rat lens. Yellow arrows indicate nuclear
localization. Dotted white lines demarcate lens capsule. Cell nuclei counterstained with Hoechst (blue). Scale bars = 25 μm.

(Fig. 3F1; Figs. 4F1, 4F3). Interestingly, syndecan-3 was
absent from the lens capsule (see Fig. 3C1; Fig. 4C3), but
strongly labeled in the basement membranes and stroma of
the iris and ciliary body (see Supplementary Fig. S2C).

Lens Epithelium. Anterior LECs in tissue sections and
wholemounts (see Fig. 3) labeled positively for all HSPG
core proteins, apart from glypican-5 (see Figs. 3I1, 3I2);
however, using dot blots, consistent with our transcript anal-
ysis, we were able to detect relatively low levels of glypican-
5 protein in P10 rat lens epithelia (data not shown). There
was diffuse labeling for glypican-1 (see Fig. 3E), glypican-3
(see Fig. 3G), and to a lesser extent syndecan-4 (see Fig. 3D),
glypican-4 (see Fig. 3H), and perlecan (see Fig. 3K) in the
cytosol of LECs. Positive labeling for syndecan-3 (see Fig. 3C)
and glypican-2 (see Fig. 3F) was distributed in irregular
patches within the cytoplasm of LECs. A similar level of

labeling was observed for syndecan-2 (see Fig. 3B), glypican-
6 (see Fig. 3J), collagen XVIII/endostatin (see Fig. 3L),
and agrin (see Fig. 3M), with reactivity concentrated at
the basal pole of LECs. Syndecan-1 staining in LECs
(see Fig. 3A) was weak relative to other syndecans,
but levels were higher in what appeared to be mitotic
figures, highlighting actively proliferating cells (see Fig. 3A2
inset, anaphase). Enriched reactivity of what appeared
to be the mitotic spindle was observed for syndecan-
4 (see Fig. 3D2 inset, anaphase), with similar stronger
labeling for select epithelia for glypican-2 (see Fig. 3F2
inset, metaphase), glypican-6 (see Fig. 3J2 inset), colla-
gen XVIII/endostatin (see Fig. 3L2 inset, telophase), and
to a lesser extent glypican-1 (see Fig. 3E2 inset, telophase)
and agrin (see Fig. 3M2 inset). These core proteins were
also strongly expressed in the mitotically active basal
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cells of the corneal epithelium, except for glypican-6 that
was absent from the corneal epithelium (see Supplemen-
tary Fig. S1). Syndecan-3 (see Fig. 3C2) and glypican-3
(see Fig. 3G2) were localized to apical cell junctions in LEC
wholemounts. Syndecan-2 (see Figs. 3B1–2, Fig. 4B1) and
glypican-2 (see Fig. 3F1–2, Fig. 4F1) labeled positively in
a subset of LEC nuclei. Positive labeling was enriched in
LECs within the mitotically active germinative zone for all
core proteins found in the anterior lens epithelium, with
the highest label observed for syndecan-4 (see Fig. 4D1),
glypican-4 (see Fig. 4H1), perlecan (see Fig. 4K1), collagen
XVIII/endostatin (see Fig. 4L1), and agrin (see Fig. 4M1).

Lens Fiber Cells. Posterior to the lens equator, lens
epithelial cells in the transitional zone undergoing early
stages of fiber differentiation were labeled intensely for
glypicans-1, -3, and -6 (see Figs. 4E1, 4G1, 4J1). To a
lesser degree, cells in the transitional zone also labeled
for syndecans-3 and -4 (see Figs. 4C1, 4D1), glypican-2
(see Fig. 4F1) and perlecan (see Fig. 4K1). Nuclear label-
ing for syndecan-2 (see Fig. 4B1–2, arrows) and glypican-
2 (see Fig. 4F1, inset, arrows) was also observed in a
subset of nuclei in newly differentiating lens fiber cells.
HSPG core proteins were observed in four predominant
expression patterns in equatorial fiber cells. Syndecan-
4 (see Fig. 4D), and glypicans-1, -3, and -6 (see Figs.
4E, 4G, 4J) were uniformly found in the cytoplasm of
fiber cells as diffuse punctae. Syndecan-3 (see Fig. 4C),
glypican-2 (see Fig. 4F), and perlecan (see Fig. 4K) were also
highly labeled in the cytoplasm of fiber cells, with striations
of enriched labeling in new secondary fibers. Syndecan-2
(see Fig. 4B) and glypican-4 (see Fig. 4H) labels in fiber
cells were sparse and irregular. Agrin (see Fig. 4M) and
collagen XVIII/endostatin (see Fig. 4L) were concentrated
at fiber cell membranes, with intensified labeling in the
more mature fibers toward the nucleus of the lens. No
label was observed for syndecan-1 (see Fig. 4A) or glypican-
5 (see Fig. 4I) in lens fiber cells. As observed in lens
epithelia, nuclear labeling for syndecan-2 (see Fig. 4B1–
2, arrows) and glypican-2 (see Fig. 4H2, arrows) persisted
in a subset of fiber cells. Some nuclear labeling for other
core proteins, including syndecan-4 (see Fig. 4D2, arrows),
glypican-1 (see Fig. 4E2, arrows), collagen XVIII/endostatin
(see Fig. 4K2, arrows), and agrin (see Fig. 4M2, arrows)
was observed in early differentiating secondary lens fiber
cells. Syndecan-3 (see Fig. 3C1; Fig. 4C1), glypican-2
(see Fig. 3F1; Fig. 4F1), and agrin (see Fig. 3M1; Fig. 4M1)
appeared to be enriched at the apical tips of fiber cells.
On the other hand, labeling of syndecan-4 (see Fig. 4D3),
glypican-3 (see Fig. 4G3), and glypican-6 (see Fig. 4J3) was
stronger at the posterior basal fiber tips.

Non-Lenticular Regions of the Eye. In contrast to
the lower expression levels for syndecan-1 observed in lens
cells, strong labeling was found in the cornea (see Supple-
mentary Fig. S1A), iridial stroma (see Supplementary Figs.
S2 A1–2), ciliary non-pigmented epithelium (see Supple-
mentary Fig. S2A3), and in the vascular endothelium of
the choroid and remnant tunica vasculosa lentis (data not
shown). Nuclear labeling of both syndecan-2, syndecan-3,
and glypican-2 was not restricted to the lens, with both
present in a subset of nuclei of corneal epithelial and stro-
mal cells (see Supplementary Figs. S1B, S1C, S1F), iris, ciliary
body, and retina (see Supplementary Figs. S2B, S2E, S2K).
Glypican-5 and glypican-6 were absent from the corneal
epithelium (see Supplementary Figs. S1I1, S1J1). Glypican-
6 staining, however, was high in the corneal endothelium

(see Supplementary Fig. S1J3), with syndecan-3, syndecan-
4, glypican-4, perlecan, collagen XVIII/endostatin (data
not shown), and agrin labeling, delineating the limiting
membranes of the iris (see Supplementary Fig. S2). Iridial
stromal cells were strongly positive for syndecan-2, glypican-
2, glypican-4, perlecan, and agrin (see Supplementary Figs.
S2B1–2, S2E1–2, S2F1–2, S2H1–2, S2I1–2). Syndecan-4 alone
appeared to be positively labeled in the myoepithelial cells
of the sphincter and dilator pupillae of the iris (see Supple-
mentary Fig. S2D1–2). Syndecans-1, -2, and -4 were selec-
tively enriched in the non-pigmented epithelium of the
ciliary body (see Supplementary Figs. S2A3, S2B3, S2D3).
Conversely, syndecan-3, glypican-2, and agrin were more
widely distributed in the ciliary epithelial bilayer, as well as
in the stromal and endothelial cells of the ciliary processes
(see Supplementary Figs. S2C3, S2E3, S2I3). Glypican-5
labeling was absent from all tissues investigated (see Supple-
mentary Fig. S1I; Supplementary Fig. S2G).

As many of the HSPG core proteins in the lens were
enriched in the germinative and transitional zones, where
lens epithelial cells actively proliferate and undergo fiber
differentiation, we investigated whether HS sulfation was
required for these key cellular processes.

Surfen Blocks HS Sulfation and FGF-Induced
ERK1/2 and Lens Epithelial Cell Proliferation.
Surfen is a selective electrostatic inhibitor of sulfated HS
chain-protein interactions.57 Treatment with 5 μM Surfen for
1 hour decreased immunolabeling of heparan sulfate (HS-
10E4; Fig. 5B2) relative to control explants (see Fig. 5B1), but
not chondroitin sulfate (CS-56; see Figs. 5B3, 5B4). Explants
treated with 1 or 5 μM Surfen alone for 24 hours showed
no signs of decreased cell viability relative to controls (P =
0.53 and 0.91). A significant decrease in cell number rela-
tive to vehicle control was observed in explants treated with
10 μM (P = 0.007; see Fig. 5A). Phase micrographs of these
showed pyknotic cell nuclei characteristic of cell death (data
not shown). Cell proliferation was not significantly affected
in lens epithelia treated with only 5 μM Surfen (see Fig. 5D).
Proliferation of lens epithelial cells treated with a low prolif-
erative dose of FGF-2 (5 ng/mL) was increased by 25.7% (P
< 0.001) relative to control explants (see Fig. 5D). Cotreat-
ment with Surfen partially blocked FGF-2-induced prolifer-
ation at 1 μM (P = 0.02; see Fig. 5D), and completely with
5 μM (P < 0.001; Figs. 5D, 5C4). A proliferative dose of FGF-
2 induced phosphorylation of ERK1/2 at 1 hour (P = 0.004;
see Fig. 5E) and after 4 hours (see Fig. 5C3). FGF-2-induced
ERK1/2 phosphorylation was significantly reduced using
either sodium chlorate (P = 0.006), and more specifically
with Surfen (P = 0.014), comparable to vehicle controls with
no FGF added (see Figs. 5E, 5F), consistent with immunoflu-
orescent labeling for phosphorylated-ERK1/2 in explants
treated with FGF-2, with and without Surfen at 4 hours (see
Figs. 5C1–4).

Surfen Blocks FGF-Induced Lens Fiber Differ-
entiation. After 5 days of culture with a fiber differenti-
ating dose (150 ng/mL) of FGF-2,58 cells in lens epithelial
explants had an elongate morphology and labeled strongly
for β-crystallin and aquaporin-0 (Figs. 6B2, 6C2), while vehi-
cle control explants remained cuboidal and did not express
lens fiber protein markers (see Figs. 6B1, 6C1). Explants
treated with Surfen alone resembled control explants (data
not shown), but when explants were cotreated with a differ-
entiating dose of FGF-2 and Surfen, cell elongation, and
the appearance of β-crystallin and AQP0 was significantly
decreased in cells (see Figs. 6B3, 6C3), compared with cells
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FIGURE 5. Surfen blocks FGF-2-induced lens epithelial cell proliferation and pERK1/2. The 10-day-old rat lens epithelial explants treated for
24 hours with increasing doses of Surfen (1 μM, S1; 5 μM, S5; or 10 μM, S10) had decreased cell viability (A; number of cells). (B) Treatment
with 5 μM Surfen alone (B2, B4) for 1 hour decreased immunolabeling of heparan sulfate (HS-10E4; B2) relative to control explants (B1),
but not chondroitin sulfate (CS-56; B3, B4). Surfen (up to 5 μM) also decreased FGF-2 (5 ng/mL)-induced lens epithelial cell proliferation
(C5–8, D; % BrdU-labeling), as well as immunolabeling for phosphorylated-ERK1/2 (4 hours, C1–4). (E) Quantification of Western blots (F)
for phosphorylated-ERK1/2, total-ERK1/2, and GAPDH in explants treated with FGF-2, with or without (Ctrl) sodium chlorate (30 mM) or
Surfen (5 μM) at 1 hour. Data are the mean ± SEM from at least three independent experiments, applying unpaired two-tailed Students t-test
analysis (*P = 0.014; **P = 0.006). Scale bar = 25 μm.

treated with FGF-2 alone. Surfen was also able to block phos-
phorylation of ERK1/2 after a 4-hour exposure to a high dose
of FGF-2 (see Fig. 6D1–3).

As immunolabeling of HS-GAGs in intact lens showed
differential patterns in lens epithelial cells (cytoplasmic;
see Fig. 2B1–3) and differentiating lens fiber cells (cytoplas-
mic, cell membrane, and nuclear; see Fig. 2B4), we compared
this to lens epithelial explants treated with either a low
proliferative dose of FGF-2 for 24 hours (see Fig. 5), or a high
differentiating dose of FGF-2 for 3 and 5 days and labeled
with HS-GAG (see Fig. 6F). Although there was no change
in HS-GAG labeling in explants treated with or without a
low dose of FGF-2 (data not shown), when explants were
treated with a differentiating dose of FGF-2, after 3 and 5
days of culture, HS-GAG was seen to translocate from the

lens capsule and cytosol of lens epithelia (see Fig. 6E1) to the
cell nuclei of newly differentiating fiber cells (see Fig. 6E2–
3), comparable to that seen in the intact lens.

DISCUSSION

Here, we present the most comprehensive analysis exam-
ining the spatial localization of all the different classes of
HSPGs in the lens. Our identification of the differential
cell compartment, cell type-, and functional regional-specific
localization of key lens HSPGs highlights the lens as an ideal
model in which to study the diverse roles of these differ-
ent proteoglycans. The divergent localization and expression
patterns of HSPG core proteins in the lens suggests unique
and diverse roles for different HSPGs in the regulation of
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FIGURE 6. Sulfation of heparan sulfate is required for FGF-2-induced lens fiber differentiation. The 10-day-old rat lens epithelial explants
were treated up to 5 days with a differentiating dose of FGF-2 (150 ng/mL), with or without Surfen (5 μM). Relative to controls (A1–D1),
explants treated with FGF-2 alone for 5 days labeled for fiber protein markers, β-crystallin (B2) and aquaporin-0 (C2). FGF-2-treated explants
showed increased phosphorylated-ERK1/2 labeling at 4 hours (D2) relative to controls (D1). Cotreatment with Surfen blocked FGF-induced
fiber elongation, accumulation of fiber markers (B3, C3), and ERK1/2 phosphorylation (D3). Mid-sagittal sections through FGF-2-treated
explants labeled for HS (E1–3, HS-10E4) up to 5 days show multilayering of elongating fiber cells (E2, E3) and translocation of HS from
the lens capsule at day 0 (E1) to the nuclei of elongating cells at 3- and 5-days post-treatment (E2, E3). Yellow arrows indicate nuclear
localization. Dotted lines demarcate lens capsule (E). Scale bars = 25 μm.

lens cell processes, including lens epithelial cell prolifera-
tion and fiber differentiation.

In this study, we found transcripts for all HSPGs (and
for most, their corresponding protein) to be expressed in
the lens, in agreement with other postnatal HSPG transcript
expression profiles from published mouse lens datasets.60–64

Our lack of protein labeling for glypican-5 may relate to
its very low expression (lowest of all HSPGs), as reported
in other lens transcriptome/microarray datasets (GEO series
GSE69221),60 (GEO series GSE100136),64 with Gpc5 mRNA
also low or undetected in the developing lens (GEO
series GSE69940).63 We also detected Gpc5 mRNA using
a predesigned sensitive TaqMan Gene Expression Assay65

against the Gpc5 sequence; consistent with our detection
of relatively low levels of glypican-5 protein using dots
blots. Taken together, our findings suggest that all HSPG
core protein transcripts and their respective proteins are
expressed in the lens. Broad expression profiles of HSPG
core proteins are not uncommon and have been reported
for various other tissues and cell-types. For instance, despite
us seeing some label for glypican-3 in human corneal stro-
mal cells, other studies report the expression of transcripts
for all HSPG core proteins in these cells, with the exception
of Gpc3.66

HS is the predominant sulfated GAG in the postnatal
murine lens, in accordance with previous studies.67,68 The
overlapping and divergent labeling patterns of HS and CS
in the lens (e.g. in new differentiating secondary lens fibers)
imply that these GAGs may both contribute to the regulation
of some functional processes in the lens (e.g. fiber differen-
tiation), whereas other processes are likely to be regulated
predominantly by HS (e.g. gradient formation in the lens

capsule). Divergence in the functional roles of HS and CS
has been described in other tissues, including the develop-
ing brain, where CS is important for the stabilization of exist-
ing synaptic connections, whereas the primary function of
HS is to stimulate the formation of new synapses.69 Given
HS and CS each interact selectively with different proteins
in a structure-dependent manner,70 it is not surprising that
they are often reported to be differentially localized,69,71,72

consistent with their distinct functional roles.73

HSPG Expression Patterns in Lens Capsule and
Functional Significance For ECM Interactions and
Growth Factor Gradients

The lens capsule acts as a reservoir for growth and
survival factors that can be sequestered by HSPGs or freed
by catalytic enzymes, such as matrix metalloproteinases
(MMPs). Both FGF42,74,75 and HSPGs37,42,76 have been local-
ized to the lens capsule. FGF-1 and FGF-2 are colocalized
with HSPGs in the capsule in an increasing antero-posterior
gradient.42,75 FGF-2 release from the lens capsule by MMPs,
which can free HS-bound growth factors,77,78 is essential
for lens epithelial cell viability and survival.79 Consistent
with previous studies,18,80,81 we found that perlecan is the
predominant HSPG of the lens capsule. We also localized
agrin and collagen XVIII/endostatin to the lens capsule,
although to a lesser extent than perlecan, consistent with
recent proteomic analyses of human lens capsules.82 More-
over, the core proteins of these HSPGs are analogous in
size to those of two unidentified HSPGs previously isolated
from the calf lens capsule.68 These three HSPGs (perlecan,
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agrin, and collagen XVIII/endostatin) are commonly asso-
ciated with basement membranes and extracellular matrix,
where they play a key role in the formation of local gradients
by binding to native factors and regulating their bioavail-
ability to adjacent cells.83,84 Previous studies have reported
an increasing antero-posterior gradient of FGF-2, HS, and
perlecan in the lens capsule,20 suggesting that HSPGs native
to the lens capsule may play a role in forming and/or regu-
lating the distribution of growth factors available to lens
cells. The lenses of transgenic mice expressing HS-deficient
perlecan have structurally compromised lens capsules,37

indicating that perlecan HS chains may also play an impor-
tant structural role in the capsule. Our immunolocalization
studies also indicate the presence of cell-associated HSPGs
(syndecans-1/-2/-4 and glypicans-2/-4) in the lens capsule.
With the exception of syndecan-485 this is the first report
of these HSPGs in the lens capsule. Although most often
localized to the cell surface, syndecan HSPGs also play
well-established roles in basement membranes as regulators
of ECM assembly, cell-matrix interactions, and focal adhe-
sion. For instance, syndecans-1, -2, and -4 (no reports for
syndecan-3) have binding domains for ECM proteins, such
as fibronectin,86–88 laminin17,18,22 and collagen IV (Filla et al.
2004; Esko et al. 2017; Esko & Selleck 2002). Laminin and
collagen IV are major components of the lens capsule, and
promote the adhesion and migration of lens epithelial cells
in vitro.89,90 Syndecan-2 is codistributed with fibronectin,
laminin, and collagen IV in human trabecular meshwork and
Schlemm’s canal cells,91 and plays an important role in regu-
lating the assembly of ECM components.23,24 Syndecans-1
and -4 have been reported to promote cell adhesion through
binding interactions with several ECM proteins native to the
lens capsule,82 including collagen IV26,92 and laminin,93,94

with syndecan-4 recently identified as essential for integrin
signaling-dependent cell migration of lens epithelial cells.85

HSPG Expression Patterns in Lens Epithelium
and Functional Significance For Epithelial
Maintenance and Proliferation

All lens HSPGs were expressed in the lens epithelium;
however, the patterns and intensity of labeling for the differ-
ent HSPGs varied at the level of the subcellular compart-
ment and functional regions of the lens epithelium (anterior
versus equatorial). The subcellular localization of HSPGs in
anterior lens epithelial cells can be categorized broadly as
either diffusely cytoplasmic (syndecans-1/-4, glypicans-3/-4,
perlecan), or apically polarized (syndecans-2/-3, glypicans-
1/-2/-6, collagen XVIII/endostatin, and agrin). Further char-
acterization in lens epithelial wholemounts revealed more
detailed localization patterns at the apical surfaces of the
epithelial cells including accumulation at cell-cell interfaces
(syndecan-3 and glypican-3), within cell nuclei (syndecan-2),
and to perinuclear regions (syndecan-4 and glypicans-2/-6).
This differential localization of HSPGs within anterior lens
epithelia suggests they may play distinct roles in the main-
tenance and polarity of the lens epithelium.

Although HSPGs are best known for their localiza-
tion at the cell surface and within the pericellular matrix,
HSPGs can also be found in more unexpected cellular
compartments (reviewed in Couchman and Pataki39 and
Kolset et al.95). Beyond their predictable associations with
organelles involved in their biosynthesis (endoplasmic retic-
ulum) and glycosylation (Golgi apparatus), HSPGs have

been reported to localize within the cytoplasm,30,31,96,97 actin
cytoskeleton,98,99 vesicular trafficking networks,29,95 and cell
nuclei.100,101 The localization of HSPGs to specific subcel-
lular compartments is functionally relevant.39,95 The strong
diffuse cytoplasmic label we observed is most evident for
syndecans-1/4 and glypicans-2/3. The cytoplasmic localiza-
tion of these HSPGs has previously been reported in other
cell types, including skin,30 esophagus,96 and cancer cells
of the endometrium102 and bladder.97 Best characterized
is the diffuse localization of glypican-3 to the cytosol of
liver cancer cells,103,104 where it drives the mitogenic activ-
ity of these cells by regulating the subcellular localization
of β-catenin (nuclear versus cytoplasmic) to modulate the
activation of canonical Wnt/β-catenin signaling.105,106 Other
members of the glypican family are also well-known regula-
tors of canonical Wnt signaling.34 In the lens, canonical Wnt
signaling is involved in both the proliferation and mainte-
nance of the lens epithelium and in the regulation of fiber
cell differentiation.107,108

The mechanisms by which different HSPGs achieve
specific polar distribution are diverse and have only been
investigated in detail for a few proteins, with the intra-
cellular localization resulting from HSPG-specific protein-
binding interactions, secretion, signaling, or sorting. HSPG-
protein binding interactions are a primary determinant of
HSPG targeting, and these interactions may be unique to
specific core proteins, families of HSPGs (e.g. core protein
binding interactions) or ubiquitous among HSPGs (e.g. HS
chain binding interactions). We observed Syndecans-2/-3
and glypicans-1/-2/-6 localized predominantly to the apical
pole of anterior lens epithelial cells, with concentrated basal
labeling for syndecan-3, glypican-2, and perlecan. Glypicans
are usually targeted to the apical surface in polarized epithe-
lial cells.109

The basolateral localization of syndecan-1 in epithelial
cells is linked to its interaction with other proteins (such
as ZO-1) via its cytoplasmic PDZ-binding domain.110 PDZ
proteins are thought to facilitate selective retention at the
apical or basolateral surface of plasma membrane proteins
that contain PDZ-binding motifs. All syndecan HSPGs have
PDZ-binding motifs within their cytoplasmic tail, through
which they can also bind integrins105 and cytoskeletal
components. This is a likely explanation for the basal label-
ing of syndecan-3. Another possible explanation for the
localization of HSPGs to the apical pole of lens epithe-
lial cells may imply a role in the regulation of events or
interactions at the epithelial-fiber interface. For instance,
members of the syndecan family are highly expressed at
the epithelial-fiber interface and/or anterior and posterior
poles of the lens fiber tips; similar in expression to F-actin111

and β1 integrin,38 that are known to interact directly with,
and/or are regulated by syndecans.39 On the other hand, HS-
growth factor receptor complexing/activation and internal-
ization may target several different HSPGs to different intra-
cellular compartments for signaling, degradation, or recy-
cling.95

Perlecan is primarily an ECM-localized core protein in
the lens and becomes predominantly capsule-localized with
increasing age (unpublished data, Wishart and Lovicu).
Because this HSPG is synthesized by lens epithelial cells and
deposited into the lens capsule as it is secreted, we suggest
that the basal concentration of perlecan staining is likely
related to its localized secretion.

HS-chain conjugation may also account for the polar
nature of HSPG localization. Glypican HSPGs have been
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reported as the major source of HS localized to the apical
pole of epithelial cells.36 The apical localization of glypican
HSPGs in polarized epithelial cells is inversely related to
the number of HS chains they carry.37 In MDCK and CaCo2
cells, glypican HSPGs were transported predominantly to
the basolateral membrane, whereas glypican lacking HS
attachment sites were sorted to the apical surface.109

The intensity of sulfated HS labeling increased in an
antero-posterior gradient from the central epithelium to
the equatorial germinative zone. This increase in staining
intensity from anterior-to-equatorial epithelium was also
observed for a majority of HSPG core proteins. In rat
lens epithelial wholemounts, some HSPGs labeled strongly
in actively mitotic cells (syndecans-1/-4, glypicans-2, and
collagen XVIII/endostatin). Taken together, these findings
suggest a possible correlation between a change in the
mitotic activity of lens epithelial cells in the germinative
zone, and a change in the specific HSPG profile of these
cells.

Localization of HSPGs in Fiber Cells

Several studies have demonstrated that organization of the
actin cytoskeleton plays an important role in lens fiber
differentiation,112 as destabilizing the actomyosin cytoskele-
ton or disrupting RhoA/ROCK/Rac-signaling-activity in
cultured lens cells with inhibitors leads to impaired fiber
cell migration, elongation, and survival.112–114 Syndecan-4
can signal to the cytoskeleton, primarily through Protein
kinase C α (PKCα) that binds directly to the syndecan-4
core protein.115,116 Phosphorylation of the syndecan-4 core
protein is also sufficient for the assembly of focal adhe-
sions and actin stress fibers.117 Integrin signaling is key
in several lens processes in morphogenesis and for lens
maintenance throughout life.118 In particular, β1 integrin-
signaling, that has been shown to be regulated by syndecans-
2 and -487,119,120 and potentially other syndecans,121 is essen-
tial for maintenance of the lens epithelium and for the
structural maintenance and homeostasis of differentiating
fiber cells.122 Downregulation of syndecan-4 suppressed β1
integrin-mediated activation and cell adhesion in human
lens epithelial cells in vitro, and in syndecan-4-deficient
murine lenses.85 The association of syndecan-3 with fiber
cells may relate to the association of this syndecan core
protein with Src kinase and cortactin,42 that regulate fiber
differentiation in concert with Ephrin-signaling.43–46 More-
over, in vitro the syndecan-3 core protein has been reported
to be phosphorylated by Ephrin receptor activation.123

HSPGs in the Lens Cell Nuclei

In intact rat eyes, we observed nuclear localization of HS
in newly differentiating secondary lens fibers. In agree-
ment with this, in vitro we observed HS translocating to
the nuclei of lens epithelial cells undergoing FGF-induced
lens fiber differentiation. Nuclear HS was not observed in
untreated controls, or cells treated with a lower prolifera-
tive dose of FGF. This is the first time this phenomenon has
been described in the lens. Accumulating evidence suggests
that HSPGs can localize to the nuclear compartment of
various cell-types, although the functions of HS/HSPGs in
the nucleus are yet to be completely understood.124,125 HS
and HSPGs transport HS-binding proteins, including growth
factors and their high affinity receptors to the nucleus, where
they can regulate gene expression to control cellular func-

tions, such as proliferation and differentiation (reviewed in
Stewart and Sanderson124). For instance, FGF-2 has been
detected in the nuclei of many tissues and cell types, and
induces the accumulation of FGFR-1 in the nuclear matrix
in a concentration-dependent manner,126 where it can influ-
ence both proliferation and differentiation in a cell type-
specific manner.127 FGFR-1 has been shown to be localized
to the membrane and nuclei of epithelial lens cells and
differentiating fiber cells,24 suggesting possible internaliza-
tion and trafficking of the receptor to the nucleus.

HSPGs also can colocalize with FGF in the nuclei of
cells. Syndecan-1 and FGF-2, but not FGFR-1 colocalize in
the nuclei of mesenchymal cancer cells.128 CHO cells defec-
tive in the ability to properly synthesize heparan sulfate
chains showed reduced nuclear FGF-2.70 Syndecan-1 has
also been reported to translocate together with FGF-2 to the
nucleus in a highly regulated manner by a tubulin-mediated
transport mechanism.129 Nuclear HS/HSPGs have also been
reported to negatively regulate cell proliferation by initiating
cell-cycle arrest.130–132 Syndecan-4 regulates FGF-2 signaling
not only through PI3K/Akt and ERK1/2 activation, but also
via internalization and nuclear localization.133 Syndecan-1
nuclear localization of FGF-2 in corneal stromal fibroblasts is
mediated by HSPGs through a protein kinase Cα-dependent-
signaling mechanism.134 During muscle cell differentiation,
cell surface syndecan-4 is internalized and trafficked to
cell nuclei, where it is suggested to play a regulatory
role in the expression of β1-integrin and actin.135 Interest-
ingly, syndecan-2, the HSPG we demonstrate most clearly
to be associated with lens cell nuclei, is the only synde-
can family member missing the juxta-membrane RMKKK
nuclear localization sequence in its cytoplasmic domain;
however, syndecan-2 has previously been reported in the
nuclei of chondrosarcoma cells,136 and co-localized with
nuclear FGF-2 in neural cells.137 Taken together, these obser-
vations suggest that the nuclear localization of syndecan-2
is likely mediated through its interaction with other proteins
(e.g. FGF-2 and FGFR-1).

HS Sulfation is Essential for FGF-2-Induced Lens
Epithelial Cell Proliferation and Fiber
Differentiation

In this study, we showed that FGF-induced lens epithelial
cell proliferation and early FGF-induced ERK1/2 phospho-
rylation in rat lens epithelial explants could be blocked by
both chlorate (that blocks all sulfated GAGs, CS, and HS) and
Surfen (that selectively blocks HS sulfation). This suggests
that HS sulfation is required for FGF-induced lens epithelial
cell proliferation, and that the functional roles of sulfated
HSPGs in the lens are likely predominantly attributed to HS
sulfation/HSPGs rather than any other sulfated GAG (e.g.
CS). HS and CS often display opposite effects in cell function,
with HS and CS structural motifs presenting unique binding
sites for specific ligands. Relative to HS, CS-protein binding
interactions are limited.70 Although both HS and CS can bind
to FGFs and regulate their activity, these binding interactions
favor HS over CS. In agreement with this, even if an HSPG
carries both HS and CS chains, it does not necessarily trans-
late that they both contribute to FGF-binding and signal-
ing. For instance, FGF-2-mediated chondrocyte proliferation
is regulated by a form of perlecan carrying both HS and
CS chains. Following enzymatic digestion of CS chains, the
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HS-carrying perlecan augmented FGF2-FGFR binding and
chondrocyte proliferation.138

Surfen was also shown to block FGF-induced lens fiber
differentiation and its associated ERK activation, as indi-
cated by impaired cell elongation and the accumulation
of fiber-specific proteins, β-Crystallin, and AQP0/MIP. This
suggests that HSPG sulfation is not only essential for FGF-
2-induced lens epithelial cell proliferation, but also for
fiber differentiation. FGF signaling is required for lens cell
survival,21,139,140 cell elongation,141 and the accumulation of
fiber-specific proteins β-crystallins142,143 and AQP0/MIP141

in the early stages of fiber differentiation. Although FGF-
induced ERK-signaling is essential for fiber cell elonga-
tion142,143 and expression of AQP0/MIP,144 it is not required
for the accumulation of β-crystallin, which is believed to
be under the control of other signaling pathways, such as
PI3K/Akt.22 Inhibition of β-crystallin accumulation by Surfen
suggests that the activation of PI3K/Akt signaling down-
stream of FGF-2, and alternative pathways that regulate crys-
tallins, may also be dependent on HS sulfation, consistent
with HSPGs acting upstream as a co-receptor for FGF/FGFR
signaling in the lens. To date, FGF is the only growth factor
known to be essential for the induction of lens fiber differ-
entiation in mammals,145 with our current studies now high-
lighting that FGF signaling is under the control of HSPGs,
placing them as central regulators of lens cell fate.

CONCLUSIONS

The lens epithelium, fiber cells, and lens capsule display
unique and distinct labeling profiles of the different HSPG
core proteins. Specific cellular HSPGs (e.g. glypicans-1/2)
and secreted HSPGs (e.g. perlecan) may play key roles in
growth factor regulation in the lens (e.g. cell proliferation
and differentiation). Cellular localization (lens epithelium
and fiber cells) of the secreted HSPG agrin, is unique in
the lens compared to other tissues where it is mostly associ-
ated with aquaporins. The differential spatial and temporal
expression patterns of the different HSPG family members
in lens, in combination with their interactions with key lens
regulatory proteins, suggests that these HSPG core proteins
may be differentially regulating different lens growth factors
or specific cellular processes. The findings of this study high-
light that different HSPGs may play distinct roles in lens
function and growth processes. As HS-sulfation has been
identified as critical for normal lens development, our ongo-
ing studies aim to examine the spatiotemporal distribution
of different GAGs and HSPGs during lens morphogenesis.

Due to the homogeneous nature of HSPGs, and given
their activity is determined primarily by their sulfation, here,
we initially targeted all HS sulfation given the likely func-
tional redundancy among the different HSPGs. We validate
the previously reported, well-established effects of sodium
chlorate on lens and build on this by focusing only on
the role of HS-sulfation using Surfen. Impaired HS blocks
FGF-2-induced ERK1/2-phosphorylation and lens epithelial
cell proliferation and fiber differentiation. Taken together
with previous work from our laboratory, this data supports
a requirement for HSPG/GAG sulfation in growth factor-
induced signaling in the lens. Our future studies will seek to
investigate the differential functions and protein interactions
of specific HSPG members.

By further characterizing, and functionally modulating
the different sulfated proteins, we hope to better understand
how key lens HSPGs regulate different growth factor signal-

ing associated with cellular processes. Moreover, gaining a
better understanding of specific HSPG activity may allow us
to develop novel ways of regulating cell behavior, that will
not only be relevant to lens biology and disease, such as
cataract, but may extend to other systemic growth factor-
mediated pathologies.
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A B S T R A C T   

Heparan sulfate proteoglycans (HSPGs) reside in most cells; on their surface, in the pericellular milieu and/or extracellular matrix. In the eye, HSPGs can orchestrate 
the activity of key signalling molecules found in the ocular environment that promote its development and homeostasis. To date, our understanding of the specific 
roles played by individual HSPG family members, and the heterogeneity of their associated sulfated HS chains, is in its infancy. The crystalline lens is a relatively 
simple and well characterised ocular tissue that provides an ideal stage to showcase and model the expression and unique roles of individual HSPGs. Individual HSPG 
core proteins are differentially localised to eye tissues in a temporal and spatial developmental- and cell-type specific manner, and their loss or functional disruption 
results in unique phenotypic outcomes for the lens, and other ocular tissues. More recent work has found that different HS sulfation enzymes are also presented in a 
cell- and tissue-specific manner, and that disruption of these different sulfation patterns affects specific HS-protein interactions. Not surprisingly, these sulfated HS 
chains have also been reported to be required for lens and eye development, with dysregulation of HS chain structure and function leading to pathogenesis and eye- 
related phenotypes. In the lens, HSPGs undergo significant and specific changes in expression and function that can drive pathology, or in some cases, promote tissue 
repair. As master signalling regulators, HSPGs may one day serve as valuable biomarkers, and even as putative targets for the development of novel therapeutics, not 
only for the eye but for many other systemic pathologies.   

1. Introduction 

The ocular lens is a well-established model for studying growth 
factor regulation of cell behaviour (Wormstone and Wride, 2011). The 
lens is a relatively simple tissue, composed of two distinct cell types: a 
monolayer of cuboidal epithelial cells that overlies the anterior surface 
of elongate and precisely aligned fibre cells that make up its mass. The 
highly ordered spatial arrangement of the lens is established during 
embryogenesis and is maintained as the lens grows throughout life. The 
normal architecture, and hence transparency of the lens, depends on 
maintaining this distinctive pattern of growth. Postnatally, lens growth 
is dependent on the proliferation of epithelial cells above the lens 
equator, in the germinative zone, and their subsequent differentiation 
into fibre cells at the transitional zone (Lovicu et al., 2014; Mochizuki 
et al., 2014; Shi et al., 2014). Fibre differentiation is characterised by 
distinct molecular and morphologic changes, such as exit from the cell 
cycle, cell elongation, loss of cytoplasmic organelles including nuclei, as 
well as the accumulation of fibre-specific crystallin proteins (Wride, 
2011). The organisation and maintenance of the vertebrate lens 
throughout life is orchestrated by the interplay of a complex network of 
signalling molecules within the native ocular environment, the aqueous 
and vitreous humours, that bathe the lens. Decades of research have 

identified key ocular molecules and characterised their differential and 
complementary roles in the coordination of specific morphogenetic 
events and cell behaviours. For instance, in vitro studies have shown that 
growth factors native to aqueous humour promote the mitogenic ac
tivity of the anterior lens epithelial cells (Iyengar et al., 2009), while 
posterior to the lens equator, factors in the vitreous humour induce the 
terminal differentiation of lens epithelial cells to secondary fibre cells 
(Lovicu and McAvoy, 2005; Wang et al., 2010). These diffusible native 
factors are secreted primarily from the retina and ciliary body, and 
include: fibroblast growth factor (FGF) (Lovicu and McAvoy, 2005), 
insulin-like growth factor (IGF) (Chamberlain et al., 1991; Shirke et al., 
2001), epidermal growth factor (EGF) (Gospodarowicz et al., 1978; 
Majima, 1995), platelet-derived growth factor (PDGF) (Brewitt and 
Clark, 1988; Kok et al., 2002; Li et al., 2019a), hepatocyte growth factor 
(HGF) (Choi et al., 2004; Tian, 2014), vascular endothelial growth factor 
(VEGF) (Saint-Geniez et al., 2009), ephrins (Cheng and Gong, 2011), as 
well as other non-receptor tyrosine kinase (RTK)-binding morphogens, 
including bone morphogenetic proteins (BMPs) (Boswell et al., 2008), 
transforming growth factor beta (TGFβ) (de Iongh et al., 2001; Dawes 
et al., 2009) and Wnts (Lyu and Joo, 2004; Dawes et al., 2013). These 
factors traverse the ocular milieu to reach their target cells and act in 
concert to potentiate and regulate lens cell behaviour (i.e. 
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differentiation, proliferation, migration and cell death), sometimes, in a 
concentration dependent manner, as reported for FGF (Schulz et al., 
1993; Lovicu and McAvoy, 2001; Iyengar et al., 2006, 2007; Wang et al., 
2009). During embryogenesis, the tightly controlled spatial and tem
poral modulation of the expression of these growth factors regulates the 
induction, and antero-posterior patterning of the developing lens 
(Reneker and Overbeek, 1996; Faber et al., 2002). Although the many 
distinct and overlapping effects of these factors on lens cell behaviour 
are well-characterised, the mechanisms underlying how these growth 
factors travel through the extracellular space, arrive precisely at target 
cells, and transmit their signalling within cells at the appropriate level, 
remain elusive. Studies in mice and other model animals have revealed 
the importance of heparan sulfate proteoglycans (HSPGs) for the sig
nalling and extracellular distribution of many of these different growth 
factors. 

HSPGs are complex glycoconjugates composed of a core protein 
“trunk” decorated with covalently attached linear anionic poly
saccharide heparan sulfate (HS) glycosaminoglycan (GAG) chains 
(“branches”; Fig. 1A). HSPGs are a component of all known cells, and 

can be localised to the cell surface, intracellularly in the cytoplasm and 
nucleus, or secreted by cells into the extracellular space where they form 
a major component of basement membranes and the extracellular matrix 
(ECM) (Sarrazin et al., 2011). Until relatively recently, our under
standing of HSPGs was limited to their role as essential matrix compo
nents, lending structural stability to basement membranes. As our 
understanding of proteoglycans has expanded, the exciting discovery 
was made that HSPGs can bind to and regulate a variety of proteins, 
including growth factors, chemokines, matrix proteins and intracellular 
components (e.g. FGFs, integrins, laminin, fibronectin, collagens) 
(Bishop et al., 2007; Vallet et al., 2021). The negatively charged sulfate 
groups of HS chains electrostatically interact with positively charged 
lysine/arginine-rich regions of many proteins, influencing their struc
ture and activity (Billings and Pacifici, 2015). Importantly, the in
teractions of growth factors with native HSPGs influences their receptor 
binding and signalling activation (Park et al., 2000; Forsten-Williams 
et al., 2008; Yu et al., 2018), gradient formation (Yan and Lin, 2009; 
Matsuo and Kimura-Yoshida, 2014), potentiates their signalling activity 
(Dreyfuss et al., 2009) and protects them from degradation (Sun et al., 

Fig. 1. Heparan sulfate proteoglycans. A) Heparan sulfate proteoglycan (HSPG) structure and B) core protein families. C) Summary of HSPG cell functions. Ab
breviations: heparan sulfate (HS), glycosaminoglycan (GAG), molecular weight (MW), extracellular matrix (ECM). 
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2019) (Fig. 1C). 
The thirteen ‘full-time’ HSPGs are divided into three major families 

(syndecans, glypicans and high-molecular weight HSPGs; perlecan, 
agrin and collagen XVIII) based on similarities in their core-protein 
structure (Fig. 1B) (Esko et al., 2017). For noting, ‘part-time’ HSPGs 
including betaglycan (TGFBR3), epican (HS/CS-carrying form of CD44), 
testicans (SPOCK1-3) and serglycin (SRGN, carrying heparin/CS) are 
also expressed in the lens (iSyte, Kakrana et al., 2018), and will not be 
discussed further. The core protein of a HSPG determines its localization 
(i.e. cell-surface, matrix, vesicles etc.), linking the HS-protein in
teractions of its associated GAG chains to specific regions of a cell 
(Sarrazin et al., 2011). For instance, the transmembrane syndecans 
(syndecans 1–4), and glycosylphosphatidylinositol (GPI)-anchored gly
picans (glypicans 1–6), are primarily localised to the cell surface, while 
the high molecular weight HSPGs (perlecan, agrin and collagen XVIII) 
are mostly secreted by cells and deposited into the ECM and basement 
membranes (Couchman and Pataki, 2012). Although these are 
commonly accepted generalisations, it is important to note that our 
understanding of HSPG localization is expanding constantly, and there 
are indeed exceptions: for instance, the most common form of 
syndecan-2 in the eye is associated with the ECM (Filla et al., 2004), and 
for the two isoforms of agrin reported in the eye, one is cell-associated 
and the other found within the ECM (Fuerst et al., 2007). HSPG core 
proteins are also associated with numerous intracellular structures 
including the nucleus (Stewart and Sanderson, 2014), cytoskeleton 
(Rapraeger et al., 1986), Golgi apparatus (Li and Kusche-Gullberg, 
2016) and exosomes (Christianson et al., 2013). Different HSPG core 
proteins display cell- and tissue-specific patterns of expression that are 
regulated in a spatiotemporally distinct manner during development 
(David et al., 1992; Bernfield et al., 1993). Moreover, the number, 
localization, and sulfation patterns of their GAG chains can modify its 
protein interactions, and hence its function (Poulain and Yost, 2015). 
For instance, HSPG core proteins identified in the vertebrate eye have 
been found to have functional roles unique to the tissue in which they 
are expressed. For example, HS-linked forms of perlecan are required for 
structural integrity of the lens capsule, but not required for the 
glomerular basement membrane (Rossi, 2003), and overexpression of 
agrin in transgenic mice causes a dysgenic phenotype that is specific to 
the eye (Fuerst et al., 2007). 

The localization of HSPG core proteins can provide valuable infor
mation about their functional roles in a specific tissue. In the eye, HSPGs 
are differentially expressed in different tissues (e.g. the retina and 
cornea), where they serve both overlapping and unique roles in each 
tissue (Inatani and Tanihara., 2002; Tanihara et al., 2002; Massoudi 
et al., 2016). Immunolabelling of HSPG core proteins syndecan-1, syn
decan-4, and glypican-4 within the proliferative zone of the brain, 
together with in vitro evidence that HSPGs are required for 
FGF-stimulated proliferation of neural precursor cells, identified these 
HSPGs as key regulators of mitogens in early brain development (For
d-Perriss et al., 2003). The specificity of these HSPG-protein interactions 
not only depends on the core protein type (e.g. syndecan, glypican), and 
their localization (e.g. the cell surface or ECM), but also on the fine 
structure (i.e. sulfation) of the HS chains that associate with HSPGs. 

At the cell surface, HSPGs bind growth factors and their cognate 
receptors to enhance formation of receptor-signalling complexes, as well 
as immobilise and regulate the turnover of ligands that act at the cell 
surface (Bishop et al., 2007). The pleiotropic modulation of growth 
factor receptors by HSPGs can control different outcomes from the same 
growth factor-signalling interaction, by altering ligand density, period 
of activation etc. HSPGs can also directly and indirectly influence 
intracellular signalling cascades, leading to the activation of key effector 
genes, changes in cell behaviour as well as cell phenotype (Bishop et al., 
2007). Within the ECM, HSPGs can bind to factors to regulate their 
bioavailability at the cell surface and stabilise dynamic mitogen and 
morphogen gradients locally at the tissue level that is critical for 
organogenesis and the maintenance of tissue homeostasis. HSPGs also 

regulate the binding and activation of several proteins required for 
cell-matrix interactions (e.g. integrins, laminin, collagens), thus regu
lating cell attachment, migration, transdifferentiation and polarity 
(Iozzo, 2005). Through modulation of the binding and activation of 
these key proteins, HSPGs are positioned as master regulators of the 
physiology, development and pathophysiology of many tissues (Bishop 
et al., 2007), not least in the eye (Puri et al., 2020). 

Our understanding of the functional roles of HSPGs in the eye, and 
the differential roles that specific core proteins and HS-fine structural 
elements play in the regulation of the development, physiology and 
pathology of different ocular tissues, are in their infancy. The lens is 
uniquely positioned to provide a model on which the properties of 
HSPGs can be investigated, and their individual roles elucidated. This 
review aims to use our current understanding of HSPGs in the lens to 
help better define the major roles they play. 

2. Expression and localization of HSPGs 

HS-GAGs are present in every ocular tissue in cell-, tissue- and 
developmental stage-specific patterns (Sarrazin et al., 2011). Pioneering 
sulfate-radiolabelling studies revealed that ocular cells incorporate 
highly anionic-GAG species in prominent ocular basement membranes 
including the lens capsule (Young and Ocumpaugh, 1966), Bruch’s 
membrane (Hewitt et al., 1989) and Descemet’s membrane (Davies 
et al., 1999), later expanding to many other ocular cell types (see 
Table 1). 

As increasing evidence suggests that HSPG core proteins play 
important roles in lens signalling and architecture, the unique profile of 
HSPGs expressed in the murine lens was recently characterised in detail 
(Wishart and Lovicu, 2021). In this study they reported that HSPGs are 
differentially localised to distinct functional regions of the lens, and that 
their expression is regulated in a distinct spatiotemporal manner 
through lens development (Wishart and Lovicu, manuscript in prepa
ration). An interesting finding of this work was the significantly diver
gent expression patterns of the closely related members of one HSPG 
family, the syndecans, that suggested that these different HSPG core 
proteins may be differentially regulating different lens growth factors or 
specific biological events (e.g. lens proliferation, fibre differentiation, 
fibre elongation etc). Most HSPGs are expressed in the lens, consistent 
with other published postnatal HSPG transcript expression profiles from 
mouse lens datasets (Hoang et al., 2014; Khan et al., 2015; Audette et al., 
2016; Cavalheiro et al., 2017; Kakrana et al., 2018). 

2.1. HSPG-associated glycosaminoglycans 

HSPGs are predominantly HS-GAGs; however, certain species such as 
syndecans-1/-3 (Kokenyesi and Bernfield, 1994; Gould et al., 1995), 
agrin (Winzen et al., 2003) and collagen XVIII (Dong et al., 2003) may 
also carry chondroitin sulfate (CS)-GAGs. Lens cells produce pro
teoglycans carrying both HS and CS, although HS is the predominant 
sulfated lens GAG (Heathcote and Orkin, 1984; Mohan and Spiro, 1991; 
Wishart and Lovicu, 2021), strongly labelling in analogous regions of 
lenses from different vertebrate species (Fig. 2). When directly 
compared, Heathcote and colleagues reported that cultured rabbit lens 
epithelial cells synthesise primarily HS-GAG (72% HS-GAG) with 28% 
being CS-GAGs (Heathcote and Orkin, 1984). Despite differences in their 
levels, regions of the eye labelling for HS-GAG and CS-GAG do not al
ways overlap (Wishart and Lovicu, 2021), suggesting that chondroitin 
sulfate proteoglycans (CSPGs) may play a role in ocular biology that is 
distinct from HSPGs (see Tao et al., 2022). In the newly differentiating 
secondary lens fibres, there is an overlapping, yet divergent pattern of 
HS and CS, highlighting their putative joint contribution to this differ
entiation process (Fig. 3; Wishart and Lovicu, 2021). While other lens 
cellular processes may be influenced by the predominant 
antero-posterior HS gradient in the lens capsule (Fig. 3 insets, Lovicu 
and McAvoy, 1993; Wu et al., 2014), we see divergent functional roles 
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for HS and CS in other tissues, such as in the retina (Tao et al., 2022). 
Here, CS has been reported to be important for the stabilisation of 
synaptic connections, while HS primarily functions to stimulate new 
synapse formation (Maeda et al., 2011). The distinct functional roles of 
HS and CS (Karamanos et al., 2018) align with their ability to each 
interact selectively with different proteins in a structure-dependent 
manner (Vallet et al., 2021), possibly also accounting for their differ
ential tissue localization (Smetsers et al., 2003; Clark et al., 2011; Maeda 
et al., 2011). These regional differences in the patterns of sulfated GAGs 
usually correlate with specific regions of cellular activity and 

transformation. For example, the sulfated HS-GAG species deposited in 
the lens capsule have been shown to be enriched specifically at the 
equatorial region of the lens (Young and Ocumpaugh, 1966), supported 
by more recent findings of increased sulfated HS-GAG in the transitional 
and germinative zones of the rat lens, specifically in actively dividing 
lens epithelial cells (Wishart and Lovicu, 2021). To note, in the posterior 
lens capsule, this HS-labelling is restricted to defined laminae suggesting 
differential incorporation of HS into the capsule during development 
(Young and Ocumpaugh, 1966; Wishart and Lovicu, 2021). This label
ling is further elaborated when examining the different HSPGs in the 

Table 1 
Localization of HSPG core proteins in the mammalian eye.  

Core protein Localization (*mRNA expression reported only) 

Syndecan-1 (Syndecan/CD138) Cornea: epithelium (Stepp et al., 2002; Koso et al., 2008; Hayashida et al., 2015; Jinno et al., 2020; Zhou et al., 2006*); stroma (Koso et al., 2008; 
García et al., 2016*), conjunctiva (Heimann et al., 2001); limbal epithelium (Zhou et al., 2006*) 
Lens: capsule, tunica vasculosa lentis (Wishart and Lovicu, 2021) 
Iris: sphincter pupillae muscle (Koso et al., 2008); stroma (Wishart and Lovicu, 2021) 
Ciliary body: non-pigmented epithelium (Koso et al., 2008; Wishart and Lovicu, 2021); stroma (Koso et al., 2008); ciliary muscle cells (Filla et al., 
2004) 
Retina: choroid (Wishart and Lovicu, 2021; Wistow et al., 2002*); retinal pigmented epithelium (Wistow et al., 2002*) 
Other: Trabecular meshwork (Filla et al., 2004; Peterson et al., 2005); lacrimal glands (Wistow et al., 2002*); Schlemm’s canal cells (Filla et al., 
2004) 

Syndecan-2 (Fibroglycan/CD362) Cornea: stroma (García et al., 2016*; Wishart and Lovicu, 2021); limbal epithelial progenitor cells (Polisetti et al., 2016*) 
Lens: capsule, fibre cells (Wishart and Lovicu, 2021) 
Iris: stroma (Wishart and Lovicu, 2021) 
Ciliary body: non-pigmented epithelium (Wishart and Lovicu, 2021); ciliary muscle cells (Filla et al., 2004) 
Retina: (Inatani et al., 2002*; Wishart and Lovicu, 2021) 
Other: Schlemm’s canal cells (Filla et al., 2004) 

Syndecan-3 (N-syndecan/ 
Neuroglycan) 

Cornea: stroma (García et al., 2016*; Wishart and Lovicu, 2021) 
Lens: epithelium, fibre cells (Wishart and Lovicu. 2021) 
Iris: stroma, iridial basement membranes (Wishart and Lovicu, 2021) 
Ciliary body: stroma, limiting basement membranes, ciliary epithelial bilayer (Wishart and Lovicu, 2021); ciliary muscle cells (Filla et al., 2004) 
Retina: (Inatani et al., 2002*; Wishart and Lovicu, 2021) 
Other: Trabecular meshwork cells; Schlemm’s canal cells (Filla et al., 2004) 

Syndecan-4 (Ryudocan/ 
Amphiglycan) 

Cornea: epithelium (Hayashida et al., 2015; Jinno et al., 2020); stroma (García et al., 2016*; Wishart and Lovicu, 2021); endothelium (Jinno 
et al., 2020); limbal epithelium (GDS2433) 
Lens: capsule (Qin et al., 2017; Wishart and Lovicu, 2021); epithelium (Qin et al., 2017; Wishart and Lovicu, 2021); fibre cells (Qin et al., 2017;  
Wishart and Lovicu, 2021) 
Iris: stroma, iridial basement membranes, sphincter/dilator pupillae muscles (Wishart and Lovicu, 2021) 
Ciliary body: (Qin et al., 2017); stroma, non-pigmented epithelium (Wishart and Lovicu, 2021); ciliary muscle cells (Filla et al., 2004) 
Retina: (Inatani et al., 2002*; Qin et al., 2017; Wishart and Lovicu, 2021) 
Other: Trabecular meshwork (Filla et al., 2004; Peterson et al., 2005); Schlemm’s canal cells (Filla et al., 2004) 

Glypican-1 (Glypican) Cornea: stroma (García et al., 2016*) 
Lens: epithelium, fibre cells (Wishart and Lovicu, 2021) 

Glypican-2 (Cerebroglycan) Cornea: stroma (García et al., 2016*; Wishart and Lovicu, 2021) 
Lens: capsule; epithelium, fibre cells (Wishart and Lovicu, 2021) 
Iris: stroma (Wishart and Lovicu, 2021) 
Ciliary body: ciliary epithelial bilayer, stroma, endothelial layer (Wishart and Lovicu, 2021) 
Retina: (Wishart and Lovicu, 2021) 

Glypican-3 (OCI-5) Cornea: limbal epithelial progenitor cells (Polisetti et al., 2016*) 
Lens: epithelium, fibre cells (Wishart and Lovicu, 2021) 

Glypican-4 (K-glypican) Cornea: stroma (García et al., 2016*; Wishart and Lovicu, 2021); limbal epithelial progenitor cells (Polisetti et al., 2016*) 
Lens: capsule, epithelium (Wishart and Lovicu, 2021) 
Iris: stroma, iridial basement membranes (Wishart and Lovicu, 2021) 
Ciliary body: stroma, ciliary epithelial bilayer (Wishart and Lovicu, 2021) 

Glypican-5 Cornea: stroma (García et al., 2016*) 
Lens: epithelium (Wishart and Lovicu, 2021*) 

Glypican-6 Cornea: stroma (García et al., 2016*); epithelium, endothelium (Wishart and Lovicu, 2021) 
Lens: epithelium, fibre cells (Wishart and Lovicu, 2021) 

Perlecan (HSPG2) Cornea: stroma (García et al., 2016*; Wishart and Lovicu, 2021); Bowman’s layer (Chen and Hazlett, 2000) 
Lens: capsule (Wu et al., 2014; Wishart and Lovicu, 2021); epithelial-capsule interface (Wu et al., 2014); epithelium, fibre cells (Wishart and 
Lovicu, 2021) 
Iris: stroma, iridial basement membranes (Wishart and Lovicu, 2021) 
Ciliary body: stroma (Wishart and Lovicu, 2021) 

Agrin (Neurocan) Cornea: stroma (García et al., 2016*; Wishart and Lovicu), Bowman’s layer (Fuerst et al., 2007); Descemet’s membrane (Fuerst et al., 2007) 
Lens: capsule (Fuerst et al., 2007; Wishart and Lovicu, 2021); epithelium (Wishart and Lovicu, 2021) 
Iris: (Fuerst et al., 2007); stroma, iridial basement membranes (Wishart and Lovicu, 2021) 
Ciliary body: ciliary epithelial bilayer, stroma, endothelial layer (Wishart and Lovicu, 2021) 
Retina: (Mann and Kröger, 1996; Fuerst et al., 2007); optic nerve (Fuerst et al., 2007) 

Collagen XVIII/endostatin Cornea: stroma (García et al., 2016*; Wishart and Lovicu, 2021); Bowman’s membrane (Fukai et al., 2002; Ohlmann et al., 2012) 
Lens: capsule (Fukai et al., 2002; Ohlmann et al., 2012; Wishart and Lovicu, 2021); epithelium (Ohlmann et al., 2012; Wishart and Lovicu, 2021) 
Iris: stroma (Fukai et al., 2002; Wishart and Lovicu, 2021), iridial basement membranes (Ohlmann et al., 2012; Wishart and Lovicu, 2021) 
Ciliary body: stroma (Wishart and Lovicu, 2021); non-pigmented epithelium (Ohlmann et al., 2012) 
Retina: inner limiting membrane (Fukai et al., 2002; Ohlmann et al., 2012); retinal blood vessels (Ohlmann et al., 2012) 
Other: Trabecular meshwork (Ohlmann et al., 2012)  
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ECM of the lens capsule. 

2.2. ECM and basement membrane HSPGs 

The lens capsule is a specialized basement membrane encasing the 
lens (reviewed in Danysh and Duncan, 2009; DeDreu et al., 2021). While 
providing structural support, the lens capsule also provides a reservoir 
for lens growth factors, that promote the proliferation, migration, and 

differentiation of lens cells (Danysh and Duncan, 2009). Cell-matrix 
interactions involving integrins, HSPGs and other major structural 
proteins of the lens capsule, such as collagen IV, laminin, and nidogen 
(Mohan and Spiro, 1986) also contribute to these processes associated 
with lens development, homeostasis, and pathology. The lens capsule 
can also act as a selectively permeable sieve, passively filtering meta
bolic waste from the lens, and proteins from the surrounding ocular 
media by size and charge (Danysh and Duncan, 2009). HSPGs play a 

Fig. 2. Heparan sulfate glycosaminoglycan (HS-10E4 
antibody) immunolabelling in the lens across 
different vertebrate species. Mid-sagittal eye sections 
from 8-day-old chick (A1-4), 10-day-old Wistar rat 
(B1-4) and 17-wk-old human foetal eyes (C1-4) were 
labelled for sulfated heparan sulfate glycosamino
glycan (HS-10E4 antibody) in the lens. Insets repre
sent images that were underexposed to show further 
detail of the HS-10E4 Ab label in the anterior (B1, 
C1), equatorial (A2, B2, C2) and posterior (A4, B4, 
C4) lens capsules. Dotted white lines delineate the 
lens capsule. Nuclei were counterstained with 
Hoechst dye (blue). Abbreviations: central anterior 
epithelium (lec) and capsule (ac), germinative zone 
(gz), transitional zone (tz), lens fibre cells (fib), pos
terior lens capsule (pc). Post-mortem human foetal 
eyes (17-weeks gestation) were obtained from the 
Lions NSW Eye Bank, with informed consent, and 
approval from the University of Sydney Human 
Research Ethics Committee. All methods applied in 
the study were performed in accordance with the 
approved Human Research Ethics guidelines. Scale 
bars = 25 μm (B1-4).   

Fig. 3. Comparative immunolabelling of sulfated 
glycosaminoglycans in the anterior segment of the 
10-day-old Wistar rat eye. Mid-sagittal eye sections 
immunolabel the highly sulfated domains of heparan 
sulfate (HS-GAG, HS-10E4 antibody; A1-10 red) or 
chondroitin sulfate (CS-GAG, CS-56 antibody; B1-10 
green) glycosaminoglycan (GAG) chains in the lens 
(A/B1-4), cornea (A/B5-7), iris (A/B8-9), and ciliary 
body (A/B10). Dotted white lines demarcate the 
outline of the lens capsule (B1, B2, B4). Insets in A1, 
A2 and A4 represent images that were underexposed 
to show further detail of the HS-10E4 Ab label in the 
anterior, equatorial and posterior lens capsule, 
respectively. Nuclei were counterstained with 
Hoechst dye (blue). Abbreviations: Lens; central 
anterior epithelium (lec) and capsule (ac), germina
tive zone (gz), transitional zone (tz), lens fibre cells 
(fib), posterior lens capsule (pc). Cornea; epithelium 
(epi), stroma (str), endothelium (endo), Descemet’s 
membrane (dm). Iris; anterior iris/sphincter pupillae 
(sp), iridial stroma (istr), posterior iris/dilator pupil
lae (dp), iridial inner limiting membrane (ilm). 
Ciliary body; non-pigmented ciliary epithelium (nce), 
pigmented ciliary epithelium (pce), ciliary inner 
limiting membrane (ilm), ciliary stroma (cstr). Scale 
bars = 25 μm. (Adapted from Wishart and Lovicu, 
2021).   
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central role in almost every aspect of these key functions of the lens 
capsule. 

HSPGs initially isolated from anterior calf lens capsules were found 
to be immunologically related to those produced by bovine lens 
epithelial cells in vitro, and when isolated were revealed to be 400 kDa 
(akin to perlecan) and only carrying HS chains (Mohan and Spiro, 1991; 
Onodera 1991). Mohan and Spiro (1986) also reported a difference in 
the size of the predominant HSPG in the anterior (400 kDa) and poste
rior (>500 kDa) lens capsule. Soon after this, a predominant lens capsule 
HSPG (now recognized as perlecan) was observed to localise to defined 
laminae in the intact rat capsule (Lovicu and McAvoy, 1993), and more 
recently in embryonic chick (DeDreu et al., 2021). 

HSPGs are also expressed in the basal laminae of different ocular 
tissues, including retinal vessels (Chai and Morris, 2009), and the inner 
limiting (Chai and Morris, 2009), and Bruch’s membranes (Call and 
Hollyfield, 1990). To date, the predominant HSPGs in the lens capsule 
are recognized as perlecan (Uechi et al., 2014; Wu et al., 2014; Wishart 
and Lovicu, 2021; DeDreu et al., 2021), collagen XVIII (Uechi et al., 
2014; Wishart and Lovicu, 2021), and agrin (Fuerst et al., 2007; Wishart 
and Lovicu, 2021). Recent studies have found other minor HSPG types in 
the lens capsule that are more commonly cell-associated, such as 
syndecans-1/-2/-4 and glypicans-2/-4 (Wishart and Lovicu, 2021). 
While this is the first time these have been reported in the lens capsule, 
with the exception of syndecan-4 (Qin et al., 2017), this is not overly 
surprising given syndecans have binding domains for different ECM 
molecules found in the lens capsule such as collagen IV (Esko and Sell
eck, 2002; Filla et al., 2004), laminin (Parmigiani and McAvoy, 1984, 
1991; Utani, 2003; Carulli et al., 2012) and fibronectin (Parmigiani and 
McAvoy, 1984; Elenius et al., 1990; Kusano et al., 2000; Tumova et al., 
2000), all of which can co-localise with syndecans (e.g. syndecan-2) 
(Filla et al., 2004). This association is consistent with the 
well-established roles that syndecans play as regulators of ECM assem
bly (Klass et al., 2000), cell-matrix interactions (Xian, 2010) and focal 
adhesion (Echtermeyer et al., 1999). Other syndecans (e.g syndecan-4) 
have been reported to not only promote cell adhesion through binding 
lens capsule proteins (Uechi et al., 2014), including collagen IV (Esko 
and Selleck, 2002; Esko et al., 2017) and laminin (Utani, 2003; Carulli 
et al., 2012), but also play a role in integrin signalling-dependent 
migration of lens epithelia (Qin et al., 2017). While the specificity of 
cell-matrix interactions for cell adhesion is normally associated with 
integrin binding, given that major ECM molecules (e.g. collagen I and IV, 
fibronectin and laminin) also contain sites that interact with the 
glycosaminoglycan component of proteoglycans in the matrix, or on the 
cell surface, this broadens the functionality of cell surface HSPGs as 
modulators for cell–cell and cell–ECM interactions. It has been shown 
that the presence of HS chains promotes cell adhesion and that their 
absence can promote migration and invasion of malignant cells 
(Nagarajan et al., 2018). 

HSPGs play essential roles in the structural architecture and assem
bly of the lens capsule. Perlecan-associated HS confers a structural role 
in the lens, as mice expressing perlecan deficient in HS have a 
compromised lens capsule (Rossi, 2003). Despite other HSPGs in the lens 
capsule, this highlights the individual importance of specific core pro
teins in lens maintenance. 

HS is predominant in the lens capsule, with CS not detected (Dyk
sterhuis et al., 2011; Wishart and Lovicu, 2021). HSPGs are associated 
with the whole lens capsule; however, sulfated HS is unevenly distrib
uted throughout the lens capsule. Highly sulfated HS-GAGs are 
concentrated in specific laminae of the lens capsule (Wishart and Lovicu, 
2021), with the highest abundance localized to the inner- and 
outer-most laminae in young human (Fig. 2; Winkler et al., 2001), 
mouse (Webster et al., 1987), rat (Fig. 2; Wishart and Lovicu, 2021), 
rabbit (Landemore et al., 1999), and chick (Fig. 2; DeDreu et al., 2021) 
lenses. This uneven distribution of sulfated HSPGs seems to become less 
prominent with age (Webster et al., 1987; Winkler et al., 2001). DeDreu 
et al. (2021) describe the distribution of perlecan in two distinct laminae 

of the equatorial chick lens capsule, the inner- and outer-most laminae, 
partially co-localised with laminin, bordering a central region rich in 
nidogen and collagen IV. A similar pattern is observed for sulfated HS 
(HS-10E4) in chick lenses (Wishart and Lovicu, unpublished data). 
Sulfated HSPGs have also been reported to increase in abundance in an 
antero-posterior gradient from the pre-equatorial proliferative zone of 
the lens to the post-equatorial transitional zone (Wishart and Lovicu, 
2021) like that reported for perlecan and HS-bound FGFs (Lovicu and 
McAvoy, 1993; Schulz et al., 1997; Wu et al., 2014). 

The uneven distribution of HSPGs in the lens capsule may suggest a 
role in regulating the diffusion and interactions of charged molecules 
within the lens capsule. Anionic sulfate groups within the lens capsule 
influence the binding and diffusion rates of charged proteins (Danysh 
et al., 2008), indicating that lens capsule HSPGs likely impart its nega
tive charge, thus playing an important role in the passive perm selec
tivity of this membrane. Which HSPG(s) are important for this has yet to 
be entirely elucidated. For instance, similarly to the lens capsule, both 
perlecan and agrin are major components of the glomerular basement 
membrane (GBM) and contribute significantly to its charge selectivity; 
however, studies in transgenic animals concluded that neither perlecan 
(Rossi, 2003) or agrin (Harvey et al., 2007) are required for establish
ment or maintenance of the GBM charge barrier or its structural archi
tecture, highlighting the complex nature of HSPG regulation of charge 
permeability barriers. The anionic properties of HSPGs may also 
contribute to the structural integrity of the lens capsule. Transgenic mice 
expressing perlecan with mutated HS attachment sites (no HS) had 
smaller eyes, and ‘leaky’ collapsed lenses that lacked the substructural 
properties of a normal lens capsule (Rossi, 2003). In contrast, chemical 
digestion of HS chains from bovine lens capsules resulted in stiffer lens 
capsules that were more resistant to mechanical stress (Dyksterhuis 
et al., 2011). 

The uneven distribution of sulfated HSPGs in the lens capsule may 
also highlight an important role for these HSPGs in regulating the pro
liferation, migration and differentiation of lens cells, likely by regulating 
the distribution and availability of local growth factors to lens cells. The 
HSPGs associated with ECM and basement membranes commonly form 
local gradients of native factors and regulate their bioavailability to 
adjacent cells (Neill et al., 2015). The HSPGs of the lens capsule are 
known to directly bind to many lens mitogens including FGFs, PDGFs, 
and HB-EGF (Billings and Pacifici, 2015). These HSPGs can also indi
rectly regulate the signalling of other lens mitogens from the matrix by 
altering the formation of certain binding complexes between growth 
factors and their associated binding proteins (e.g. IGF-I with IGF-binding 
proteins; Arai et al., 1994). Enzymes including matrix metal
loproteinases (MMPs) (Tholozan et al., 2007; Koyama et al., 2008; Jang 
et al., 2016), endosulphatases (Lamanna et al., 2007) and heparanase 
(Zhang et al., 2010) may release these HS-bound growth factors (e.g. 
FGF-2) making them available to cells. For instance, Tholozan et al. 
(2007) demonstrated the importance of the lens capsule as a local 
reservoir for FGF-2, and that its release from the capsule by MMP-2 is 
essential for lens epithelial cell viability and survival. 

Like many components of living cells, proteoglycans on the cell- 
surface are turned over constantly. Membrane-bound 6-O-endosulpha
tases sulfatases-1 and -2 (SULF-1/2) are expressed by lens cells (Khan 
et al., 2015; Budak et al., 2018) where they may cleave specific (6-O-) 
sulfated domains (Lamanna et al., 2007). HSPGs may also be “shed” 
from the cell surface by proteolytic cleavage of their membrane-bound 
core protein (Lamanna et al., 2007). This shed heparan sulfate and 
any attached ligands can remain active as it travels to influence other 
distant cells and tissues. 

Extracellular heparanase enzymes may endoglycosidically cleave HS 
chains from their core proteins entirely, or partially at specific cleavage 
sites. Heparanase (heparan sulfate ß-endoglucuronidase) activity may 
release HS-bound ligands, effectively freeing them from their seques
tration, leaving them free to diffuse away from the cell or matrix-bound 
HSPG. Although heparanase plays a key role through this function in 

T.F.L. Wishart and F.J. Lovicu                                                                                                                                                                                                               



Progress in Retinal and Eye Research 93 (2023) 101118

7

many tissues, its role in lens biology is not well defined. While hepar
anase is reported to be expressed at low levels in the lens (Berk et al., 
2004; Kakrana et al., 2018), it may play an indirect role in regulating 
lens cell behaviour through the shedding of HS and HS-bound growth 
factors from neighbouring tissues (i.e. the cornea and retina, see Berk 
et al., 2004). Its activity in the ocular media, as well as in ocular tissues 
that produce growth factors that act on the lens, may influence the 
formation of mitogenic and morphogenetic gradients controlling lens 
development and growth (Bishop et al., 2007). Another possible role for 
heparanase may be in lens pathology, given it is found to be expressed in 
the anterior lens capsule of human lenses from patients with systemic 
sclerosis (Gomes et al., 2021). 

2.3. Cellular HSPGs 

Aside from the normal association of HSPGs with cellular organelles 
involved in their biosynthesis and glycosylation (the endoplasmic re
ticulum and Golgi apparatus, respectively), HSPGs have been reported 
to localise to different cellular compartments (reviewed in Couchman 
and Pataki, 2012; Kolset et al., 2004), including the cytoplasm (Miyake 
et al., 2014; Sun et al., 2019), cytoskeleton (Granés et al., 2000; Stigliano 
et al., 2009), cell nuclei (Brockstedt et al., 2002; Chen and Sanderson, 
2009) and endocytic vesicles (Kolset et al., 2004; Matsuo and 
Kimura-Yoshida, 2014). Lens epithelia express most of the different 
HSPGs (Wishart and Lovicu, 2021), and their labelling patterns and 
intensity vary in the different subcellular functional compartments and 

Fig. 4. Spatial localization patterns of HSPG core proteins in lens cells. Comparative schematic of immunolocalization patterns of HSPG core proteins in the capsule 
(A), anterior epithelium (B) and equatorial fibre cells (C) of the 10-day-old Wistar rat lens. * indicates nuclear labelling (Adapted from Wishart and Lovicu, 2021). 
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regions (anterior vs posterior) of these cells (see Fig. 4). While some 
HSPGs demonstrate a diffuse cytosolic label (syndecans-1/-4, 
glypicans-3/-4, perlecan), others (syndecans-2/-3, glypicans-1/-2/-6, 
collagen XVIII, agrin) are more polarised, with prominent labelling at 
the cell-cell interface (syndecan-3, glypican-3), and in (syndecan-2) or 
around cell nuclei (syndecan-4, glypicans-2/-6) (Wishart and Lovicu, 
2021), suggestive of their differing functional roles in lens epithelia. For 
example, while syndecan-1 expression is low in most of the lens 
epithelium, its labelling is heightened in the spindle of mitotic cells, 
relative to those in interphase (Wishart and Lovicu, 2021) as previously 
reported, hypothesised to play a role in the stabilisation of the cellular 
mitotic machinery (Brockstedt et al., 2002). 

There is a clear correlation of HSPG localization to function. Glypi
cans are present in the apical pole of epithelial cells (Wishart and Lovicu, 
2021) (Fig. 4), and these HSPGs are known to regulate hedgehog (Liu 
et al., 2022; Capurro et al., 2017) and canonical Wnt-signalling (Capurro 
et al., 2014), that are involved in the maintenance and proliferation of 
the lens epithelium, as well as the regulation of fibre differentiation 
(Kerr et al., 2012; Fujimura, 2016). This is also seen with the diffuse 
cytosolic labelling for glypican-3 in liver cancer cells (Akutsu et al., 
2010; Li et al., 2019b), where it too regulates canonical Wnt/β-catenin 
signalling by modulating the subcellular localization of β-catenin to 
drive the proliferation of these cells (Capurro et al., 2014; Kolluri and 
Ho, 2019). Like glypicans, syndecans-2/-3 also localise to the apical pole 
of the lens epithelium, at the epithelial to fibre cell interface (Wishart 
and Lovicu, 2021) (Fig. 4), where there are also reports of labelling for 
β1 integrin (Simirskii et al., 2007), and F-actin (Cheng et al., 2017); 
proteins that syndecans interact directly with, and/or regulate (Saon
cella et al., 1999; Echtermeyer et al., 1999; Filla et al., 2006; Qin et al., 
2017). 

While a gradient of HS-labelling throughout the lens has previously 
been reported, the same labelling gradient is observed for many of the 
HSPG core proteins. This gradient may correlate with the heightened 
proliferation of lens epithelia in the equatorial germinative zone, where 
only the actively mitotic cells strongly label for syndecans-1/-4, glypi
cans-2, and collagen XVIII (Wishart and Lovicu, 2021). In the intact lens, 
prominent labelling of HSPGs in the nuclei of early differentiating fibre 
cells has been reported, a phenomenon also observed in vitro, where lens 
epithelia cultured with a fibre-differentiating dose of FGF, translocate 
HS to the nucleus of the elongating cells (Wishart and Lovicu, 2021). 
While HSPGs localise to the nuclear compartment of various cell-types, 
the function of nuclear HS/HSPGs is yet to be understood (Kovalszky 
et al., 2014; Stewart and Sanderson, 2014); however, their association 
with HS-binding proteins, including growth factors and their high af
finity receptors, may implicate them in the regulation of gene expression 
and the control of cell behaviour (reviewed in Stewart and Sanderson, 
2014). For example, FGF-2 and sometimes even its receptor, FGFR-1, 
have been detected in the nuclei of different cell types (Maher, 1996), 
including differentiating lens fibre cells (de Iongh et al., 1996), where 
they can co-localise with HSPGs, influencing cell proliferation and dif
ferentiation in a cell type-specific manner (Amalric et al., 1994), not 
always in a positive way (Fedarko and Conrad, 1986; Fedarko et al., 
1989; Szatmári et al., 2017). Syndecan signalling is also required for 
nuclear localization of FGF-2 and subsequent proliferation of stromal 
fibroblasts in corneal injury (Hsia et al., 2003). In mesenchymal cancer 
cells, FGF-2 colocalizes with sydnecan-1 in the nucleus, but not FGFR-1 
(Zong et al., 2009). While it is not clear how these molecules co-localise, 
when HS chains are poorly synthesised, this reduces the levels of nuclear 
localised FGF-2, as shown in CHO cells (Hsia et al., 2003). It has been 
proposed that the nuclear translocation of syndecans and FGF is highly 
regulated through tubulin-mediated transport (Brockstedt et al., 2002), 
via a protein kinase Cα-dependent-signalling mechanism (Horowitz and 
Simons, 1998), with PI3K/Akt and ERK1/2 activation also thought to be 
involved in syndecan regulation of FGF-2-signalling (Qin et al., 2017). 
The internalisation and trafficking of cell surface syndecan-4 to cell 
nuclei, for example, is suggested to regulate the expression of genes 

coding for integral proteins, such as β1-integrin and actin in differenti
ating muscle (Rønning et al., 2015). In the lens, we see that syndecan-2 
localises most strongly to cell nuclei (Wishart and Lovicu, 2021) despite 
it being one of the syndecans that lacks a juxta-membrane RMKKK 
(Arg-Met-Lys-Lys-Lys) nuclear localization sequence (Brockstedt et al., 
2002), highlighting that it may be dependent on other binding partners 
(such as FGF) for this process. It has been reported to co-localise with 
FGF-2 in nuclei of neural cells (Leadbeater et al., 2006), and is also re
ported in chondrosarcoma cell nuclei (Schrage et al., 2009). Despite 
syndecan-2 having a structurally similar core protein to syndecan-4, the 
extracellular N-terminal domain of only syndecan-2, carrying N-sulfa
tion-enriched HS chains, is reported to be necessary to induce formation 
of the VEGFA165–VEGFR2 complex and promote VEGFR2 activation 
(Corti et al., 2019). 

3. Functional roles of different HSPGs 

Not surprisingly given the extent of their expression, diverse roles for 
HSPGs have been described in the regulation of multiple key lens sig
nalling molecules and developmental processes. By mediating the 
binding of a large number of extracellular ligands to their receptors, 
HSPGs trigger a cascade of reactions that subsequently regulate various 
cell processes including proliferation, differentiation, adhesion, migra
tion, cell survival, and matrix assembly and organisation (Bishop et al., 
2007). HSPGs can bind to and regulate the activity of PDGF-A, for 
example, that is essential for lens growth and transparency (Brewitt and 
Clark, 1988) through the regulation of lens epithelial cell proliferation 
(Iyengar et al., 2009) and fibre differentiation (Li et al., 2019a). With the 
diverse structure and overlapping temporal and spatial distribution of 
the different HSPGs in many tissues, it does not easily allow us to 
delineate their precise roles and activity. While mouse models with 
deficiencies in different HSPGs provide some insights (see Table 2), 
without compound knockouts to account for any redundancy, it is 
difficult to ascertain the precise role of any one specific HSPG core 
protein type. Here, we have examined different HSPG members in the 
context of what is currently known regarding their functional roles in 
the lens and its surrounding tissues. 

3.1. Cellular HSPGs 

3.1.1. Syndecans 
The syndecans are a unique and highly versatile family of four 

HSPGs, syndecan-1 (syndecan, CD138), syndecan-2 (fibroglycan, 
CD362), syndecan-3 (N-syndecan, neuroglycan), and syndecan-4 
(amphiglycan, ryudocan), primarily localised to the cell surface, medi
ating numerous cellular processes through signalling pathways that 
control cell proliferation, migration, mechano-transduction and endo
cytosis (Bernfield, 1992; Couchman et al., 2015; Afratis et al., 2017). 
Common to all syndecans is a highly conserved type-I transmembrane 
domain and extracellular domains, that function to target the syndecans 
to sites at the cell surface and pericellular matrix where they collaborate 
with other proteins to regulate growth factor signalling and cytoskeletal 
organisation (Rapraeger, 2001). The intracellular domain of the syn
decan core protein comprises two “conserved” domains that flank a 
short “variable” region that binds cytosolic regulatory factors and 
uniquely defines the intracellular signalling interactions of each syn
decan family member. While all syndecans have HS chains that mediate 
their interactions with extracellular signalling molecules, syndecans-1 
and -3 may also carry CS (Rapraeger et al., 1985). While the functions 
of each syndecan family member are distinct, there is higher structural 
and functional similarity between syndecans-1 and -3 (Afratis et al., 
2017), and similarly between syndecans-2 and -4 (Oh, 2004). 

All syndecans have been identified as essential regulators of the 
signalling of several key ocular growth factors and morphogens, 
including FGFs (Zong et al., 2009; Jang et al., 2012; Qin et al., 2017), 
IGFs (Ruiz et al., 2012), EGFs (Dobra et al., 2003; Ibrahim et al., 2017), 
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PDGFs (Das et al., 2016), HGF (Seidel et al., 2000), BMPs (Fisher et al., 
2006), Wnts (Pataki, 2015) and Ephrins (Ethell et al., 2001). Moreover, 
syndecans can influence the downstream signalling pathways of these 
molecules, including the activation of MAPK/ERK (Bellin et al., 2009; 
Qin et al., 2017) and PI3/AKT/mammalian target of rapamycin (mTOR) 
(Partovian et al., 2008; Qin et al., 2017) signalling. In addition to their 
role as receptors and co-receptors, many other studies have suggested 
that signalling through the core protein of syndecans can regulate 
cytoskeletal organisation through their clustering, association with 
cytoskeletal structures, binding to cytoplasmic binding proteins, and 
intracellular phosphorylation (Yoneda and Couchman, 2003). For 
instance, the cytoplasmic domains of their core proteins can interact 
directly with cytoskeletal proteins (e.g. α-tubulin, cortactin, α-actinin), 
GTP-ases (RhoA, Rac1), kinases (protein kinase C-alpha, PKCα; c-Src 
kinase; calcium/calmodulin-dependent serine protein kinase, CASK; 
focal-adhesion kinase, FAK), cytoplasmic proteins (e.g. ezrin/radix
in/moesin; ERM) and other cell-surface receptors (integrins) to directly 
influence cell architecture, adhesion and motility (Afratis et al., 2017). 
All syndecans have been shown to interact with actin-associated pro
teins and evidence has been presented for signalling to the cytoskeleton 
(Morgan et al., 2007; Yoneda and Couchman, 2003). Syndecan-4 signals 
to the cytoskeleton primarily through PKCα that binds directly to the 
syndecan-4 core protein (Oh et al., 1997; Horowitz and Simons, 1998) 
and this phosphorylation of the syndecan-4 core protein is sufficient for 
the modulation of focal adhesions and actin stress fibres (Echtermeyer 
et al., 1999), linked to lens fibre cell differentiation (Weber and Menko, 
2006). 

Mutations in syndecans have revealed critical roles in development 
in lower vertebrates (Kuriyama and Mayor, 2009; Muñoz et al., 2006; 
Olivares et al., 2009), with similar roles described in mammals; 

however, mutant mice with compromised syndecans-1, and -4, do not 
show any gross developmental abnormalities (Echtermeyer et al., 2001; 
Gougoula et al., 2019). Syndecan-3 null mice have been described to 
have some abnormalities in their memory (Kaksonen et al., 2002), 
locomotion (Cornelison et al., 2004) and metabolism (Dickinson et al., 
2016). Following these reports, it was suggested that the syndecans may 
be functionally redundant in their regulatory roles; however, recent 
closer characterization of these syndecan-deficient animals has revealed 
abnormalities at the molecular level, suggesting distinct and separable 
roles for different syndecan family members. For instance, syndecan-3 
deficiency impairs neural migration in the brain (Hienola et al., 
2006), and explanted satellite cells from syndecan-3 null mice display 
aberrant differentiation, with a general increase in overall tyrosine 
phosphorylation (Cornelison et al., 2004). A role for syndecan-3 (SDC3) 
in lens fibre cells may relate to its association with SRC kinases and 
cortactin (Filla et al., 2004; Kinnunen et al., 1998) that regulate fibre 
differentiation in concert with Ephrin signalling (Cheng et al., 2013) 
that is required for the phosphorylation of the syndecan-3 core protein 
(Asundi and Carey, 1997). Mice deficient in syndecan-4 have delayed 
wound healing, angiogenesis and FGF-2/integrin signalling (Echter
meyer et al., 2001; Morgan et al., 2007; Qin et al., 2017). Recent 
labelling studies revealed novel expression patterns that implicate 
syndecan-4 in lens/eye development, where it appears to be induced in 
the placodal cells of the lens primordia and optic vesicles and increases 
in intensity with the invagination of the placodal cells to form the lens 
pit, later becoming abundant in the anterior lens epithelium, germina
tive zone and lens capsule (Wishart and Lovicu, manuscript in prepa
ration). Moreover, its high expression at the anterior and posterior poles 
of the lens fibre tips (Wishart and Lovicu, 2021; see Fig. 4) is consistent 
with the expression of F-actin, FAK and β1 integrin (Kokkinos et al., 

Table 2 
HSPG mutant phenotypes.  

Core protein/ 
gene 

Phenotype 

Syndecan-1 Sdc1-deficiency causes defects in cell proliferation, migration, and regulation of integrin expression in corneal epithelial cells (Stepp et al., 2002), 
inflammation-mediated corneal angiogenesis (Götte et al., 2002), and resistance to corneal infection (Hayashida et al., 2011, 2015; Jinno et al., 2020). Sdc1 

Syndecan-2 Sdc2-deficiency causes (endothelial-cell specific) delayed retinal vascular development (inhibition of VEGFA165-signalling and angiogenesis) (Corti et al., 2019). 
Sdc2− /− (Sdc2tm1b(KOMP)Wtsi) mice show abnormal lens morphology/cataract (Dickinson et al., 2016). Sdc2 

Syndecan-3 Sdc3-deficiency causes impaired locomotion; fibrosis, and hyperplasia, aberrant differentiation and increase in overall tyrosine phosphorylation in muscle cells  
(Cornelison et al., 2004); impaired hippocampus-dependent memory (Kaksonen et al., 2002). Sdc3 

Syndecan-4 Sdc4-deficiency causes increased ocular pathological angiogenesis and decreased retinal neovascularization. Sdc4− /− mice (Sdc4tm2b(KOMP)Wtsi/Sdc4+) show 
abnormal retinal blood vessel morphology, mydriasis (Dickinson et al., 2016), and tissues do not respond to VEGF-A with abnormal VE-Cadherin trafficking  
(De Rossi et al., 2021). Sdc4− /− mice have delayed wound healing associated with decreased cell proliferation/migration (Echtermeyer et al., 2001; Corti et al., 
2013). Sdc4− /− mice show reduced capsular opacification after injury (Qin et al., 2017). Downregulation blocks FGF-signalling and integrin-mediated cell 
adhesion/migration (Qin et al., 2017). 

Sdc4 

Glypican-1 Gpc1− /− mice (Gpc1em1(IMPC)Mbp/Gpc1em1(IMPC)Mbp) have an abnormal eye phenotype (Dickinson et al., 2016). Overexpression of Gpc1 in the chick trigeminal 
placodal ectoderm blocks proliferation and differentiation and can lead to the loss of the ophthalmic trigeminal ganglion (Jen et al., 2009). Gpc1 

Glypican-2 No reported eye phenotype for Gpc2 deficiency (Dickinson et al., 2016) 
Gpc2 
Glypican-3 Despite Wnt and JNK signalling being altered in other Gpc3− /− tissues (Song et al., 2005), no eye phenotype has been reported (Cano-Gauci et al., 1999; Chiao 

et al., 2002) Gpc3 
Glypican-4 No reported eye phenotype associated with Gpc4-deficiency (Amor et al., 2019; Dowling and Allen 2018). GPC4 variants associated with Keipert Syndrome  

(Amor et al., 2019). Gpc4 
Glypican-5 There is no reported eye phenotype associated with a Gpc5-deficiency (Joslyn et al., 2011; Okamoto et al., 2015). 
Gpc5 
Glypican-6 Gpc6-deficiency causes neonatal lethality, with no reported eye phenotype (Campos-Xavier et al., 2009; Capurro et al., 2017); however, reduced GPC6 may be 

linked to sporadic retinoblastoma (Lau et al., 2010). Gpc6 
Perlecan Hspg2-deficiency is embryonic lethal and causes basement membrane malformations (Arikawa-Hirasawa et al., 1999); microphthalmia and thin corneal 

epithelium associated with decreased differentiation (Inomata et al., 2012). Pathological variants of Hspg2 are linked to Schwartz-Jampel Syndrome (where Type 
1 is associated with cataract) (Stum et al., 2006). HS-deficient perlecan (Hspg2Δ3/Δ3) results in an eye-specific phenotype with lens degeneration, corneal 
abnormalities, impaired corneal angiogenesis, delayed wound healing and microphthalmia (Rossi, 2003; Zhou et al., 2004). 

Hspg2 

Agrin Agrn deficiency in zebrafish causes microphthalmia, retinal mis-differentiation, abnormal retinal lamination, optic nerve hypoplasia, delayed regression of retinal 
blood vessels, lack of or abnormal outgrowth of retinal vessels, reduced size of the optic fibre layer, and disruption of retinal ganglion cell axon growth to the optic 
tectum (Kim et al., 2003, 2007; Liu et al., 2008). Agrn overexpression causes anophthalmia, persistence of vitreal vessels, retinal mis-differentiation and fusion of 
anterior chamber structures (Fuerst et al., 2007). 

Agrn 

Collagen XVIII Col18a1 deficiency causes widespread anterior and posterior eye defects including lens subluxation, macular degeneration, ciliary body atrophy, iris fragility, 
delayed regression of retinal blood vessels, abnormal retinal vasculature (Fukai et al., 2002), attenuated visual function associated with impaired retinal 
pigmented epithelium function that worsens with age (Marneros and Olsen 2003; Marneros et al., 2004). Mutations of Col18a1 are associated with Knobloch 
syndrome (severe myopia, vitreoretinal degeneration, anterior eye defects, occipital encephalocele) (Passos-Bueno et al., 2006; Khan et al., 2012). Overexpression 
of Col18a1 (endostatin domain) can cause cataract (Elamaa et al., 2005; Aikio et al., 2013). 

Col18a1  
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2007; Simirskii et al., 2007; Zhang et al., 2016a), that are all known to 
interact directly with, and/or are regulated by syndecan-4 (Morgan 
et al., 2007; Qin et al., 2017), bridging the extracellular matrix with the 
cytoskeleton (Rapraeger et al., 1986). In the lens, syndecan-4 is an 
essential regulator of FGF-2 and integrin signalling (Qin et al., 2017), 
acting as a FGFR co-receptor, strengthening the duration and intensity of 
downstream FGF-induced MAPK/ERK signalling, that has been shown to 
be required for lens fibre differentiation (Lovicu and McAvoy, 2001; 
Iyengar et al., 2007; Wang et al., 2010). Of greater interest, analysis of 
Sdc2− /− (Sdc2tm1b(KOMP)Wtsi) mice reported a high incidence of lens 
anomalies, including cataract (Dickinson et al., 2016), but these remain 
poorly characterised. It is not clear if this represents a lens-intrinsic- or 
secondary-phenotype, as syndecan-2 deficiency in ocular endothelial 
cells delays retinal vascular development and inhibits VEGFA165-sig
nalling and angiogenesis (Corti et al., 2019). 

Integrin signalling is key in several lens processes in morphogenesis 
and for lens maintenance throughout life (Walker and Menko, 2009). In 
particular, β1 integrin-signalling that has been shown to be regulated by 
syndecans-2 and -4 (Couchman and Woods, 1999; Filla et al., 2006; 
Kusano et al., 2000) and potentially other syndecans (Morgan et al., 
2007), is essential for maintenance of the lens epithelium and for the 
structural maintenance and homeostasis of differentiating fibre cells 
(Simirskii et al., 2013). Activation of the canonical fibronectin receptor 
α5β1-integrin requires a HSPG co-receptor such as syndecan and in
volves the activation of protein kinase Cα. In syndecan-4-deficient mu
rine lenses or with downregulation of syndecan-4 in human lens 
epithelial cells in vitro, this suppresses β1 integrin-mediated activation 
and cell adhesion (Qin et al., 2017). 

Other novel syndecan-associated molecules include equarin, which 
was first identified as a secreted molecule using a signal sequence trap 
screen in chick and shown to be specific to the lens (Mu et al., 2003), in 
both chick and mice (Song et al., 2012). Consistent with its 
co-expression with lens fibre-specific ß-crystallin (Mu et al., 2003), it is 
thought to complex with syndecan-3 HS chains to regulate FGF-induced 
lens fibre differentiation and cell-adhesion, with its loss abrogating lens 
fibre cell markers (Song et al., 2013). 

3.1.2. Glypicans 
The glypican family is comprised of six HSPGs (glypicans-1 to − 6) 

that form two subgroups; with glypicans-3/5 and glypicans-4/6 
respectively sharing high homology (De Cat, 2001). Glypicans only 
carry HS-GAG chains, and each is linked to the cell surface via a GPI 
anchor (Sarrazin et al., 2011). With the exception of glypican-3, that has 
been extensively characterised in its role in the pathogenesis of hepa
tocellular carcinoma and other cancers (Zhou, 2018), the glypicans are 
arguably the least-studied of all the HSPGs, and their precise roles 
remain elusive. 

In Drosophila, glypican homologues; division abnormally delayed 
(Dally) and dally-like, have been implicated as key orchestrators of cell 
polarity, morphogenesis, patterning, differentiation and growth during 
development, through their regulation of growth factor, cytokine, and 
morphogen signalling (Lin and Perrimon, 1999; Khare and Baumgart
ner, 2000; Williams et al., 2010; Zhang et al., 2013). Dally has been 
reported to be required for ordered cell division in the eye (Nakato et al., 
1995), with dally mutants showing defects in progression through G2-M 
for specific sets of dividing cells. A number of studies have demonstrated 
that Dally serves as a regulator of growth factor signalling during 
development, affecting the activity of Wingless (Wg; Wnt homologue; 
Lin and Perrimon, 1999; Khare and Baumgartner, 2000; Waghmare 
et al., 2020), Decapentaplegic (Dpp; TGFß/BMP homologue; Jackson 
et al., 1997; Akiyama et al., 2008) and Hedgehog (Williams et al., 2010; 
Ayers et al., 2012) in a tissue-specific manner, consistent with Dally 
serving as a molecule that promotes the assembly of discrete signalling 
complexes on the cell surface, as we see for HSPGs. The interplay be
tween secreted morphogens Wg, Dpp and Hh regulates important events 
in Drosophila eye development, controlling tissue specification, growth, 

and patterning (Ma and Moses, 1995; Chang et al., 2001; Won et al., 
2015). Similarly, in the vertebrate eye, their homologues Wnt (Fuji
mura, 2016), TGFß/BMP (Furuta and Hogan, 1998; Wawersik et al., 
1999; Flügel-Koch et al., 2002) and Hh (Kerr et al., 2012) are major 
players in eye development. 

Glypicans can negatively regulate Wnt signalling by competitively 
binding to secreted Wnt proteins, controlling their bioavailability to cell 
surface Frizzled receptors as a co-receptor (Sakane et al., 2012; Wang 
et al., 2016; Li et al., 2019b; Shi et al., 2020). Glypican-1 and -3 can act 
as both positive and negative regulators of canonical Wnt signalling 
(Stigliano et al., 2009; Shiau et al., 2010; Capurro et al., 2014). 
Expression of GPC4 enhanced the Wnt3a-dependent β-catenin pathway 
and the Wnt5a-dependent β-catenin-independent pathway, while 
knockdown of GPC4 suppressed both pathways (Sakane et al., 2012). 
GPC3 expression is also correlated with nuclear/cytoplasmic localiza
tion of β-catenin (Akutsu et al., 2010); however, its HS chains were re
ported not to be required for its stimulatory activity on Wnt5a signalling 
and for the formation of glypican-3-Wnt5a complexes in mice (Song 
et al., 2005), highlighting HS-chain independent regulation. Glypican-3 
knockout mice exhibited alterations in Wnt signalling associated with 
the regulation of cell proliferation; the loss of glypican-3 inhibited 
non-canonical Wnt/JNK signalling, with concomitant activation of ca
nonical Wnt/beta-catenin signalling and increased mitotic activity 
(Song et al., 2005). Contrary to these studies, glypican-3 can directly 
bind to Frizzled through its HS-GAG chains, consistent with Wnt binding 
at the cell membrane triggering the endocytosis of a complex that in
cludes Wnt, Frizzled and glypican-3 (Capurro et al., 2014). 

Glypicans also play an important role in orchestrating growth factor 
signalling to modulate proliferation and cell growth (Filmus and 
Capurro, 2008; Qiao et al., 2008; Cano-Gauci et al., 1999). For example, 
glypican-1 deficiency leads to reduced brain size associated with loss of 
developmental FGF signalling (Jen et al., 2009). Modulation of 
glypican-1 levels by expression of full-length GPC1, or a truncated form 
that is thought to act in a dominant-negative fashion, prevents trigem
inal placodal differentiation or proper ganglion formation, respectively, 
with particularly strong effects on the ophthalmic lobe (Shiau et al., 
2010). GPC1 overexpression phenocopies Wnt inhibition in causing loss 
of ophthalmic placodal neurons, and increased Wnt activity can rescue 
the effects of GPC1 overexpression (Shiau et al., 2010). 

3.2. High-molecular weight HSPGs 

3.2.1. Perlecan 
Perlecan is a large multidomain HSPG that is a ubiquitous compo

nent of cellular basement membranes and extracellular matrices, 
dynamically regulated throughout vertebrate development (Handler 
et al., 1997). Perlecan plays an important role in controlling the 
bioavailability of growth factors at the cell surface, and in the formation 
and orchestration of mitogenic and morphogenetic gradients (Gubbiotti 
et al., 2017). It can bind to and influence the signalling activity of other 
mitogens and morphogens including FGFs (Knox et al., 2002), BMPs 
(Decarlo et al., 2012), Hh (Palma et al., 2011) and EGF (Zoeller et al., 
2009). Perlecan and matrix-bound FGF-2 are co-expressed in the lens 
capsule in a complimentary antero-posterior gradient, with the levels of 
both, highest at the lens equator correlating with proliferating lens 
epithelial cells and phospho-ERK1/2 labelling (Wu et al., 2014). 

In zebrafish, perlecan helps form a VEGF-A gradient, and the regu
lation of VEGF-VEGFR plays an important role in developmental 
angiogenesis (Zoeller et al., 2009), potentially explaining why perlecan 
(Hspg2)-deficient mice are embryonic lethal. In mice lacking exon 3 of 
perlecan (Hspg2Δ3/Δ3), that results in loss of HS side chain attachment 
to its core protein (Rossi, 2003), mice are viable but present with 
microphthalmia. In these Hspg2Δ3/Δ3 mutant mice, the lens capsule was 
compromised by cell remodelling that led to its rupture at birth, and 
subsequent lens degeneration by weaning age. As mentioned earlier, 
other perlecan-rich basement membranes in these mice, such as the 
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GBM were intact with normal kidney function (Rossi, 2003). The lens 
phenotype in Hspg2Δ3/Δ3 mice was exacerbated with the added loss of 
collagen XVIII, with lens degeneration proceeding faster. This suggested 
that the HS chains of perlecan have a structural function in lens and can 
readily regulate incoming signals protecting the lens from its environ
ment (Rossi, 2003). 

3.2.2. Agrin 
Agrin is a large HSPG core protein that can exist as either a 

membrane-bound or secreted HSPG (Tsen et al., 1995). It is associated 
with the cell bodies and processes of retinal neurons and is concentrated 
at retinal synapses (Fuerst et al., 2007), as it is at neuromuscular junc
tions where it was first identified as essential for clustering acetylcholine 
receptors (Bezakova and Lømo, 2001). The functions of agrin also 
encompass other important roles in the central nervous system such as 
regulation of brain development, plasticity, and maintenance of the 
blood-brain barrier (reviewed in Kröger and Pfister, 2009 and Daniels, 
2012). Not surprisingly then, systemic knockout of agrin is embryonic 
lethal (Gautam et al., 1996); however, surprisingly, its overexpression 
led to a phenotype specific to the eye (Fuerst et al., 2007). Ocular 
dysgenesis was correlated with the amount of agrin expressed, with 
microphthalmia and anophthalmia resulting from fusion of anterior 
chamber structures, and persistent hyperplastic primary vitreous asso
ciated with a failure of foetal fissure closure, coloboma and aberrant 
formation of the optic stalk (Fuerst et al., 2007). 

3.2.3. Collagen XVIII 
Collagen XVIII is a large HSPG, predominantly found in the ECM and 

basement membranes. Variations of the N-terminal domain of Collagen 
XVIII produce three distinct isoforms (short, medium/intermediate, and 
long) with distinct activity and tissue distribution (Muragaki et al., 
1995; Rehn and Pihlajaniemi, 1995; Saarela et al., 1998). In the eye, the 
short isoform is localised to the lens capsule and inner limiting mem
brane of the retina, while the medium/long isoforms are found in the 
ciliary and iris epithelia, and Bruch’s membrane. All isoforms are also 
present in the tunica vasculosa lentis (Ohlmann et al., 2012; Aikio et al., 
2013). The C-terminus of all Collagen XVIII proteins contains an 
anti-angiogenic endostatin domain, and all isoforms have conserved 
HS-GAG attachment sites (Dong et al., 2003). 

Given its varied ocular expression, Collagen XVIII plays a key role in 
eye formation and homeostasis (Heljasvaara et al., 2017). Mutations of 
Col18a1, (the gene encoding the Collagen XVIII core protein), are linked 
to Knobloch syndrome, characterised by severe and diverse ophthalmic 
defects in both anterior and posterior segments (Passos-Bueno et al., 
2006; Khan et al., 2012). Similarly, Col18a1− /− mice display wide
spread ocular dysgenesis and malformation of several eye tissues (Fukai 
et al., 2002; Ylikärppä et al., 2003; Marneros et al., 2004). Moreover, 
overexpression of the endostatin domain of Collagen XVIII leads to 
cataract and ultrastructural abnormalities in basement membranes 
(Elamaa et al., 2005; Aikio et al., 2013). 

Collagen XVIII binds to and regulates the activity of many proteins 
directly through interactions with its core protein (Rychkova et al., 
2005), and via its associated HS-GAG chains (Dong et al., 2003), as re
ported in the regulation of integrin and Wnt signalling. Collagen XVIII 
also binds to and interacts with several ECM proteins (e.g. laminin, 
collagens, nidogen), and plays an important role in maintaining the 
structural integrity of ocular basement membranes. Collagen XVIII likely 
plays a distinct role from other major basement membrane HSPGs in 
ocular basement membrane maintenance; as mentioned earlier lens 
degeneration due to impaired HS activity of perlecan is exacerbated 
when Collagen XVIII is also compromised (Rossi, 2003). 

4. HS-GAG chain structure and sulfation 

HSPGs have been shown to directly or indirectly regulate most lens 
mitogens and morphogens, primarily through binding to sulfated 

domains of their associated HS chains (Dreyfuss et al., 2009). Therefore, 
it is not surprising that HS sulfation is required for normal lens devel
opment and molecular functions (Pan et al., 2006). To elucidate the 
biological significance of HS-GAG chains, animal models together with 
chemical approaches have been employed to alter or inhibit their 
biosynthesis or function. As ocular morphogenesis is difficult to evaluate 
in constitutive mutant animals deficient for HS or HS sulfation, due to 
defective gastrulation or death at an early stage of embryonic develop
ment (Bullock et al., 1998; Lin et al., 1999) or at birth (Fan et al., 2000; 
Ringvall and Kjellén, 2010), the generation of structurally-defined HS 
oligosaccharides (Jemth et al., 2003) and phenotypic analyses of animal 
models with conditional deletions of genes encoding different HS sul
fotransferases (Forsberg and Kjellén, 2001) have proven invaluable in 
the elucidation of relationships between HS structure and molecular 
phenotype. 

Once specific core proteins are synthesised, GAG chains, including 
HS are synthesised from cytoplasmic nucleotide sugars and assembled 
onto core proteins by HS-polymerases, glycosyltransferases, epimerases, 
and sulfotransferases in the Golgi apparatus (Li and Kusche-Gullberg, 
2016) (Fig. 5). There is significant heterogeneity in HS chain-link, 
structure, modification sites, extent of sulfation, electrostatic charge 
distribution, and epimerization. The “sugar code” hypothesis proposes 
that the biological activity of HS is encoded in its sulfation patterns 
(Poulain and Yost, 2015). The heterogeneity of HS chains is due to a 
series of sulfation modifications of its chains that occur after the initial 
synthesis of the HS chain precursor, through a non-template driven 
process that does not necessarily go to completion (Li and 
Kusche-Gullberg, 2016). The patterning and degree of HS chain sulfa
tion is not predetermined but a result of the isoforms of HS sulfation 
enzymes expressed by a given cell. This results in modifications of var
iable size along the chain resulting in highly heterogeneous products 
with variable sulfation. HS sulfotransferase modifications occur with 
high specificity (Zhang et al., 2016b) in a cell-type and developmental 
stage specific manner (David et al., 1992; Maccarana et al., 1996; Pou
lain and Yost, 2015) resulting in highly heterogeneous HS chains 
interspersed with un-sulfated and highly sulfated regions, with differ
ential levels of 2-O-, 6-O- and 3-O-sulfation (Fig. 5). Furthermore, the 
specific HS sulfation pattern requirements for ligand interactions vary 
with the ligand. This is important as variations in the sulfation patterns 
of HS chains can confer functionally important differences in HS-ligand 
binding interactions and therefore differential regulation of biological 
functions (Kato et al., 1994; Pratt et al., 2006). Phenotypes resulting 
from the conditional and selective depletion of specific HS biosynthesis 
and sulfation enzymes, or combinations of HS biosynthesis and sulfation 
enzymes from the developing eye tissues, exemplifies their importance 
and provides clues that point to the distinct and complementary roles of 
different HS sulfation and fine structure in the regulation of develop
mental and biological events. 

4.1. HS chain polymerisation (EXTs) 

HS chains are composed of repeating units of glucuronic acid (GlcA)- 
N-Acetylglucosamine (GlcNAc) synthesised by HS-polymerases Exo
stosin-1 and -2 (EXT1/EXT2) (Busse et al., 2007). This step is referred to 
as “chain extension” and determines the length of the GAG chain (Li and 
Kusche-Gullberg, 2016). The number of disaccharide repeats, and 
therefore the length of the chain, are variable, and clearly important for 
growth factor signalling. For example, HS-deficient Ext2 null mutant 
mouse embryos fail to respond to FGF (Shimokawa et al., 2011). 

Ext1 depletion (lacking all HS chains) in the periocular mesenchyme 
during embryogenesis leads to microphthalmia with reduced axial 
lengths, lens diameters, and vitreous volume (Iwao et al., 2010). Simi
larly, Ext1 deletion in neural crest cells of the developing eye causes 
microphthalmos, dysgenesis in the primitive iris and ciliary body, the 
failure of lens-cornea separation and optic nerve head agenesis (Iwao 
et al., 2006). Given our understanding of the wide array of protein 
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interactions orchestrated by HSPGs, it is perhaps not surprising that 
complete loss of HS-GAG would have detrimental effects on develop
ment. More complex and elusive are the divergent functional roles of the 
different HS sulfotransferases. 

4.2. PAPS/PAPS synthetases 

Following HS-chain elongation by EXT enzymes, HS sulfo
transferases transfer sulfate from the sulfate-donor molecule, 3′-phos
phoadenosine 5′-phosphosulfate (PAPS), synthesised by cellular PAPS 
synthetases (PAPSS1/2) to specific positions on the HS chain. The two 
isoforms of PAPS synthase, PAPSS1 and PAPSS2 are localised primarily 
to the nucleus and cytoplasm of cells, respectively (Schröder et al., 
2012). Transcriptome data identifies both PAPS synthetase isoforms in 
the lens (Kakrana et al., 2018); with immunolocalization studies 
demonstrating strong labelling for PAPSS2 in the developing murine and 
postnatal rat eye, showing high specificity to lens in both prenatal and 
postnatal ages (Fig. 6). 

Of all the chemical inhibitors of HS activity, sodium chlorate 

(NaClO3) is the best characterised. Sodium chlorate inhibits the forma
tion of PAPS, the sulfate donor, by competitively binding to PAPS syn
thases thereby blocking the production of PAPS, the essential rate- 
limiting sulfate (SO4

− ) donor required for all cellular sulfation events 
in the Golgi, including HS-GAG sulfation. Sodium chlorate treatment 
inhibits different types of HS-GAG sulfation in a concentration- 
dependent manner (Safaiyan et al., 1999) without compromising 
HS-GAG chain length or structural properties (Safaiyan et al., 1999; 
Conrad, 2001). This effectively reduces the sulfation of all sulfated GAGs 
(i.e. both CS- and HS-GAG), with the production of under-sulfated pro
teoglycans whose secretion is partially prevented by the quality control 
mechanisms of the cell (Fannon and Nugent, 1996). As a result, sodium 
chlorate-supplemented media has been widely used in various cellular 
systems to define the biological functions of sulfated GAG 
chains/HSPGs; however, a relatively high concentration of chlorate (up 
to 30 mM) is required to completely block all HS-GAG sulfation 
(Safaiyan et al., 1999; Conrad, 2001). Such high concentrations are not 
suitable for in situ studies in model organisms (Humphries and Silbert, 
1988). High concentrations of chlorate (20–50 mM) have been shown to 

Fig. 5. Schematic representation of heparan sulfate 
proteoglycan biosynthesis and sulfation. Heparan 
sulfate (HS) glycosaminoglycan chain synthesis be
gins in the Golgi apparatus when Exostosin (EXT1/2) 
polymerises a series of repeating disaccharide units of 
glucuronic acid (GlcA)-N-Acetylglucosamine 
(GlcNAc) to the HS core-protein-associated tetra
saccharide linker sequence. Following HS-chain 
elongation, HS sulfotransferases transfer sulfate 
from the sulfate-donor molecule, 3′-phosphoadeno
sine 5′-phosphosulfate (PAPS) to specific positions on 
the HS chain. The N-sulfated domains of the HS- 
chains are followed by 2-O-sulfation of selected 
iduronic acid (IdoA) residues by HS 2-O-sulfotransfer
ase (HS2ST). Next, HS 6-O-sulfotransferases (HS6STs 
1–3) transfer sulfate to the sixth position of N-Ace
tylglucosamine (GlcNAc) or N-sulfated GlcNAc 
(GlcNAS) residues. Finally, HS 3-O-sulfotransferases 
(HS3STs 1–6) transfer sulfate to the GlcNAS residues.   
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block the signalling activity of aqueous humour (Iyengar and Lovicu, 
2017; Wishart and Lovicu, 2021) and vitreous humour (Wishart and 
Lovicu, 2021) on primary rat lens epithelial cells in explants (West-Mays 
et al., 2010), as well as the activity of several ocular mitogens and 
morphogens including FGF-2 (Iyengar and Lovicu, 2017; Wishart and 
Lovicu, 2021), and VEGF (Ashikari-Hada et al., 2005). FGF- and 
aqueous-induced ERK1/2 signalling in lens epithelia was completely 
disrupted in the presence of sodium chlorate (Iyengar and Lovicu, 2017; 
Wishart and Lovicu, 2021), while aqueous-induced Akt phosphorylation 
was not (Iyengar and Lovicu, 2017). The effects of sodium chlorate can 
be replicated by digestion of cell-surface HS with heparitinase and 
rescued by simultaneous addition of sodium sulfate (restores HS sulfa
tion; Iyengar and Lovicu, 2017) or porcine heparin (exogenous sulfated 
GAGs), indicating that the observed effects of sodium chlorate treatment 
in these studies are likely primarily attributable to the de-sulfation and 
transient loss of HS-GAG activity. 

Despite sodium chlorate’s ability to block the sulfation of all GAGs 
(both CS- and HS-GAG), our more recent studies showed similar results 
to sodium chlorate application in lens cells, when only selectively 
blocking HS-sulfation. Using Surfen hydrate, a small molecule antago
nist of HS-protein interactions (Schuksz et al., 2008), we were able to 
effectively block only sulfation of HS, leading to impaired FGF-induced 
lens epithelial cell proliferation and fibre differentiation, as well as the 
corresponding activation of intracellular ERK1/2-signalling (Fig. 7; 
Wishart and Lovicu, 2021). In addition to its essential role for lens cell 
survival (Chamberlain and McAvoy, 1989; Chow et al., 1995; Garcia 
et al., 2005), FGF-induced lens fibre differentiation promotes cell elon
gation (Lovicu and McAvoy, 1989) and the accumulation of 
fibre-specific β-crystallin (Chamberlain and McAvoy, 1989; Peek et al., 
1992) and aquaporin-0 (AQP0/MIP) (Golestaneh et al., 2008). Inter
estingly, FGF-induced ERK1/2-signalling is required for the elongation 
of fibre cells (Lovicu and McAvoy, 2001; Le and Musil, 2001) and 
expression of filensin and AQP0/MIP (Lovicu and McAvoy, 2001; 
Golestaneh et al., 2008), but not for β- and γ-crystallins (Lovicu and 
McAvoy, 2001; Wang et al., 2009), that may be under the control of 
alternate signalling pathways, such as PI3K/Akt (Wang et al., 2009). As 

Surfen is able to block FGF-induced β-crystallin accumulation (Wishart 
and Lovicu, 2021), this suggests that these alternative pathways regu
lating crystallin expression are also dependent on HS sulfation, consis
tent with HSPGs role as an upstream co-receptor for FGFR-signalling in 
lens. As FGFs are the only class of growth factors to induce lens fibre 
differentiation in mammals (Lovicu and McAvoy, 2005), Surfen block
ing studies signify HSPGs as important regulators of lens cell fate 
(Wishart and Lovicu, 2021). 

The Surfen blocking studies support that the functional roles of 
HSPGs in the lens are predominantly through HS sulfation and not via 
other sulfated GAGs (e.g. CS-GAG). Despite the fact that both HS-GAG 
and CS-GAG are able to bind to FGF, they do not necessarily both 
need to contribute to FGFR-signalling, with binding favouring HS-GAG 
over CS-GAG. For example, a form of perlecan carrying both HS-GAG 
and CS-GAG chains is reported to regulate FGF-2-mediated chon
drocyte proliferation. If the CS-GAG chains are enzymatically digested, 
the HS-carrying perlecan is not only sufficient, but can augment FGF2- 
FGFR binding and chondrocyte proliferation (Smith et al., 2007). In 
fact, HS-GAG and CS-GAG often display opposing effects on cell activity, 
with their respective structural motifs providing unique binding sites for 
specific ligands, with CS-GAG-protein binding interactions being more 
limited relative to HS-GAG (Vallet et al., 2021). 

These experimental blocking studies in vitro focus attention on the 
different modalities of HSPG function, as co-receptors for matrix mole
cules and their ability to serve as independent receptors for heparin- 
binding growth factors. HSPGs also indirectly influence the intracel
lular signalling (e.g. MAPK/ERK, PI3K/AKT/mTOR, and the Rho family 
of GTPases of these molecules) by regulating receptor binding in
teractions, activation and trafficking (Bishop et al., 2007). 

4.3. HS N-sulfation (NDSTs) 

HS sulfation proceeds in a stepwise manner, beginning with the N- 
sulfation of specific glucosamine (GlcNAc) residues of the HS chain by 
N-deacetylase/N-sulfotransferase (Ndsts1-3) enzymes (Poulain and 
Yost, 2015). These enzymes play important roles in eye development 

Fig. 6. Immunolocalization of PAPS synthase 2 
(PAPSS2). A) Immunolocalization of PAPSS2 in the 
16.5-day old embryonic (E16.5) mouse eye (A), and 
10-day-old (P10) Wistar rat lens (B1-4). Dotted while 
lines delineate lens capsule. Nuclei were counter
stained with Hoechst dye (blue). Abbreviations: 
cornea (cor), lens (le), retina (ret), cerebral cortex 
(cc), central anterior epithelium (lec) and capsule 
(ac), germinative zone (gz), transitional zone (tz), 
lens fibre cells (fib), posterior lens capsule (pc). Scale 
bars = 200 μm (A), 25 μm (B1-4).   

T.F.L. Wishart and F.J. Lovicu                                                                                                                                                                                                               



Progress in Retinal and Eye Research 93 (2023) 101118

14

with mutations in Ndst1/2 displaying highly variable dysgenic eye de
fects, ranging from bilateral anophthalmia, microphthalmia, and/or 
aphakia, and to a lesser degree unilateral aphakia in embryos (Qu et al., 
2011b) (see Table 2). N-sulfation of HS by Ndst1 has been reported to be 
required for lens induction and development, with Ndst1− /− mice dis
playing reduced lens cell proliferation and delayed or failed induction 
and vesicle formation of the lens (Pan et al., 2006). This was accom
panied by severely disrupted expression of key lens proteins and tran
scription factors, including AP2α, αA-crystallin, Pax6 and Prox1 (Pan 
et al., 2006). Interestingly, depletion of Ndst1 caused the dysregulation 
of FGF-signalling in early lens development, but not other important 
pathways such as BMP- or Wnt-signalling (Pan et al., 2006). Conditional 
ablation of Ndst1 and Ndst2 (lacking HS N-sulfation) after the lens in
duction stage caused reduced lens cell proliferation, increased cell death 
and defective lens fibre differentiation in later lens development (Qu 
et al., 2011b). Thus, it is clear that HS sulfation is important in lens 
morphogenesis and postnatal growth, and that there is specificity in the 
binding interactions of growth factors and specific sulfated residues (e.g. 
N-sulfated) of HS. HS sulfation is also critical for normal growth factor 
signalling and development of other ocular tissues, such as the lacrimal 
gland (Qu et al., 2012) with N-sulfation of HS required for FGF-induced 

induction events in lacrimal gland development (Pan et al., 2008), as 
seen in lens (Pan et al., 2006). 

4.4. HS O-sulfation (HS-OSTs) 

The N-sulfated domains of the HS-chains are followed by 2-O-sulfa
tion of selected iduronic acid (IdoA) residues by HS 2-O-sulfotransferase 
(Hs2st). Next, HS 6-O-sulfotransferases (Hs6st1-3) transfer sulfate to the 
sixth position of GlcNAc or N-sulfated GlcNAc (GlcNAS) residues. 
Finally, HS 3-O-sulfotransferases (Hs3st1-6) transfer sulfate to the 
GlcNAS residues (Li and Kusche-Gullberg, 2016) (see Fig. 5). HSPGs 
carrying differentially O-sulfated HS have distinct and complementary 
roles in their regulation of developmental and biological events (Tillo 
et al., 2016). The interactions of HS with FGF-2 and its cognate receptors 
(FGFRs) have been characterised in detail. HS chains strongly facilitate 
the formation of ternary complexes with FGF and FGFR (Escobar Galvis 
et al., 2007), serving to lower the activation energy required for the 
conformational change of the FGFR and initiation of intracellular sig
nalling, prolonging the duration of FGFR activation (Forsten-Williams 
et al., 2008). Distinct sulfate patterns can modulate different 
FGF-10-mediated gland developmental processes, such as proliferation, 

Fig. 7. Heparan sulfate is essential for FGF-2-induced 
lens epithelial cell proliferation and fiber differenti
ation in rat lens epithelial cells. A) 10-day-old rat lens 
epithelial explants treated with a proliferating dose of 
FGF-2 (1 ng/ml) immunolabeled for phosphorylated- 
ERK1/2 (4 h, A1-4) show increased proliferation 
(BrdU-incorporation; 24 h, A5-8). Co-treatment with 
Surfen hydrate (5 μM), a small-molecule inhibitor of 
HS-protein interactions, blocked FGF-induced ERK1/ 
2 phosphorylation (A4) and lens epithelial cell pro
liferation (A8). B) Western blotting for 
phosphorylated-ERK1/2 and total-ERK1/2 protein in 
explants treated with FGF-2 (1 ng/ml), with or 
without (NT) sodium chlorate (Chlorate, 30 mM) or 
Surfen (5 μM) at 1 h and 4 h. C) Quantification of 
phospho-ERK1/2 (p-ERK1/2) relative to total-ERK1/ 
2 (t-ERK1/2) and Gapdh protein, with representa
tive western blot. Data are the mean ± SEM from at 
least three independent experiments. D) 10-day-old 
rat lens epithelial explants were treated up to 5 
days with a differentiating dose of FGF-2 (150 ng/ 
ml), with or without Surfen (5 μM). Relative to con
trols (D1, D4, D7), explants treated with FGF-2 alone 
for 5 days labelled for fibre protein markers, β-crys
tallin (D5) and Aquaporin-0 (D8). FGF-2-treated ex
plants showed increased phosphorylated-ERK1/2 
labelling at 4 h (D11) relative to controls (D10). Co- 
treatment with Surfen blocked FGF-induced fibre 
elongation, accumulation of fibre markers (D6, D9), 
and ERK1/2 phosphorylation (D12). Scale bars = 25 
μm. (Adapted from Wishart and Lovicu, 2021).   
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duct elongation, bud expansion and differentiation (Pan et al., 2008; 
Patel et al., 2008). 

Mice deficient in Hs2st (lacking HS 2-O-sulfation) display eye de
fects, including the formation of cataracts, abnormal pigmented retinal 
epithelium and bilateral coloboma of the iris (Bullock et al., 1998). The 
disruption of the mouse gene encoding d-glucuronyl C5-epimerase (the 
precursor for HS 2-O-sulfation) also causes frequent association with iris 
coloboma (Li et al., 2003). Despite binding of HS to HGF and PDGF-A 
being dependent on 6-O-sulfation, mice with systemic inactivation of 
Hs6st1 (lacking HS 6-O-sulfation) develop without any major gross ab
normalities, with the exception of errors in axonal guidance at the optic 
chiasm (Pratt et al., 2006). In early adulthood they develop growth 
retardation, body weight loss and lung defects leading to late postnatal 
mortality (Izvolsky et al., 2008). Few studies have investigated the in
teractions of HS-3-O-sulfation due to its rarity (De Agostini et al., 1990). 
Further investigations revealed unique and differential roles for 2-O- 
and 6-O- sulfation of HS in the regulation of later stages of lacrimal 
gland development. Hs6st− /− mutants exhibited lacrimal gland hypo
plasia and disrupted FGF signalling, while Hs2st− /− mutants had a less 
severe phenotype. In Hs2st− /− /Hs6st− /− double mutants, lacrimal gland 
development and associated FGF-induced downstream ERK-signalling 
activation were completely abolished (Qu et al., 2011a). While not 
directly reported in this study, the developing lens of these mutants was 
also much smaller (Xin Zhang, personal communication). 

Compared with 2-O- and 6-O-sulfation, 3-O-sulfation of HS is rela
tively rare, and typically comprises less than 1% of overall HS sulfation 
(De Agostini et al., 1990). Hs3sts are also expressed by fewer cell types 
(De Agostini et al., 1990). The lens expresses at least one isoform of each 
type of sulfotransferase, including several isoforms of 3-O-sulfotransfer
ase (Fig. 8). Transcripts of genes encoding these HS-O-sulfotransferases 
are differentially regulated throughout lens development in mice 
(Fig. 8A). Interestingly, despite its rarity in other tissues (De Agostini 
et al., 1990), Hs3st1 is selectively enriched in the lens relative to the rest 
of the eye throughout development, and postnatally (Fig. 8B). Of the 
seven HS 3-O-sulfotransferase genes present in the mouse, transcripts for 
Hs3st1 represent close to two thirds of all the HS 3-O-sulfotransferase 
transcripts in the newborn lens (Hoang et al., 2014). The Hs3st1− /−
genotype is early postnatal lethal on a C57BL/6 inbred background, 
where homozygous embryos exhibit intrauterine growth retardation 
(HajMohammadi et al., 2003); however, F1 hybrids are relatively 
normal, but have been shown to have an enhanced sensitivity to 

pro-inflammatory molecules, such as tumour necrosis factor (TNF, Smits 
et al., 2017). 

5. Coordination of HSPGs in lens pathology 

HSPGs have also been reported to play a key role in the damage and 
repair processes of diseased ocular tissues. These processes are often 
linked to significant changes in specific HSPGs (Heimann et al., 2001; 
Ibrahim et al., 2017) or HS sulfation enzymes (Saravanan et al., 2019) 
that can either support these pathogenic processes, as seen in cataract 
(the opacification of the lens) (Qin et al., 2017), or can promote healing 
(reviewed in Park and Shukla, 2013). These changes can affect both 
specific core proteins (i.e. cleavage of specific cell surface HSPGs, 
up-/down-regulation of specific core proteins, changes in tissue 
expression patterns) and/or HS chain structure (i.e. cleavage of HS 
chains, up-/down-regulation of specific HS biosynthesis/sulfation 
enzymes). 

Cataract is the leading cause of blindness worldwide (Foster and 
Resnikoff, 2005). HPSGs have been implicated in the pathology of 
congenital cataract with a study by Sulochana and colleagues reporting 
that 65.9% of children with congenital cataracts also presented with 
elevated levels of HS and CS-GAGs in the blood, urine and lens. The 
authors speculated that the additional anionic GAG chains may accu
mulate in the lens and induce the extracellular accumulation of Na +
ions and water, causing cataracts in a similar manner to the pathogenesis 
of adult cortical cataract (Sulochana et al., 1997). Other forms of cata
ract, such as fibrotic subcapsular cataracts (anterior or posterior) result 
from aberrant lens epithelial differentiation processes. In anterior sub
capsular cataract or capsular opacification (ASC/ACO), LECs are 
thought to transdifferentiate into myofibroblasts under the influence of 
TGFβ-2, secreting abundant ECM containing fibronectin and collagen I, 
as they adhere to the anterior lens capsule to create a fibrotic plaque 
(Fig. 9A and B) (de Iongh et al., 2005). Posterior capsular opacification 
(PCO) is a complication that may occur after routine cataract surgery 
(Awasthi, 2009), resembling the aberrant cellular processes associated 
with ASC/ACO. In PCO, LECs left behind after surgical phacoemulsifi
cation of most lens cells respond to aberrant, elevated levels of active 
TGFβ-2, that stimulates them to undergo an epithelial to mesenchymal 
transition (EMT) into myofibroblastic cells (Shu and Lovicu, 2017; Jiang 
et al., 2018). These myofibroblasts migrate to the posterior lens pole 
driven by FGF-2 and integrin signalling (Qin et al., 2017), where they 

Fig. 8. Heparan sulfate O-sulfotransferase expression 
in the murine and rat lens. Transcript expression (A) 
and lens-enrichment (B) profiles of genes encoding 
heparan sulfate- 2O- (Hs2st1), 6O- (Hs6st1) and 3O- 
(Hs3st1, Hs3st2, Hs3st4, Hs3st6) sulfotransferase 
genes in Affymetrix microarrays from mouse lenses at 
embryonic stages 10.5 (E10.5), E11.5, E12.5, E16.5, 
E17.5 and E19.5; and postnatal days 0 (P0), P2 and 
P56. Lens expression and enriched expression data 
represent processed normalised microarray data from 
Affymetrix Mouse 430 2.0 platform sourced from the 
iSyTE (integrated Systems Tool for Eye gene discov
ery) web-tool (Kakrana et al., 2018). A) Heat map 
intensity (purple) represents high to low gene 
expression. B) Lens-enrichment heat map reflects 
high (red) to low (blue) fold-change in gene expres
sion relative to age-matched aphakic whole embryo 
control (in silico subtraction). C) Localization of 
heparan sulfate O-sulfotransferases heparan sulfate 
2-O-sulfotransferase (HS2ST; C1), heparan sulfate 
6-O-sulfotransferase-1 (HS6ST1; C2), and heparan 
sulfate 3-O-sulfotransferase-1 (HS3ST1; C3) in 
10-day-old (P10) Wistar rat lens epithelial (epi) 
wholemounts (WM). Nuclei were counterstained with 
Hoechst dye (blue). Abbreviations: Scale bar = 25 μm 
(C1-3).   
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proliferate to form a subcapsular plaque, associated with posterior 
capsular wrinkling and a secondary opacification, compromising the 
functionality of the intraocular lens (Fig. 9A and B) (Neumayer et al., 
2017). These cells deposit a fibronectin matrix substrate that promotes 
their migration, and has also been shown to promote lens epithelial cell 
migration, both in vivo and in vitro (VanSlyke et al., 2018). The 
TGFβ-mediated wound healing response is regulated by growth factors 
(e.g. FGF-2) and ECM components (i.e. α5β1-integrin/fibronectin) 
(reviewed by Wormstone, 2002 and Liu and Kao, 2015). HSPGs have 
been reported to directly bind to and regulate the distribution and sig
nalling activity of both FGF-2 and TGFβ in fibrosis (Chen et al., 2004; 
Qin et al., 2017), and have also been shown to be involved in the activity 
of key regulators of myofibroblast migration, including fibronectin 
(Kusano et al., 2000; Stepp et al., 2010), integrins (Couchman and 
Woods, 1999; Filla et al., 2006; Morgan et al., 2007; Qin et al., 2017), 
and focal adhesion kinase (Wilcox-Adelman et al., 2002; Shihan et al., 
2020) (Fig. 9C). HS/HSPGs have been shown to bind to TGF-β2 (Lyon 
et al., 1997; Rider and Mulloy, 2017) and are important for TGF-β2 
signalling in some systems. For instance, disruption of HS synthesis 
(Ext1 knockdown) in mouse neural crest cells resulted in disrupted 
TGF-β2 signalling (Iwao et al., 2009). HS-GAG also binds to protein 
antagonists of TGF-β2, such as gremlin, that has recently been reported 
to drive the development of PCO by promoting LEC proliferation and 
activation of TGF-β/Smad-signalling pathways (Ma et al., 2019). The 
direct effects of specifically disrupting HS-GAG associated with TGF-β2 
signalling in the lens has yet to be investigated, and the subject of future 
studies. 

Limited studies to date have thoroughly investigated the roles of 
specific HSPGs in lens pathology; however, a recent body of work has 
extensively characterised the role of Syndecan-4 in the pathogenesis of 
fibrotic cataract and demonstrated its potential as a therapeutic target 

for fibrotic lens pathologies such as fibrotic forms of cataract (i.e. ACO/ 
PCO) (Qin et al., 2017). In this landmark study, syndecan-4 was reported 
to regulate FGF-2 and α5β1-integrin signalling, with both FGF-driven 
proliferation and integrin-mediated adhesion and migration of LECs 
involved in the development of ACO/PCO requiring HSPG co-receptor 
activity. Moreover, mice lacking syndecan-4 have significantly 
reduced occurrence of lens opacification in an injury-induced model of 
fibrotic wound healing (Qin et al., 2017). RNA interference knockdown 
of syndecan-4 in cultured human LECs also blocked FGF-induced pro
liferation and associated ERK1/2 and PI3/Akt/mTOR signalling 
pathway activation (Qin et al., 2017), with the same study reporting 
increased syndecan-4 expression in the LECs of age-related cataract 
patients (Qin et al., 2017). Taken together, this data highlights HSPGS, 
namely, syndecan-4 as a key regulator of the pathogenesis of fibrotic 
cataract. The findings of this study align with earlier work that identified 
increased HSPGs localised to the basal lamina of lens epithelial cells in 
PCO plaques (Ishibashi et al., 1995). Thus, Syndecan-4 and possibly also 
other unidentified HSPGs may be ideal therapeutic targets for the pre
vention and treatment of fibrotic forms of cataract. 

6. Conclusions 

Advances in the field of glycobiology have revealed a critical role for 
HSPGs in the activation and regulation of growth factors, matrix pro
teins and signalling molecules. This places HSPGs at the forefront of 
master regulators of homeostatic processes including cell proliferation, 
differentiation, and survival. The broad expression of HSPGs throughout 
the different ocular cells and tissues regulate many key signalling mol
ecules to promote ocular development and homeostasis. The crystalline 
lens is a relatively simple and well characterised tissue that presents an 
ideal model to study the unique roles of individual HSPGs. By further 

Fig. 9. Schematic diagram of the aetiology and pathogenesis of fibrotic cataracts, and the role of HSPGs in the regulation of key cellular events. A) Fibrotic cataracts 
may form at the anterior or posterior pole of the lens, resulting in a plaque and opacification of the lens, such as in primary anterior subcapsular cataract (ASC), or 
secondary cataracts, such as anterior capsular opacification (ACO) or posterior capsular opacification (PCO). These secondary cataracts arise from LECs left behind 
during cataract surgery that undergo a wound healing response, causing them to transdifferentiate into myofibroblasts, where they form a plaque. B) The patho
genesis of PCO involves three main steps: i) LECs undergo an epithelial-to-mesenchymal transition (EMT) under the influence of TGFβ-2 signalling to become motile 
myofibroblastic cells. These cells undergo cytoskeletal reorganisation (e.g. stress fibre formation) and secrete abundant aberrant extracellular matrix containing 
fibronectin (Fn), as they adhere to the lens capsule. ii) The myofibroblastic LECs migrate to the posterior capsule driven by FGF-2 and integrin signalling. iii) The 
myofibroblastic LECs undergo FGF-2 driven proliferation to form a plaque, adhering to and modulating the posterior lens capsule. C) Heparan sulfate proteoglycans 
(HSPGs) can contribute to the fibrotic events underpinning ASC/ACO/PCO pathogenesis in several ways: i) Secreted HSPGs form an integral part of the new secreted 
matrix, where they can sequester TGFβ-2 and FGF-2, controlling their bioavailability to the myofibroblastic cells; ii) through interactions with matrix proteins (e.g. 
α5β1-integrin/fibronectin, Fn) HSPGs (e.g. syndecan-4) can regulate cell adhesion and migration, and stress-fibre formation; iii) HSPGs (e.g. syndecan-4) are essential 
co-receptors for FGF-2. FGF receptor (FGFR)-FGF-2-HS signalling complexing and activation results in ERK1/2 and PI3K/Akt/mTOR signalling activation required for 
FGF-2 driven proliferation of myofibroblastic LECs. 
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investigating the functional properties of these different sulfated pro
teins, we hope to better understand how key lens HSPGs regulate 
different growth factor-mediated cellular processes. 

It is important to note that functional glycobiology is a rapidly 
expanding but still newly developing area of research (Yates et al., 
2019). As such, relative to other systems, limited research has been 
directed toward the study of HSPGs and their regulatory networks in 
relation to lens. For example, in this review we have not managed to 
delve into other areas of interest in lens, including the relevance of 
HS-GAG/HSPG-protein interactions in regulating lens water content and 
transport (Comper and Williams, 1987), responses to oxidative stress 
(Fuchs and Schiller, 2014; Reynolds-Peterson et al., 2020), interactions 
between HS and lens intrinsic metal ions (Remko et al., 2013; Farrell 
et al., 2018), and some key lens signalling networks (e.g. regulation of 
protein phosphatases) by lens HSPGs (Aricescu et al., 2002; Umeda 
et al., 2004; Katagiri et al., 2018). What we have done though, for the 
first time in any one specific tissue, is showcase the detailed spatial 
expression profile of all known HSPG core proteins in the ocular lens. 
These findings are supported by many studies in animal models showing 
that the loss or overexpression of specific HSPG core proteins results in 
unique phenotypic outcomes for the lens, as well as in other ocular 
tissues. Much of this may be brought on by the loss or dysregulation of 
their HS chain structure and function leading to ocular pathogenesis. 
Indeed, similar to HSPG core proteins, HS sulfation enzymes are 
expressed in a cell- and tissue-specific manner and the disruption of 
different sulfation patterns impacts growth factors, perturbing cellular 
function. The fine structure of HS-GAGs, characterized by their sulfation 
pattern is an important determinant of the specificity of HS-protein in
teractions. Although HSPG sulfation clearly plays a critical role in the 
lens, the specific HS chain sulfation patterns required for HSPG in
teractions with ocular growth factors remain unknown. Evaluation of 
interactions between lens growth factors and structurally defined HS 
oligosaccharides, and the phenotypic analyses of animal models with 
lens-specific knockdown of different HS-sulfotransferases would be 
valuable to further elucidate these relationships. Determining how HS 
fine structure regulates HSPG interaction with the different lens regu
latory molecules, will expand our understanding of the contribution of 
different sulfation patterns to ligand binding kinetics and receptor 
dimerization, as well as the regulation of lens epithelial cell prolifera
tion, fibre differentiation and EMT, along with their respective down
stream signalling pathways. In many eye tissues, including the lens, 
significant changes in HSPG expression and function can either promote 
repair or drive pathogenesis. Often, this comes down to changes and 
regulatory activity of only a handful of specific HSPGs that are unique to 
different pathological processes. Given the importance of RTK-signalling 
in development and disease, and the known regulation of these RTKs by 
HSPGs, it is surprising that a comprehensive developmental evaluation 
of tissues lacking different HSPG components is lacking for any one 
tissue. Further characterisation of lenses of HSPG-mutant animals, and 
the generation of lens-specific knockdown mutants, together with a 
comprehensive evaluation of how the established HSPG profile of the 
lens changes throughout lens development, or in disease (e.g. cataract) 
would be a valuable step towards better understanding the specific 
HSPG functional modulation pathways in the lens. Once identified, these 
key HSPGs may serve as valuable biomarkers and targets for the 
development of novel therapeutics, as has been done for other ocular 
and systemic diseases, including cancer. 
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García, B., García-Suárez, O., Merayo-Lloves, J., Alcalde, I., Alfonso, J.F., Fernández- 
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Muñoz, R., Moreno, M., Oliva, C., Orbenes, C., Larraín, J., 2006. Syndecan-4 regulates 
non-canonical Wnt signalling and is essential for convergent and extension 
movements in Xenopus embryos. Nat. Cell Biol. 8, 492–500. 

Muragaki, Y., Timmons, S., Griffith, C.M., Oh, S.P., Fadel, B., Quertermous, T., Olsen, B. 
R., 1995. Mouse Col18a1 is expressed in a tissue-specific manner as three alternative 
variants and is localized in basement membrane zones. Proc. Natl. Acad. Sci. USA 92, 
8763–8767. 

Nagarajan, A., Malvi, P., Wajapeyee, N., 2018. Heparan sulfate and Heparan Sulfate 
Proteoglycans in cancer initiation and progression. Front. Endocrinol. 9, 646. 

Nakato, H., Futch, T.A., Selleck, S.B., 1995. The division abnormally delayed (dally) 
gene: a putative integral membrane proteoglycan required for cell division 
patterning during postembryonic development of the nervous system in Drosophila. 
Development 121, 3687–3702. 

Neill, T., Schaefer, L., Iozzo, R.V., 2015. Decoding the matrix: instructive roles of 
proteoglycan receptors. Biochemistry 54, 4583–4598. 

Neumayer, T., Hirnschall, N., Georgopoulos, M., Findl, O., 2017. Natural course of 
posterior subcapsular cataract over a short time period. Curr. Eye Res. 42, 
1604–1607. 

Oh, E., 2004. Syndecans-2 and -4; close cousins, but not identical twins. Mol. Cell. 17, 
181–187. 

Oh, E.S., Woods, A., Couchman, J.R., 1997. Syndecan-4 proteoglycan regulates the 
distribution and activity of protein kinase C. J. Biol. Chem. 272, 8133–8136. 

Ohlmann, A.V., Ohlmann, A., Welge-Lüssen, U., May, C.A., 2012. Localization of 
collagen XVIII and endostatin in the human eye. Curr. Eye Res. 30, 27–34. 

Okamoto, K., Honda, K., Doi, K., Ishizu, T., Katagiri, D., Wada, T., Tomita, K., Ohtake, T., 
Kaneko, T., Kobayashi, S., Nangaku, M., Tokunaga, K., Noiri, E., 2015. Glypican-5 
increases susceptibility to nephrotic damage in diabetic kidney. Am. J. Pathol. 185, 
1889–1898. 

Olivares, G.H., Carrasco, H., Aroca, F., Carvallo, L., Segovia, F., Larraín, J., 2009. 
Syndecan-1 regulates BMP signaling and dorso-ventral patterning of the ectoderm 
during early Xenopus development. Dev. Biol. 329, 338–349. 

Onodera, S., 1991. Presence of the basement membrane component-heparan sulfate 
proteoglycan-in bovine lens capsules. Chem. Pharm. Bull. 39, 1059–1061. 

Palma, V., Carrasco, H., Reinchisi, G., Olivares, G., Faunes, F., Larraín, J., 2011. Shh 
activity and localization is regulated by perlecan. Biol. Res. 44, 63–67. 

Pan, Y., Woodbury, A., Esko, J.D., Grobe, K., Zhang, X., 2006. Heparan sulfate 
biosynthetic gene Ndst1 is required for FGF signaling in early lens development. 
Development 133, 4933–4944. 

Pan, Y., Carbe, C., Powers, A., Zhang, E.E., Esko, J.D., Grobe, K., Feng, G.-S., Zhang, X., 
2008. Bud specific N-sulfation of heparan sulfate regulates Shp2-dependent FGF 
signaling during lacrimal gland induction. Development 135, 301–310. 

Parmigiani, C., McAvoy, J., 1984. Localisation of laminin and fibronectin during rat lens 
morphogenesis. Differentiation 28, 53–61. 

Parmigiani, C.M., McAvoy, J.W., 1991. The roles of laminin and fibronectin in the 
development of the lens capsule. Curr. Eye Res. 10, 501–511. 

Park, P.J., Shukla, D., 2013. Role of heparan sulfate in ocular diseases. Exp. Eye Res. 110, 
1–9. 

Park, P.W., Reizes, O., Bernfield, M., 2000. Cell surface heparan sulfate proteoglycans: 
selective regulators of ligand-receptor encounters. J. Biol. Chem. 275, 29923–29926. 

Partovian, C., Ju, R., Zhuang, Z.W., Martin, K.A., Simons, M., 2008. Syndecan-4 regulates 
subcellular localization of mTOR Complex2 and Akt activation in a PKC alpha- 
dependent manner in endothelial cells. Mol. Cell 32, 140–149. 

Passos-Bueno, M.R., Suzuki, O.T., Armelin-Correa, L.M., Sertié, A.L., Errera, F.I.V., 
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