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Abstract

Small leucine rich proteoglycans (SLRPs) are the largest family of proteoglycans, with 18 

members that are subdivided into five classes. SLRPs are small in size and can be present 

in tissues as glycosylated and non-glycosylated proteins, and the most studied SLRPs include 

decorin, biglycan, lumican, keratocan and fibromodulin. SLRPs specifically bind to collagen 

fibrils, regulating collagen fibrillogenesis and the biomechanical properties of tissues, and are 

expressed at particularly high levels in fibrous tissues, such as the cornea. However, SLRPs are 

also very active components of the ECM, interacting with numerous growth factors, cytokines 

and cell surface receptors. Therefore, SLRPs regulate major cellular processes and have a central 

role in major fundamental biological processes, such as maintaining corneal homeostasis and 

transparency and regulating corneal wound healing. Over the years, mutations and/or altered 

expression of SLRPs have been associated with various corneal diseases, such as congenital 

stromal corneal dystrophy and cornea plana. Recently, there has been great interest in harnessing 

the various functions of SLRPs for therapeutic purposes. In this comprehensive review, we 

describe the structural features and the related functions of SLRPs, and how these affect the 

therapeutic potential of SLRPs, with special emphasis on the use of SLRPs for treating ocular 

surface pathologies.

1. Introduction

Small leucine rich proteoglycans (SLRPs) make up the largest class of proteoglycans (PGs) 

[1–8]. There are 18 members in the SLRPs family, which are encoded by 18 genes that can 

produce various glycosylated forms and spliced variants (Table 1). The most studied SLRPs 

include decorin, biglycan, lumican, keratocan and fibromodulin. As the names states, SLRPs 

contain various leucine rich repeat (LRR) domains that are flanked by clusters of cysteine 

residues which cause them to have their typical curved solenoid shape [8–14]. Compared to 

other extracellular proteoglycans, SLRPs are small in size, with the core proteins ranging 
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from 36 to 77 kDa and can be present in tissues as glycosylated and non-glycosylated 

proteins [15–17]. SLRPs are ubiquitous, with key roles in development, homeostasis and 

pathology. They are expressed at particularly high levels in fibrous tissues, for example the 

cornea, tendons, ligaments, and fibrous septa and capsules that encapsulate major organs, 

such as meninges and pericardium [18–20]. To date, the first and main function that has been 

attributed to SLRPs is in organizing the ECM by regulating collagen fibrillogenesis, limiting 

collagen fibril lateral growth, maintaining correct intra and inter-fibrillar spacing and 

regulating collagen organization [21–23]. However, SLRPs are also very active components 

of the ECM, interacting with numerous growth factors, cytokines and cell surface receptors, 

and, therefore, can also regulate major cellular processes [2,6,7,15,24]. They have been 

shown to have a central role in cell adhesion, proliferation and differentiation, and, thus, 

there has been great interest in harnessing the various functions of SLRPs for therapeutic 

purposes in the fields of tissue regeneration and oncology [2,6,25,26]. SLRPs have been 

shown to interact with certain integrins and receptor tyrosine kinases [27–30], mediate 

signaling via various innate immune receptors [2,31], bind and modulate transforming 

growth factor beta (TGFβ) and bone morphogenetic protein (BMP), and modulate various 

signaling pathways [2,32–36]. Thus, many SLRPs, such as lumican, have been coined as 

matrikines [37]. Over the years, mutations and/or loss of SLRPs have been associated 

with various diseases, for example, congenital stromal corneal dystrophy, cornea plana 

and osteoarthritis. Decorin, biglycan, lumican, fibromodulin, keratocan, and osteoglycin 

(mimecan) have all been shown to be expressed and have important functions in the cornea. 

However, functions for opticin, osteoadherin, PRELP, epiphycan, chondroadherin, ECM2, 

ECMX, nyctalopin, podocan and podocan-like have yet to be explored in the cornea.

1.1. Classification of SLRPs

Over the years, 18 members have been identified for the SLRP family, and these are 

grouped into five classes named class I–V, as shown in Table 1 and Fig. 1A [22,38–

41]. The organization of the SLRPs into the different classes is based on evolutionary 

conservation, protein and gene homology, and chromosomal organization [41]. Class I 

includes biglycan, decorin, asporin, extracellular matrix 2 (ECM2), and extracellular matrix 

X (ECMX), class II includes lumican, keratocan, fibromodulin, proline and arginine rich 

end leucine rich protein (PRELP), and Osteoadherin (OMD), class III includes opticin, 

osteoglycin/mimecan, and epiphycan (EPN), class IV includes chondroadherin (CHAD), 

chondroadherin-like protein (CHADL), Nyctalopin (NYX), and tsukushi, and class V 

includes podocan (PODN) and podocan-like protein 1 (PODN1) [22,38]. SLRPs can contain 

one or more glycosaminoglycan side chains, including CS, DS and KS, or they can contain 

other N- or O-linked glycans. However, not all members exist as proteoglycans. Specifically, 

asporin, ECM2 and ECMX (class I), PRELP (class II), opticin (class III), and nyctalopin and 

tsukushi (class IV) are believed to not carry GAG side chains. Classes I-III are considered 

canonical genes, while classes IV and V are considered non-canonical. All SLRPs have 

homologous structures and share several physiological functions. The LRR region of the 

SLRPs are flanked N- and C-terminal caps, formed by disulfide-bonds, and these caps are 

substantially distinct among the different classes and absent in the classes IV and V [22]. 

Class II SLRPs can be substituted with KS or polylactosamine (unsulfated KS) side chains 
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[42,43]. This class of SLRPs are highly expressed in the cornea, where they are primarily 

substituted with KS side chains.

1.2. Structural features of SLRPs

SLRPs have a core protein that ranges from 33 to 77 kDa containing 12 to 22 leucine 

rich repeats arranged in tandem which are flanked by N- and C-terminal caps (Fig. 1). 

Each LRR repeat is 20–29 amino acids long, and individual repeats are composed by 

highly conserved segments (HCS) and variable segments (VS) which provide the functional 

binding diversity for SLRPs. The HCS are composed of LRRs with the following sequence 

patterns, LxxLxLxxNxL, LxxLxLxxNxxL or LxxLxLxxxL. The HCS are organized as a 

β-strand and loop followed by the VS that can form α-helices, 310-helices, polyproline 

helices, and β-turns. Together, the LRRs regions form the characteristic curved solenoid 

structure of SLRPs (Fig. 2). The curvature of the LRR structures results from differences in 

cross-sections between the b-strands on the concave side and the different helical structures 

on the convex side [44,45]. This curved architecture allows for the formation of protein-

protein interaction modules where the concave surfaces of the LRR proteins contain ligand-

binding sites. This hypothesis has been demonstrated in crystal structures of LRR proteins 

complexed with their ligands [14,46]. The curved shaped of SLRPs allows for the maximum 

number of contacts between the SLRPs and their ligands, with ligands with a radii smaller 

than the curvature of the concave face being enfolded by the SLRPs [47,48]. Over the years, 

numerous three-dimensional structures of complexes between LRR proteins or domains with 

their ligands have been determined [49–55].

Most SLRPs contain an N-terminal helical capping motif (LRRNT) and some contain 

a C-terminal cap (LRRCT), which flank the LRR domains [12,56]. For most SLRPs, 4 

cysteine residues exist within the N-terminal region which form disulfide bonds to form 

the N-terminal cap, while 2 cysteine residues exist with the c-terminal region and form 

disulfide bonds forming the C-terminal cap [10,12]. It is primarily the positioning of these 

cysteine residues within the N-terminal region that dictates the organization of the different 

SLRPs into the five groups. The N- and C-terminal caps are essential for maintaining 

structure integrity of LRRs. The N-terminal cap folds at a faster rate than beta sheet domains 

during translation, controlling the overall folding of SLRPs. A laterally extended LRR repeat 

preceding the last LRR C-terminal repeat is atypical and contains disulfide bonds, which is 

unique to SLRPs [56]. This extension, referred as the “ear” domain, has a sequence that is 

distinct to other LRRCT motifs and was named LRRCE.

1.3. How structure dictates the functions of the different classes of SLRPs

In this section we will discuss the structural particularities of each class of SLRPs and 

correlate these unique structural characteristics with their functions. We will also highlight 

how molecules with such high sequence and structural homology evolved to bind different 

targets and have such distinct functions.

1.3.1. Class I SLRPs—Class I SLRPs have eight analogous exons with conserved 

intron/exon junctions (Fig. 1B). The number of LRR motifs can vary between different 

class I SLRPs, with decorin containing 12 LRR motifs, while biglycan contains 10 LRR 
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motifs each (Fig. 1B). Decorin and biglycan are the most widely studied SLRPs, with the 

structure and function of each LRR of decorin characterized. Specifically, LRR V/VI assists 

in decorin binding to VEGFR2, LRR VII contains the collagen type I-binding sequence, 

LRR XII binds to CCN2/CTGF; and LRR XI is known as the “ear” repeat whose truncations 

or mutations may cause congenital stromal corneal dystrophy [14,15]. The CS/DS side 

chain is crucial for granting decorin and biglycan their regulatory effect on collagen 

fibrillogenesis [16], however this glycosylation has been shown to be dispensable for 

controlling intracellular signaling cascades by cell-surface receptors or signaling molecules. 

Studies have demonstrated that decorin may form dimers in physiological solutions, while 

it is biologically active as a monomer [36]. The non-specific self-association was shown 

to be caused by the removal of salts and water following dialysis and freeze-drying, and 

thus has been speculated not occur naturally in tissues [57]. Decorin proteoglycan and 

glycoprotein core preparations obtained in non-denaturing conditions demonstrate it is 

decorin monomers, and not dimers, that exhibit biological activity [36]. Both ECM2 and 

asporin genes are physically linked together on chromosome 9 [58]. ECM2 is characterized 

by 15 LRRs and 3 N-glycosylation sites, and binds to various extracellular proteins, 

including integrins [59], laminin [60], collagen types IV and V, proteoglycans, and various 

proteases [60,61]. However, the existence of specific motifs within the different ECM2 and 

asporin LRR domains that mediate these interactions have not been fully characterized.

1.3.2. Class II SLRPs—Human lumican, osteomodulin and fibromodulin have 11 LRR 

motifs, while keratocan has 10 LRR motifs and PRELP has 12 LRR motifs. Lumican has a 

negatively charged N-terminal domain (LRRNT), containing two potential sites for tyrosine 

sulfation [62], a central region containing the leucine-rich repeat domains, and a C-terminal 

sequence with 2 conserved cysteines and 2 leucine-rich repeats [62,63]. Lumican can exist 

in tissues as a proteoglycan, bound to keratan sulfate I (KS I) [64] or as a glycoprotein 

containing polylactosamine chains, short oligosaccharides, or poorly sulfated/unsulfated 

polylactosamine chains rather than KS [65]. As with other SLRPs, the highly variable N- 

and C-terminal regions of lumican dictate its physiological functions [66]. For example, the 

N-terminal region of lumican contains clusters of tyrosines that bind to CD14 [67] while 

the C-terminal region binds to extracellular surface receptors such as TGFBRI [68,69]. In 

contrast to decorin, fibromodulin does not dimerize in solution, and crystal packing shows a 

wide range of, presumably non-physiological, concave face interactions [70,71]. The LRRs 

5–7 and 11 of fibromodulin have been found to be crucial for collagen binding [70,71] 

which are located on the C-terminus, leaving the N-terminal region of fibromodulin, which 

contains most of the surface-exposed aromatic residues, free to interact with other binding 

partners [72]. Osteomodulin contains 11 LRR motifs, with LRR9 and LRR10 suggested to 

be involved in weak electrostatic forces that promote binding to type I collagen [73], while 

LRRs 10 and 11 have been shown to be crucial for binding to BMP2 [74].

1.3.3. Class III-V SLRPs—Chondroadherin, a cartilage matrix protein that mediates 

the adhesion of isolated chondrocytes, is the only class III SLRP with a characterized 

structure. The chondroadherin core protein has 11 leucine-rich repeats (LRR) that are 

surrounded by cysteine-rich domains. Unlike the typical structure of canonical small 

leucine-rich proteoglycans (SLRPs), the crystal structure of human chondroadherin shows 
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a well-organized C-terminal cap structure. This capping structure is similar to the LRRCT 

motif found in most LRR proteins, instead of the LLRCE motif which is unique to canonical 

SLRPs [75]. This C-terminal cap of chondroadherin includes the binding site for α2β1 

integrin and is believed to play a functional role in cell adhesion. Although the structure 

of nyctalopin and tsukusi has still not been resolved, they present an increased number of 

residues between conserved cysteines, which is predicted to produce a longer β0-β1 loop.

When compared to other classes of SLRPs, the class V SLRPs have a higher number 

of LRR domains; human podocan has 20 LRR domains while and human podocan-like 

protein 1 has 17 LRR domains [76]. Podocan has a unique N-terminal cysteine-rich 

pattern and lacks the C-terminal cysteine residues that are characteristic of the LRRCT 

region. Podocan has a highly charged acidic C-terminal domain, which is believed to be of 

considerable importance with respect to its physiological role maintaining charge selection 

of the glomerular filtration barrier [77]. Further studies characterizing the structural features 

of all different SLRP classes will aid our understanding of their distinct roles within the 

extracellular matrix of tissues.

1.4. Post-translational modifications of SLRPs and their functions

In the post-genomic era, with the availability of genome sequences, focus has shifted 

towards understanding the dynamic structure and function of proteins. The specific 

functional form of a protein is dependent upon dynamic post-translational modifications 

(PTMs). PTMs refer to enzyme-mediated or covalent chemical modifications to proteins that 

can occur during or after their biosynthesis [78]. Currently more than 300 post-translational 

modifications are known, with most common among SLRPs being glycosylation, sulfation, 

and enzymatic cleavage [79,80].

1.4.1. Glycosylation—Glycosylation, the enzyme-catalyzed addition of sugar(s) to 

proteins, is one of the most common PTM, with over 50% of all human proteins 

being glycosylated [81]. The types of protein glycosylation are classified according to 

the amino acids that carry the carbohydrate moiety, for example, N-linked glycosylation 

where the oligosaccharide binds to a nitrogen of asparagine, C-linked glycosylation where 

the oligosaccharide binds to a carbon of tryptophan, O-linked glycosylation where the 

oligosaccharide binds to an oxygen of a serine or threonine, S-linked glycosylation where 

the oligosaccharide binds to a sulfur of cysteine [82]. SLRPs, like other proteoglycans, 

are glycoproteins that contain one or more glycosaminoglycans (GAGs). GAGs are 

long unbranched, negatively charged polysaccharides containing a repeating disaccharide 

unit having one of the two modified sugars, N-acetylgalactosamine (GalNAc) or N-

acetylglucosamine (GlcNAc), and a uronic acid such as glucuronate (GlcA) or iduronate 

(IdoA) or a galactose residue in the case of keratan sulfate [43]. The GAGs are classified 

based on the composition of the disaccharide subunit (Table 2).

Importantly, the addition of a GAG chain onto the SLRP directly affects its physiological 

functions. For example, N-linked glycosylation, the most common form of glycosylation 

in SLRPs, and O-linked glycosylation, the second most common type of glycosylation 

in SLRPs, are important for the proper folding and stability of the protein, assembly of 
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multimeric structures and modulating the binding of specific ligands. During biosynthesis 

in the Golgi apparatus, GAGs can be modified by sulfotransferase and epimerase enzymes 

allowing GAGs to have a rich structural variability and generate specific epitopes with 

varying sulfation and epimerization patterns [43]. The sulfotransferase enzymes utilize the 

sulfate donor 3′-phosphoadenosine-5′-phosphosulfate (PAPS) to catalyze the addition 2-, 

6- and 3-O sulfates to HS/HEP and 2-, 4-, and 6-O sulfates to CS/DS, and 6-O sulfates to 

KS. Epimerases convert GlcA to IdoA, which is necessary for generating HEP and DS [43]. 

GAGs can be further modified in the ECM by extracellular endosulfatases (SULFs) [84,85]. 

The composition of the GAG moieties of SLRPs significantly varies in tissues depending on 

the stage of development, in aging and in pathological conditions [16].

Most GAGs are attached to the core protein via a tetrasaccharide linkage region which 

is composed of a glucuronic acid (GlcA) residue, two galactose (Gal) residues, and a 

xylose (Xyl) residue attached to the hydroxyl group of Ser residue in the protein, forming 

GAG(n)–GlcA–Gal–Gal–Xyl–Ser–protein [82]. The glycosylation process is initiated by the 

addition of the first xylose by xylosyltransferase using UDP-xylose as a donor. Thereafter, 

β4 galactosyl-, β3 galactosyl-, and β3 glucuronosyltransferase families of enzymes catalyze 

the transfer of two galactose residues. This intermediate then undergoes phosphorylation 

at the C-2 position of xylose and in the case of CS, sulfation of the galactose residues in 

a substoichiometric manner. Thereafter, the addition of β4-linked N-acetylgalactosamine 

to the linkage tetrasaccharide initiates CS assembly and the addition of α4-linked N-

acetylglucosamine initiates HS assembly [86]. KS is not bound to proteins via this common 

tetrasaccharide, and instead is bound to proteins via unique tissue specific linkage regions 

and based on the nature of these linkage regions two types of keratan sulfate exist KS1 

and II. KS I, which was originally detected in cornea, is N-glycan linked to proteins via 

asparagine and KS II (often referred to as the skeletal KS) is an O-glycan linked to serine 

or threonine [86]. The cornea contains KS I which has a long (~50) linear poly-N-acetyl 

lactosamine consisting of repeating units of the disaccharide [→ 3Galβ(1 → 4)GlcNAcβ(1 

→], linked to an asparagine residue via a mannose containing branched oligosaccharide 

[87–89]. The process of glycosylation is non-template driven, highly dynamic, and complex 

process that plays crucial roles in development, physiology and pathology [82]. As far 

as glycosylation in SLRPs is concerned, it contributes to the structure & conformational 

stability [90], the secretory process [91], direct interaction and fibrillogenesis of collagen 

[92–95] and protection of collagen fibril from digestion, for example by cathepsin K [96]. 

The glycosylation of SLRPs plays vital role in the eye and its adnexal structures [88,89,97].

1.4.2. Tyrosine sulfation—Tyrosine sulfation involves the covalent attachment of a 

sulfate group to a tyrosine residues in trans-Golgi by the membrane-bound enzyme 

tyrosylprotein sulfotransferase [98]. It is one of the most common post-translational 

modifications of tyrosine residues that has been reported in secretory proteins, plasma 

membrane proteins, adhesion molecules, coagulation factors, plasma proteins, immune 

components, and G-protein-coupled receptors [99–101]. Protein tyrosine sulfation is 

necessary for the bioactivity and interaction of some proteins such as prohormone 

processing [102,103], chemokine receptor signaling [104–106], leucocyte adhesion [107–

109]. In SLRPs, the sulfation of tyrosine residues has been observed at the N-terminal of 
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three class II SLRPs i.e. fibromodulin (up to 9 sites), osteoadherin (up to 6 sites), and 

lumican (2 sites) using a combination of mass spectrometry studies [110]. In osteoadherin, 

sulfated tyrosine residues are also observed in the C-terminal. The tyrosine sulfation in 

fibromodulin and osteoadherin results in a highly negatively charged domain which shares 

functional similarity with heparin and thus binds with heparin-biding proteins such as 

MMP13, basic fibroblast growth factor-2, the NC4 domain of collagen IX, thrombospondin 

I and interleukin-10, oncostatin M, PRELP and chondroadherin [111]. The binding affinity 

depends on the position and number of sulfated tyrosine residues. These tyrosine sulfate 

mediated interactions are believed to be involved in the organization of the ECM and 

in the sequestration of growth factors, matrix metalloproteinases and cytokines [111]. 

The tyrosine-sulfated domain and the leucine-rich repeat domain of fibromodulin bind to 

collagen I at the N-terminus, and at 100 and 220 nm from the N-terminus thus regulating 

fibrillogenesis [112].

Although the exact biological role of sulfated tyrosine residues in SLRPs needs to be further 

explored, it is predicted that sulfated tyrosine residues have a role in regulating protein 

interactions, increasing protein stability and directing correct protein folding [110]. Opticin, 

a class III SLRP, has been shown to carry tyrosine sulfations in the retinal pigmented 

epithelium using immune-affinity purification, ectopic expression and barium hydroxide 

hydrolysis approaches [113]. Since opticin has anti-angiogenic properties [114] and can 

bind retinal growth hormone [115] and collagen [116], it is important to verify whether 

tyrosine sulfation alters its anti-angiogenic properties and/or its interaction with collagen 

and/or retinal growth hormone.

1.4.3. Enzymatic cleavage of SLRPs—Extracellular cleavage of SLRPs into potential 

pharmacologically active products adds another level of complexity to characterizing the 

biological functions of SLRPs. Both in vitro and in vivo studies have revealed that SLRPs 

are susceptible to cleavage by MMPs and other proteases, as reviewed by Zappia et al. 

(2020) [80]. MMP-2, MMP-3, MMP-7 and MMP-13 cleave decorin [117]; MT1-MMP and 

MMP-13 cleave lumican [118]; MMP-13 cleaves fibromodulin, biglycan and opticin [119–

122]; MMP-1–2-3–7-8–9 cleave opticin with MMP-2 and MMP-7 being the most efficient 

[123]; and, MMP-9 & MMP-12 can cleave biglycan [124]. Besides MMPs, ADAMTS-4, 

ADAMTS-5, and granzyme B can cleave biglycan, decorin, and opticin [125,126] and 

serine protease HTRA1 can cleave chondroadherin [127]. Various groups have reported 

that cleavage of SLRPs in skeletal tissues leads to alterations in ECM homeostasis, 

biomechanical properties, and accumulation of growth factors [80]. The cleavage of SLRPs, 

for example, decorin by the proteases from inflammatory cells, releases cleavage SLRP 

fragments which can act as danger-associated molecular patterns (DAMPs) and interact with 

pattern recognition receptors including toll-like receptors 2 and 4 [128]. The effects of SLRP 

cleavage and SLRP products in the cornea remains to be investigated.

The catabolism of SLRPs is initiated by their internalization via receptor-mediated pathways 

and direction to the lysosome [80]. The putative receptors for endocytosis on the plasma 

and endosomal membranes include 51 kDa, 26 kDa [129] and 110 kDa receptors [130], 

IGFR [131] and the class A scavenger receptor [132]. For decorin, additional pathways 

i.e. the clathrin-dependent pathway and the Tfr/recycling pathway have been suggested 

Gesteira et al. Page 7

Ocul Surf. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for endosytosis [80]. The presence of GAGs [133], interaction with other ECM proteins 

[134], EGFR, the PI-3 kinase signaling [135], and the presence of lipid rafts [135] interfere 

with the endocytosis of SLRPs. The loss of function of lysosomal enzymes responsible for 

GAG degradation, leads to a family of lysosomal disorders named mucopolysaccharidoses 

(MPS) causing the accumulation of GAGs in various tissues, including the eye [136]. 

The ophthalmic complications of MPSs include ocular hypertension, glaucoma, corneal 

opacification, retinopathy, optic nerve abnormality and optic atrophy. In MPS, the GAGs 

accumulate both intra- and extracellularly in corneal epithelium, keratocytes, stroma, and 

endothelium, and disrupts the optically important arrangement of collagen fibrils [137].

Besides these post-translational modifications, an exploratory analysis using bioinformatics 

and biostatical tools by Zappia et al. (2020) has revealed that SLRPs shows bias 

towards codon usage which might fine-tune the translational response of the cells during 

stress conditions [80]. SLRP family members can be grouped in two clusters based on 

different codon usage patterns. Cluster 1 comprises of chondroadherin, biglycan, PRELP, 

fibromodulin, opticin, tsukushi, podocan, podocan like protein 1, and nyctalopin which all 

show a similarly biased codon usage pattern that is in contrast with cluster 2 members 

i.e. decorin, lumican, epiphycan, asporin, ECM2, osteoglycin, keratocan and osteomodulin. 

Authors also found that the codon usage biased patterns contrasts osteomodulin with the 

other members of the SLRP family for leucine and for the triplet glutamine, glutamate, and 

lysine amino acids residues [80]. However, experimental validation for these results is still 

warranted.

1.5. Functions of SLRPs in the ocular surface

The ocular surface forms an interface between the environment and interior eye, consisting 

of the cornea, corneoscleral limbus, conjunctiva, tear film & ocular glands. Since the ocular 

surface is in direct contact with the outside world, it is prone to injuries and infections [43]. 

SLRPs are essential for the formation of a transparent cornea that is necessary for vision. 

Additionally, SLRPs and their GAG side chains are important players in ocular surface 

protection, corneal wound healing and regeneration. Various SLRPs are integral during the 

corneal healing process, and exogenous SLRPs can be used to promote wound healing. 

The O-glycans facilitate the attachment of microbes preventing them from invading the 

ocular surface, while N-glycans play a vital role in intracellular transport of mucins, epitope 

exposure and barrier function [43]. Herein we describe the specific functions of the different 

SLRPs in the ocular surface, which have been summarized in Fig. 3.

1.5.1. Lumican—SLRPs are known to regulate collagen fibrillogenesis throughout the 

body. In the cornea, lumican regulates and maintains correct interfibrillar spacing of 

collagen fibers, which is vital for transparency, and Lum−/− mice develop bilateral corneal 

opacity, which is more severe in the posterior stroma [138]. Additionally, stromal thickness 

is reduced in Lum−/− mice. Fibromodulin also regulates corneal collagen fibrillogenesis, 

however mostly during corneal development [139], while in the adult mouse, fibromodulin 

is primarily expressed in the limbal region [140]. Lumican and fibromodulin are believed to 

have overlapping functions in the cornea, since the loss of both lumican and fibromodulin 

in Lum−/− ;Fmod−/− mice, leads to a more pronounced corneal phenotype than the Lum−/− 
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and Fmod−/− mice alone. Lum−/− ;Fmod−/− mice also present scleral alterations and exhibit 

ocular features of high myopia, including scleral thinning and increased axial length [141]. 

Lumican also has been shown to regulate keratocan gene expression, and thus lumican null 
mice also present a decrease in keratocan expression [142]. In the cornea, lumican also plays 

a key role in regulating wound healing, with Lum−/− mice presenting delayed corneal wound 

closure [143]. During homeostasis lumican is expressed primarily in the corneal stroma, 

however, following corneal injuries, lumican expression is upregulated in the stromal and 

epithelial compartments, contributing towards promoting corneal epithelial cell migration 

and adhesion [143] and keratocyte proliferation and apoptosis [144].

Studies have demonstrated that it is specifically the core protein and not the KS side 

chains of lumican that promote corneal wound [145]. Specifically, the C-terminal region of 

lumican has been shown to bind to TGFβ receptor I (ALK5) to promote wound healing 

[68,69]. In an established cell line of human corneal epithelial cells, lumican has been 

shown to promote wound healing by stimulating cell migration via activating ERK1/2 

and upregulating integrins α2 and β1 [68,146]. Lumican has also been shown to have a 

role in regulating the innate immune response, and this is also the case in the cornea. 

Lumican, biglycan and decorin have been shown mediate signaling via TLR-2 and 4, 

thereby influencing a major signaling axis that regulates a variety of host innate immune 

responses [67,147,148]. Lumican has been shown to work in concert with TLR-4 to increase 

the innate host immune response towards LPS, and lumican null mice present a decreased 

immune response to LPS-induced septic shock [149]. In the cornea, lumican null mice show 

reduced neutrophil and macrophage infiltration after a sterile LPS wound. Lumican null 
mice also show reduced neutrophil infiltration and poor bacterial clearance [144] during 

acute stages of bacterial keratitis, and, consequently, they display prolonged disease with 

increased inflammatory cell infiltration during latter stages [150]. Lumican has been shown 

to promote neutrophil chemotaxis towards LPS and CXCL1 via interactions with the αM 

(CD11b), β2 (CD18) and β1 (CD29) integrin subunits [149]. Lumican and keratocan have 

also been shown to directly bind to CXCl1 [142]. Decorin and biglycan likely have a similar 

role to lumican in regulating TLR signaling in the cornea, since, like lumican null mice, 

biglycan null mice also present a decreased responsive to LPS [131]and decorin enhances 

macrophage response to LPS in a TLR-2 and −4 dependent manner [31]. Both lumican and 

decorin expression have been found to be negatively correlated with corneal vascularization. 

Lumican and decorin expression are downregulated in mouse and human during corneas 

neovascularization, and their expression returns to normal levels as vessels regress [151]. 

Additionally, lumican has been shown to inhibit angiogenesis by interfering with α2β1 

integrin activity [152].

Additionally, the KS side chain attached to lumican, and other class II SLRPs, also exerts 

important physiological functions. The negatively charged KS side chains of SLRPs regulate 

corneal hydration and transparency, development, and wound healing [64,88]. For normal 

collagen matrix biosynthesis and organization in the cornea, sulfation of KS by GlcNAc-6-

O-sulfotransferase (GlcNAc6ST) is required [153,154], and reduced activity of GlcNAc6ST 

results in low-sulfated KS synthesis and accumulation in macular corneal dystrophy [154]. 

Transition from non-sulfated glycoprotein form to sulfated proteoglycan form of KS is 

shown to be concomitant with corneal transparency in chick [155,156] and mice [157] 
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development. Studies have clearly demonstrated that the expression levels of SLRPs and 

their glycosylation dynamically change throughout development, aging and pathology 

[157,158]. Biglycan, decorin, lumican, fibromodulin and osteomodulin show an increase 

in non-glycanated forms with age [65,159,160], however, these changes in expression have 

never been explored in the ocular surface.

1.5.2. Keratocan—Keratocan is another major SLRP that is expressed in the cornea. 

In the cornea, keratocan expression is believed to be restricted to keratocytes, and thus 

it can be used as a putative keratocyte marker [160]. The development of Keratocan-Cre 

(Kera-Cre) and doxycycline inducible Keratocan-rtTA (KeraRT) transgenic driver mice are 

highly specific mouse models that can be used to ablate genes in stromal keratocytes 

[37,161]. Keratocan-null mice have clear corneas with thinner stroma that present abnormal 

collagen fibril spacing [142]. In humans, mutations in the keratocan gene have been linked 

to cases of cornea plana [162]. During the process of cornea lesion repair, the provisional 

matrix formed contains less keratocan and increased decorin and chondroitin sulfate levels 

[163]. The growth factors TGF-β1 and FGF-2 are responsible for many of the phenotypic 

changes in the activated keratocytes after cornea injury, including the downregulation or the 

loss of the expression of KSPGs [163]. Using a rabbit alkali burn model, lumican, keratocan 

and decorin were shown to have increased expression 1 and 3 months after injury, which are 

then down regulated at 6 months after injury [164]. Like lumican, keratocan has also been 

shown to regulate the innate immune response. Combined lumican and keratocan null mice 

are hyporesponsive to LPS, and present reduced stromal neutrophil infiltration [142].

1.5.3. Fibromodulin—Fibromodulin, another major KS-SLRP, is expressed in the 

cornea at significantly lower levels when compared to lumican and keratocan. Lumican 

and fibromodulin present 50% sequence homology and share the same binding site 

on collagen I [71]. Both lumican and fibromodulin have overlapping functions, and 

fibromodulin null mice have an attenuated phenotype through the compensatory activity 

of lumican. Fibromodulin is expressed in the peripheral cornea and posterior stroma during 

development, whereas it is expressed at low levels in the mature cornea, primarily in the 

limbal region [140,141]. Fibromodulin is expressed at high levels in the sclera and is 

believed to have a key role in regulating eye growth, and thus changes in fibromodulin 

expression could be involved in myopia progression [140].

Fibromodulin has been shown to interact with a variety of binding partners, including 

growth factors, enzymes, and structural proteins [165]. These interactions can occur through 

direct binding or through the modulation of signaling pathways [166]. Fibromodulin has 

been shown to bind TGF-β and modulate its activity [167]. Fibromodulin has been shown 

to bind and inhibit MMPs, which can have important consequences during tissue repair 

and remodeling [168]. The binding of fibromodulin to type I collagen fibrils affects the 

mechanical properties of tissues, such as tendons and ligaments, and may be important in the 

development and maintenance of these tissues [140]. Additionally, fibromodulin interacts 

with other ECM proteins, such as proteoglycans and glycoproteins, via the core protein and 

GAG chains, which have been shown to regulate cell behavior and tissue organization [140].
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1.5.4. Mimecan—In the cornea, mimecan (osteoglycin) is mostly expressed in the 

epithelium and epithelial basement membrane [138]. Mimecan null mice present normal 

corneas with minimal changes in collagen fibril diameter and interfibrillar spacing [169].

1.5.5. Decorin—Decorin is a versatile protein that plays a critical role in regulating the 

activity of a wide range of targets. Decorin is highly expressed in the mature cornea, and 

its expression is homogenous throughout the cornea [170]. Like other SLRPs in the cornea, 

decorin has a major role in regulating the organization and structure of collagen fibrils 

throughout the stroma, which is severely disrupted in decorin null mice [171]. Studies have 

indicated that decorin and biglycan have overlapping functions in the cornea, with decorin 

null mice upregulating biglycan in the cornea leading to an attenuated phenotype [171]. The 

importance of decorin in the cornea was further demonstrated when mutations in the decorin 

gene were linked to human autosomal-dominant congenital corneal stromal dystrophy [172] 

which was partially recapitulated in a mouse model [173].

Decorin has been shown to bind and interact with integrins, growth factors, cytokines, 

adhesion molecules, and other glycoproteins, via which decorin regulates cell adhesion, 

migration, and signal transduction, maintains structural integrity of tissues [174]. It has been 

well established that decorin and various other SLRPs, including biglycan, fibromodulin, 

asporin, and tsukushi, bind and neutralize TGFβ [175–179]. SLRPs can regulate TGFβ 
signaling by sequestering TGFβ isoforms in the ECM, thus regulating their bioavailability 

[175,176, 178]. Given that TGFβ is a major driver of corneal fibrosis and myofibroblast 

generation, SLRPs have an important role in regulating corneal wound healing via regulation 

of TGFβ signaling and limiting corneal scarring. Decorin, and other SLRPs that bind TGFβ 
isoforms such as biglycan, and fibromodulin, are upregulated in the corneal stroma after 

injury [175,180,181]. Decorin and fibromodulin primarily accumulate in the anterior stroma, 

while biglycan is expressed in the epithelium and throughout the stroma [182]. Decorin 

gene therapy using an adeno-associated viral vector successfully attenuates myofibroblast 

transformation and fibrosis following epithelial-stromal injury [183, 184]. Overexpression of 

decorin has been shown to inhibit neovascularization of rabbit corneas, by down-regulating 

VEGF and angioprotein [185].

1.5.6. Biglycan—Biglycan has been shown to bind to various growth factors, cytokines, 

and adhesion molecules, via which biglycan can modulate various cell signaling pathways 

and cell functions [7,186]. Biglycan is a well-established ligand of the integrin, cadherins, 

and selectin families [187], and can bind to growth factors such as fibroblast growth 

factor (FGF), transforming growth factor (TGF), and platelet-derived growth factor 

(PDGF), via which biglycan mediates cell-cell interactions and regulates cell proliferation, 

differentiation, and migration. Biglycan is highly expressed in the cornea during early 

developmental stages, while it is expressed at lower levels in the mature cornea evenly 

distributed throughout the stroma [171]. Biglycan is upregulated after corneal injury [188]. 

Although biglycan is known to regulate collagen fibrillogenesis in other tissues, it has been 

speculated that it does not have a significant contribution towards the organization and 

structure of collagen in the cornea since biglycan null mice present normal distribution 

and organization of collagen fibrils in the mature cornea [171]. Biglycan is homologous 
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to decorin, and they share a similar binding site on collagen, and thus decorin likely 

compensates for the loss of biglycan in biglycan null mice [186,187]. In support of this, 

double decorin and biglycan null mice, show large irregular collagen fibrils throughout the 

corneal stroma, especially in posterior regions, which is more pronounced than what is 

observed in the individual null mice [171]. Further, decorin null mice present an increase 

in biglycan expression through a compensatory mechanism [171]. During development, 

biglycan regulates the formation of a TGF-α gradient during eyelid morphogenesis [189]. 

Mice overexpressing biglycan under the keratocan promoter present precocious eyelid 

opening and lack Meibomian gland formation caused by biglycan binding to TGFα 
and interrupting EGFR signaling [189]. These mice also present exposure keratitis and 

alterations in eyelid muscle formation [189]. Biglycan has also been shown to regulate the 

immune response by binding and regulating the activity of various cytokines.

1.5.7. Opticin, osteoadherin, PRELP, asporin, ECM2, and ECMX—Opticin was 

first identified in the eye, most notably in the ciliary body by non-pigmented ciliary body 

epithelial cells [190] and even in advanced proliferative retinal disease, the non-pigmented 

ciliary body epithelial cells continue to express and secrete opticin [191]. No reports have 

attributed any functions to opticin in the cornea.

Osteoadherin is highly expressed in mineralized tissues. In bones, it is primarily expressed 

in the unglycanated form in non-mineralized zones and in the KSPG form in the mineralized 

zones [192]. Osteoadherin is also involved in odontogenesis, localized in the predentin 

region where is generates a gradient regulating mineralization [120,193]. No studies have 

reported functions for osteoadherin in the cornea.

PRELP was originally identified in the cartilage, and is highly expressed in the territorial 

matrix, and it has also been shown to be expressed in other tissues, primarily in and 

around basement membranes [194,195]. Recently, the use of PRELP for treating macular 

degeneration in mice has been explored using AAV-mediated delivery of human PRELP to 

inhibit the activation of the complement and prevent choroid angiogenesis [196]. However, 

no studies have reported any functions for PRELP in the cornea.

Asporin has been shown to play a critical role in cell adhesion and migration, cell signaling, 

and tissue development and remodeling [197]. As other SLRPs, asporin binds to lectins, 

collagen, laminin, and fibronectin, growth factors, via which interactions it is able to 

regulate cell growth and differentiation, and modulate inflammation [198]. Asporin has also 

been shown to bind to several enzymes, including elastase, hyaluronidase, and proteases 

[199]. Asporin has a major function in mineralization, and, thus, is highly expressed 

in mineralized tissues and has an N-terminal region that binds calcium and regulates 

hydroxyapatite formation. Functions for Asporin have never been explored in the cornea.

Loss of nyctalopin has been associated with congenital stationary blindness, characterized 

by reduced nocturnal vision [200,201]. Congenital stationary blindness has also been 

associated with myopia and reduced visual acuity. No functions have been attributed to 

nyctalopin in the cornea. Additionally, functions for epiphycan, chondroadherin, ECM2, 
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ECMX, podocan and podocan-like in the cornea have never been investigated. ECM2 is 

mainly involved in the assembly and maintenance of the ECM [202].

1.6. Therapeutic and pharmacological applications of SLRPs

Due to their important roles in regulating the matrix remodeling, maintaining homeostasis 

and as effectors of several signaling pathways, over the past decade the biomedical interest 

in SLRPs has grown exponentially. Herein we will discuss the most recent advances in the 

therapeutic use of SLRPs.

Member of the class I SLRPs are distributed in the ECM of most tissues and play 

critical roles in tumor proliferation, migration, invasion, and angiogenesis. Decorin was 

coined as the “guardian of the matrix” [203] and has potential therapeutic use due to 

its antagonistic effects on TGF-β1 in numerous maladies including hydrocephalus [204], 

peritoneal fibrosis [205], diabetic nephropathy [206], abdominal aortic aneurysm [207], 

colorectal cancer [208], bleomycin induced lung fibrosis [209], glaucoma [210] and deep 

burns and skin scarring [211]. A decorin drug produced by Catalent pharma under the 

trade name galacorin®, has been tested for the treatment of macular degeneration, diabetic 

retinopathy, and diabetic macular edema [212]. Currently, galacorin is listed in numerous 

patent applications, being used alone or in combination with other proteins, such as anti-

VEGF, and antibodies or fragments that bind to checkpoint inhibitor proteins such as 

CTLA-4 (Cytotoxic T-lymphocyte antigen 4), PD-1 (Programmed cell death protein 1), 

PD-L1 (Programmed death-ligand 1), PD-L2 (Programmed death-ligand 2), among others 

[213]. Decorin is a pan-receptor tyrosine kinase inhibitor, exerting oncosuppressive effects 

by regulating multiple receptors and diverse signaling pathways [214]. Several preclinical 

studies in cancers, especially of epithelial origin (which have not yielded any clinical trials 

as of the publication of this article), and the investigation of the molecular mechanisms 

underlying decorin’s anti-tumorigenic properties may lead to the development of novel 

decorin-based therapeutics with potential to revolutionize the treatment paradigm for various 

malignancies. However, it is important to note that the translation of these preclinical 

findings to clinical applications necessitates a thorough evaluation of decorin’s safety, 

efficacy, and pharmacokinetic profiles through well-designed clinical trials [215–218].

The therapeutic applications of decorin in preclinical stage include.

1. Anti-fibrotic properties: Decorin can attenuate the progression of fibrosis in 

organs such as the liver, kidney, and lung, by inhibiting the transforming 

growth factor-beta (TGF-β) signaling pathway, which plays a central role in the 

deposition of extracellular matrix components.

2. Anti-inflammatory effects: Decorin can suppress inflammation by modulating 

the activity of pro-inflammatory cytokines and signaling pathways. It may 

have potential applications in managing chronic inflammatory diseases, such as 

rheumatoid arthritis and inflammatory bowel disease.

3. Anti-tumorigenic activity: Decorin has demonstrated the ability to inhibit tumor 

growth and metastasis by targeting key signaling pathways involved in cancer 

cell proliferation, angiogenesis, and migration, such as the TGF-β and vascular 
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endothelial growth factor (VEGF) pathways. Furthermore, it may enhance the 

sensitivity of cancer cells to chemotherapy and radiotherapy, suggesting its 

potential as an adjuvant therapy.

4. Wound healing and tissue repair: Decorin has been shown to promote wound 

healing and tissue repair by regulating cell migration, adhesion, and extracellular 

matrix remodeling. This property may be relevant for treating various cornea 

and skin conditions and injuries, as well as facilitating the healing of surgical 

wounds.

5. Neuroprotection: Some studies suggest that decorin may have neuroprotective 

effects by modulating neuroinflammation and promoting neurite outgrowth. 

This could lead to potential applications in the treatment of neurodegenerative 

diseases, such as Alzheimer’s and Parkinson’s disease.

Given that decorin has a role in various fundamental processes, such as, inhibiting 

angiogenesis [219], suppressing inflammation [220], promoting wound healing [221], 

preventing fibrosis [222], and inhibiting cancer progression [223], there has been great 

interest generating decorin based therapies for treating various diseases. As such, various 

therapeutic applications have been explored for decorin, and it is the SLRP with the highest 

number of described biological and medical uses. Decorin has been explored in a wide range 

of medical applications, from scarless wound healing to increasing muscle mass in muscular 

dystrophies [224,225].

Curiously, eye research has been at the forefront of developing decorin based therapies. 

The Mohan group and others have explored the use of decorin for promoting corneal 

wound healing and preventing scarring [1,184]. Decorin suppresses TGFβ signaling, and, as 

such, has the ability to delay collagen fibrillogenesis and prevent ECM deposition, thereby 

preventing corneal scarring [226]. In fact, Hill and colleagues designed gellan based fluid 

gels for sustained delivery of human recombinant decorin through eye drops to promote 

corneal regeneration [227]. Decorin based hydrogels have also been used to promote scarless 

regeneration in mice and rats [25,228]. Galacorin has been shown to effectively enhance 

stromal organization and increase biomechanical strength of the cornea, and has been 

proposed as a means to prolong myopia correction following orthokeratology lens (Ortho-K) 

wear [229, 230]. The Scar Free Foundation is to perform the first-in-human clinical trial 

of a new wound dressing loaded with decorin [231] in collaboration with Catalent, using 

a developed dressing containing Galacorin [212]. Galacorin is also being explored for 

the treatment of macular degeneration, diabetic retinopathy, and diabetic macular edema 

[212]. In addition to studies using decorin to promote scarless wound healing, many studies 

have explored the use of decorin for inhibiting corneal neovascularization [26,232,233]. 

The use of decorin for inhibiting neovascularization and/or fibrosis via gene therapy has 

been validated in the cornea [185,233], brain [234,235], kidney [236], and skin [237] with 

the mechanism likely being via decorin inhibiting TGFβ and VEGFR2. Because of the 

relatively small molecular weight of decorin, there is great potential for using decorin 

based therapies as an alternative to larger anti-VEGF mAb treatment, such as Avastin. The 

Mohan group has made great advances characterizing the biological role of decorin in the 

cornea [1,26,170,238] and has pioneered the therapeutic use of decorin for treating corneal 
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neovascularization [185], inhibiting corneal scarring [184], and suppressing fibroblast 

transdifferentiation into myofibroblasts [183,239,240] His group has recently confirmed 

the safety of AAV5-Decorin targeted therapy for retarding corneal neovascularization in 

rabbits [233]. Decorin has also been used in a pilot study of experimental glaucoma filtration 

surgery using the rabbit model [221]. Postoperative results showed that rabbits treated with 

decorin had significantly less ECM deposition 14 days after surgery and less conjunctivital 

scarification.

Biglycan, like many other class-I and II SLRPs, has been reported to have therapeutic 

potential in multiple diseases. Specifically, biglycan has been used to treat muscular 

dystrophies by stabilizing the dystrophin associated protein complex (DAPC) and inducing 

phosphorylation of muscle specific tyrosine kinase (MuSK) [241,242]. Biglycan can also 

induce aggregation of acetylcholine receptors (AChRs) in neuromuscular or neurological 

diseases [241,242]. Human recombinant non-glycanated biglycan, TVN-102, is currently 

being developed as a therapeutic candidate for the treatment of Duchenne Muscular 

Dystrophy and Becker Muscular Dystrophy by Tivorsan Pharmaceuticals, Inc., USA, and 

the U.S. Food and Drug Administration (FDA) granted orphan drug designation to TVN-102 

in 2016 [241,242]. TVN-102 upregulates utrophin, neuronal nitric oxide synthase (nNOS) 

and other dystrophin-associated proteins in the muscle membrane, and controls the activity 

and localization of MuSK at the nerve-muscle synapse [243].

Additionally, a formulation of one or more non-glycanated class I SLRPs have been shown 

to have therapeutic potential for treating neuromuscular disorders [244]. Biglycan acts 

as a danger signal in cancer, as it can interact with the toll-like receptor 2 and 4 on 

immune cells, causing a proinflammatory response by inducing the NLRP3 inflammasome, 

activation of caspase-1 and the release of various cytokines and chemokines [245]. Altered 

biglycan expression has been reported in different diseases including multiple types of 

solid cancers [246], and the potential of biglycan as a novel therapeutic target or agent 

for the treatment of inflammatory diseases, skeletal muscular dystrophies, muscle fiber 

regeneration has been investigated [247]. In breast cancer, biglycan activates the NF-κB 

signaling pathway, which is a transcriptional activator of PD-L1 [248], and the deletion 

of stromal biglycan enhances the efficacy of chemotherapy treatment [249]. It has been 

identified as a prognostic marker and potential therapeutic target for triple-negative breast 

cancer [250]. Biglycan knockout (Bgn KO) mice when injected with E0771 breast cancer 

cells, showed inhibited metastasis to the lung, impaired tumor angiogenesis, normalized 

tumor vasculature, suppressed fibrosis and increased CD8+ T cell infiltration compared to 

the wild type. Furthermore, delivery and efficacy of chemotherapy drugs were improved in 
vivo in Bgn KO mice [249]. In osteosarcoma cells, the binding of biglycan to lipoprotein 

receptor-related protein 6 activates the Wnt pathway and β-catenin nuclear translocation 

by disrupting β-catenin degradation complex, inhibiting Rapamycin-induced autophagy 

[251] Therefore, biglycan could be used as an adjuvant to improve the effectiveness of 

existing treatments for bone cancer by targeting vital signaling, including autophagy-related 

signaling, that contribute to chemotherapy resistant phenotypes [252,253]. Additionally, 

bigylcan has been explored as a means to treat atherosclerosis. In fact, an active patent 

application exists in Europe covering preventive and/or therapeutic effects of increased 

biglycan activity in atherosclerotic diseases [254]. This patent application covers the use 
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of biglycan or enhancers of biglycan activity in pharmaceutical compositions with anti-

atherosclerotic and anti-ischemic effects. Biglycan is believed to prevent the formation of 

the atherosclerotic plaque, such as coronary sclerosis, carotid artery sclerosis and peripheral 

artery sclerosis [254]. Besides having a great potential as biomarker in various diseases, 

biglycan has been shown to induce inflammation, regulate autophagy, mediate angiogenesis, 

promote cancer proliferation, invasion & metastasis and hence holds promising therapeutic 

implications for cancers [255–259].

Other patents also exist for the use of biglycan in various medical applications, including the 

use of biglycan as a diagnostic tool for assessment of heart failure [260], for prevention and 

treatment of obesity [261], diabetes [262] and associated pathologies [263]. To the best of 

our knowledge, no research exists and there are no patent applications covering the use of 

biglycan in medical applications that are related to the ocular surface. Curiously, biglycan, 

like other closely related SLRPs, i.e. decorin and fibromodulin (all having a leucine-rich 

repeat of about 24 amino acids), bind and inhibit TGFβ1 and morphology restoring factor 

(MRF), which in turn prevents/reduces scarring after wounding [264]. Thus, biglycan has 

the potential to be used in corneal wound healing to prevent/limit scarring, which results in 

loss of corneal transparency.

The main function attributed to lumican is regulating collagen fibrillogenesis, however it 

is also involved in various other tissue functions. Lumican regulates the extravasation of 

inflammatory cells and angiogenesis, and several studies have discussed targeting lumican to 

develop anti-cancer therapies to treat various forms of cancer, such as, pancreatic cancer 

[265], melanoma [266] and lung adenocarcinoma [5, 267]. In many cancer cell lines, 

such as pancreatic and breast cancer, lumican has been shown to inhibit migration [268]. 

However, lumican has also been shown to enhance the adhesion and migration of cells in 

a TGFβ dependent manner [269,270]. Lumican has also been shown to regulate adhesion 

and migration via integrin α2β1-collagen type I in a cell-specific manner [271]. Currently 

lumican holds its greatest potential as a prognostic marker in various pathologies [272,273] 

Lumican has been shown to have a protective role in sepsis, where injured epithelial cells 

secrete soluble lumican into the circulatory system that adheres to macrophages and is 

internalized via endocytosis, promoting TLR4 signaling, while suppressing TLR9 signaling 

[274]. To the best of our knowledge, this was the first report of a SLRP binding to 

DNA, opening new research avenues for designing immunosuppressive drugs. In the eye, 

studies have investigated the association between lumican and corneal dystrophies, such as 

keratoconus [199]. Dysregulated expression of lumican has been implicated in the abnormal 

ECM remodeling and biomechanical weakening of the cornea observed in keratoconus 

[275]. Additionally, lumican has been linked to the development and progression of myopia, 

a prevalent refractive error affecting visual acuity. Altered lumican expression in the sclera 

has been reported in both animal models of myopia and human subjects [276], suggesting 

that lumican may contribute to the biomechanical and structural changes observed in the 

sclera during myopia development.

The role of lumican in ocular wound healing and tissue repair has also been extensively 

explored. Lumican has been shown to modulate corneal epithelial cell migration, adhesion, 

and proliferation during the wound healing process [146,277,278], as well as influence 
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the synthesis and deposition of ECM components, such as collagens and proteoglycans 

[279]. In corneal injury models, lumican-deficient mice exhibit delayed corneal re-

epithelialization and impaired wound healing [143], emphasizing the importance of lumican 

in the maintenance and restoration of corneal integrity. Moreover, lumican has been 

implicated in ocular inflammation and angiogenesis. In the context of inflammatory corneal 

neovascularization, lumican has been reported to exert anti-angiogenic effects by inhibiting 

the actions of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF) 

[280]. This suggests that lumican may serve as a potential therapeutic target for pathological 

neovascularization in ocular diseases, such as corneal graft rejection and neovascular age-

related macular degeneration. Lumican also binds to ALK5 (Activin Receptor-Like Kinase 

5), also known as TGFBR1, a crucial receptor in the TGF-β signaling pathway [68]. 

Dysregulation of TGF-β signaling has been implicated in the pathogenesis of multiple 

ocular diseases, such as corneal fibrosis, keratoconus, and posterior capsule opacification. 

Our group employed a rational design strategy to identify specific lumican-derived peptides 

capable of modulating the ALK5/TGFBRI pathway [69]. By utilizing in silico molecular 

docking to predict the binding of lumican peptides to the ALK5 receptor, we subsequently 

synthesized and tested the most promising peptide candidates in an in vivo model for cornea 

wound debridement. The results demonstrated that the selected peptides could indeed inhibit 

the kinase activity of ALK5 to promote corneal wound healing, ultimately suppressing 

TGF-β signaling. These findings hold significant implications for the development of novel 

therapeutic strategies targeting ocular diseases. By specifically modulating the activity of 

the ALK5/TGFBRI pathway, lumican-derived peptides may offer a targeted approach for 

alleviating the pathological consequences of dysregulated TGF-β signaling. Furthermore, 

this study highlights the potential of rationally designed peptides to selectively interfere 

with specific molecular pathways, providing a foundation for the development of precision 

therapies in the field of ophthalmology. Collectively, these studies highlight the multifaceted 

role of lumican in the eye, spanning from its contribution to the maintenance of corneal 

transparency and integrity to its involvement in ocular pathologies and wound healing 

processes. Further investigations into the molecular mechanisms underlying lumican’s 

functions and interactions with other ECM components are necessary to advance our 

understanding of its role in ocular health and disease, ultimately paving the way for the 

development of novel therapeutic strategies targeting lumican-related ocular pathologies.

Fibromodulin has potential therapeutic applications in tissue repair and regeneration, as 

it regulates collagen fibrillogenesis and exhibits anti-inflammatory properties [281,282]. 

Fibromodulin plays important roles in the modulation of various other biological processes 

besides collagen fibrillogenesis, including angiogenesis, TGF-β activity regulation, 

inflammatory mechanisms, apoptosis, differentiation of human fibroblasts into pluripotent 

cells and cancers [166]. Halasi et al. (2022) have recently shown that depletion of 

fibromodulin affects the expression of tight junctions proteins, contributing to epithelial 

barrier destruction, increased activated T-cells, plasmacytoid cells and type-I interferon 

production, and, thus, suggested to be a potential biomarker for severity of ulcerative colitis 

[283]. In the liver, fibromodulin contributes to the pathogenesis of fibrosis by regulating the 

fibrogenic phenotype of hepatic stellate cells [284]. The study by Zheng et al. (2016) reveals 

that high fibromodulin levels are correlated with decreased TGFβ1 expression and scarless 
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repair, whereas low fibromodulin levels are correlated with increased TGFβ1 expression 

and scar formation [285,286]. Due to these diverse effects of fibromodulin on various 

tissues under different pathophysiological conditions, its therapeutic applications have been 

recently explored. A novel injectable fibromodulin-releasing hydrogel has been developed 

for promoting tendon healing [287]. Fibromodulin has been implied as a potential target for 

colorectal cancer treatment hence, its antagonist peptide, RP4, has been proposed to develop 

anti-colorectal cancer drugs [288]. Fibromodulin, administered via topical application, 

injection into the eye, or implantation in or on the eye, is currently being explored as an 

agent to reduce corneal scarring [289]. This patent application covers the use of 0.0001–5% 

fibromodulin for preventing corneal scarring, following injury, pathology and/or surgery 

[289]. Fibromodulin is also currently being explored to promote angiogenesis, improved 

tissue strength, and/or reduction of inflammation in the skin [290]. For such, fibromodulin 

can be administered via tissue implant or injection [290].

High myopia, a severe form of nearsightedness characterized by an excessive elongation of 

the eye’s axial length, represents a major public health concern due to its strong association 

with a heightened risk of developing vision-threatening ocular complications and the 

consequent impact on an individual’s quality of life. If an eye requires −6.0 diopters or more 

of lens correction, it is usually considered to have high myopia [291]. High myopia poses 

significant clinical challenges due to the increased risk of vision-threatening complications, 

such as retinal detachment, myopic macular degeneration, glaucoma, and cataract, which 

contribute to the global burden of visual impairment and necessitate timely intervention and 

management strategies to mitigate adverse outcomes. Mutations in genes coding opticin, 

lumican, fibromodulin, PRELP, and nyctalopin have all been associated with high myopia 

[292–296], and thus there is great potential in targeting these SLRPs for preventing myopia 

progression, however this remains a largely unexplored field of research.

Asporin is released by cardiac fibroblasts and attenuates TGFβ signaling during cardiac 

remodeling following heart failure [297]. Recently an asporin-mimic peptide capable of 

preventing transverse aortic constriction in mice was developed, demonstrating the potential 

of asporin-based therapies for treating various diseases [297]. Asporin also acts as an 

oncogene in some types of cancers, for example, breast [298,299], pancreatic [300], 

colorectal [301], gastric [302]and prostate [302] but as a tumor suppressor gene in triple-

negative breast cancer [298]. In pancreatic [303] and gastric cancers [304], asporin was 

shown to interact directly with CD44, facilitating cancer cell migration and invasion in 
vitro and enhanced tumor metastasis in vivo. The CD44-asporin interaction involves the 

CD44/ERK/NF-κB/p65 axis to promote EMT, which has been proposed as a potential 

therapeutic target to decrease tumor migration and invasion. However, there is limited 

research on its direct applications in the eye. Asporin is expressed in various ocular tissues, 

including the cornea, retina, and optic nerve head [305]. Its interaction with TGFβ signaling 

and ECM organization suggests a potential role in modulating ocular tissue homeostasis 

and wound healing processes [299]. Further research is necessary to establish its specific 

functions and therapeutic applications in ocular diseases and disorders.
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1.7. Future directions for SLRPs in medicine

Small leucine-rich proteoglycans (SLRPs) hold considerable promise in medicine, 

particularly due to their small size and multifaceted roles in modulating various biological 

processes, such as collagen fibrillogenesis, wound healing, inflammation, angiogenesis, 

and cellular signaling. Thus, SLRPs are attractive candidates for targeted therapeutic 

interventions. The ocular system has long been at the forefront of SLRP research and 

great progress has been made; however, future studies must focus on translating these 

studies into the clinic. Additionally, various functions of SLRPs in the ocular surface 

remain unexplored and warrant further investigation. The vital role of SLRPs, such as 

lumican, decorin, and fibromodulin, in maintaining corneal transparency, modulating wound 

healing, and regulating inflammation have been well established. Further research into the 

exact mechanism via which the SLRPs exert their various functions, in particular how 

they interact with growth factors and receptors, such as TGF-β, VEGF, and ALK5, will 

enable the generation of SLRP-derived peptides or mimetics with increased therapeutic 

and translational potential. Furthermore, elucidating the roles of less well-studied SLRPs, 

such as asporin, in ocular tissue homeostasis and wound healing processes could unveil 

new therapeutic strategies for ocular diseases. Beyond the eye, SLRPs are implicated in 

diverse physiological processes in various organs, including cartilage homeostasis, fibrosis, 

and cancer progression. Therefore, producing SLRP based therapies have the potential to 

treat various disorders, spanning various model systems. Thus, continued research into the 

various functional roles of SLRPs and the molecular mechanisms via which they exert their 

various tissue functions, in ocular and non-ocular systems, will undoubtedly expand the 

repertoire of therapeutic options, ultimately improving patient outcomes across a range of 

medical conditions.
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Fig. 1. 
SLRPs motif conservation and distribution through phylogeny. (A) Dendrogram of five 

distinct families of SLRPs and related LRR proteins. (B) Distribution of conserved motifs 

and family specific motifs, as calculated by the multiple Em for motif Elicitation (MEME) 

suite [306]. (C) Sequence descriptor of graphical topology from B.
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Fig. 2. 
General structure of SLRPs. (A) SLRPs overall arched structure (white), with beta sheet on 

its concave side (blue) that participate in most of SLRP-ligand interactions. Some SLRPs 

show a N-terminal cysteine cluster (yellow) provides the structural stability for the protein 

to fold, and some also have a C-terminal cysteine cluster stabilize the folded protein. 

Additionally, some SLRPs have an “ear repeat” (purple) with unknown function. Other 

characteristics not displayed include proline, arginine and lysine amino acid clusters and 

tyrosine sulfation. Finally, chains can be N- or O-glycosylated. (B) Detail of a leucine rich 

repeat, convex shape defines curvature by the presence of alpha-helices (more curved) or 

turns (less curved). Fold is maintained by leucines at the hydrophobic core (white sticks) and 

binding is promoted by residues at the concave face (blue sticks).
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Fig. 3. 
Circular plot of the various identified functions of decorin, biglycan, lumican, and 

fibromodulin. Green indicates stimulates or promotes; blue indicates inhibits or prevents 

and purple indicates a dual function, where, depending on the physiological condition it can 

sometimes stimulate/promote and sometimes inhibit/prevent.

Gesteira et al. Page 39

Ocul Surf. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gesteira et al. Page 40

Table 1

Organization of the family of SLRPs into Classes I–V.

Class I Class II Class III Class IV Class V

Decorin (DCN) Lumican (LUM) Subgroup A Epiphycan (EPN) Chondroadherin (CHAD) Podocan 
(PODN)

Biglycan (BGN) Fibromodulin (FMOD) Subgroup A Opticin (OPTC)/
oculoglycan

Chondroadherin-like 
protein (CHADL)

Podocan-like 
(PODN1)

Asporin (aspn) Keratocan (KERA) Subgroup B Osteoglycin (OGN)/
mimecan

Nyctalopin (NYX)

Extracellular matrix 2 
(ECM2)

Proline and arginine rich end 
leucine rich protein (PRELP)/prolargin 
Subgroup B

Tsukushi (TSK)

Extracellular matrix X 
(ECMX)

Osteoadherin (OMD)/osteomodulin 
Subgroup C
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Table 2

Classification of glycosaminoglycans.

Type of GAG Composition of disaccharide Linkage Present in SLRP [83]

Chondroitin sulfates (CS) d-glucuronate (GlcA) and GalNAc-4- or 6-sulfate β(1,3) Decorin (1CS/DS) and biglycan (0–2 
CS/DS)

Dermatan sulfates (DS) l-iduronate (IdoA) or d-glucuronate (GlcA) plus 
GalNAc-4-sulfate; GlcA and IdoA sulfated

β(1,3) if GlcA, 
α(1,3) if IdoA

Heparin and heparin 
sulfates (HS/HEP)

l-iduronate (IdoA: many with 2-sulfate) or d-
glucuronate (GlcA: many with 2-sulfate) and N-
sulfo-d-glucosamine-6-sulfate

α(1,4) if IdoA, 
β(1,4) if GlcA

-

Hyaluronates (HA) d-glucuronate (GlcA) plus GlcNAc β(1,3) -

Keratan sulfates (KS) galactose plus GlcNAc-6-sulfate β(1,4) Lumican (3–5 kS I), Keratocan (3–4 
kS I), fibromodulin (2–5 kS I), and 
osteoglycin/mimecan (2–3 kS I)
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