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Abbreviations 
 

AC = Articular cartilage 

ADAMTS-5 = A disintegrin and metalloproteinase with thrombospondin motifs 5 

BMP = Bone morphogenic protein 

CS = Chondroitin sulphate 

DS = Dermatan sulphate 

ECM = Extracellular matrix 

FGF = Fibroblast growth factor 

GAG = Glycosaminoglycan 

HA = Hyaluronic acid 

HS = Heparan sulphate 

HSPG = Heparan sulphate proteoglycan 

IHH = Indian hedgehog 

IL = Interleukin 

KS = Keratan sulphate 

LP = Link protein 

LRR = Leucine-rich repeat 

MAPK = Mitogen-activated protein kinase 

MMP = Matrix metalloproteinase 

NF-kb = Nuclear factor kappa B 

OA = Osteoarthritis 

PG = Proteoglycan 

SLRP = Small leucine-rich proteoglycan 

TGF = Transforming growth factor 

TLR = Toll-like receptor 

TNF = Tumor necrosis factor 

WISP1 = Wnt1-inducible signalling pathway protein 1 
WNT = Wingless-related integration site  

 

 

 

Articular cartilage 

 
Hyaline cartilage is the most abundant type of cartilage in the human body. Hyaline is responsible for embryonic bone 

formation (endochondral ossification), and can be found in the respiratory system, in costal cartilages, and covering the 

tips of long bones (articular cartilage) in adults. The principal functions of articular cartilage are to provide lubrication 

for low friction articulation and to disperse compressive loads to the underlying subchondral bone. The biomechanical 

role of AC is underlied by its biphasic characteristics. AC consists of 2 phases: a fluid phase made up of water and 

sodium, calcium, chloride and potassium ions, and a solid phase made up of the extracellular matrix (ECM) components. 

The interplay between the ECM and the fluid phase allows resilience to compressive stress through electrostatic 

repulsion forces. The AC is composed of 4 zones: the superficial (tangential) zone, middle (transitional) zone, deep 
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(radial) zone, and calcified zone (Fig. 1). Each zone has a distinct cellular and extracellular composition that is dictated 

by the function of that zone within the cartilage tissue. Depending in which zone, cartilage cells or chondrocytes are at 

a different stage of chondrogenic differentiation and therefore they secrete different types of fibers (collagens and 

elastins), proteoglycans (PGs) and glycoproteins, that make up the ECM 1.   

 

 

 

 

Figure 1. Layers of articular cartilage.  

 
Superficial tangential zone is made up of flattened ellipsoid 

chondrocytes and parallelly distributed to the articular surface 

collagen fibrils. Has the highest collagen and lowest proteoglycan 

content. In the middle transitional zone, the cell density is lower and 

cells are spheroid. Collagen fibers are arranged obliquely, and 

proteoglycan concentration is higher. The cell density in the deep 

zone is the lowest, and cells are spheroidal in shape arranged 

perpendicularly to the subchondral bone surface. This zone contains 

the largest diameter of collagen fibers and has the highest 

concentration of proteoglycans. The tidemark represents the 

boundary between the uncalcified and calcified cartilage. The 

calcified cartilage zone is anchored to the subchondral bone by 

hydroxyapatite crystals and has the lowest number of cells. Figure 

and figure legend were adapted from Killen et al 2. 

 

 

 

Glycosaminoglycans  
 

Hyaline cartilage, and AC in particular, are characterised by having a high content of PG aggregates that are responsible 

for the turgid nature of cartilage and osmotic forces required to resist compressive stresses 3,4. PGs are proteins that have 

one or more attached glycosaminoglycan (GAG) side chains, and some PGs have a non-GAG soluble version. GAGs 

are unbranched polysaccharide chains consisting of repeating disaccharide units. These disaccharides consist of one 

amino sugar and one hexuronic acid linked by glycosidic bonds  5. Variations in disaccharide composition determine 

the major classes of GAGs: Hyaluronic Acid (HA), Chondroitin/Dermatan Sulphate (CS/DS), Keratan Sulphate (KS), 

and Heparin/Heparan Sulphate (HS) 6.  

 

 

Proteoglycans  
 

In high concentrations, PGs generate large osmotic swelling pressure that draws water into the cartilage. This occurs 

because the GAG side chains of PGs carry negatively charged sulphate and carboxylate groups that create a large 

difference in ion concentration between the cartilage and the surrounding areas. Because of this osmotic imbalance, 

water and cations are drawn into the cartilage which causes it to swell and build up hydrostatic pressure that serves to 

resist mechanical loads. In addition, the ECM network of fibrils and PGs is stiff and resistant to deformation. Due to 

those two properties of cartilage, it behaves as a biphasic visco-elastic tissue. That is why the composition of GAGs and 

PGs determines how much water cartilage can retain and how much it can deform defining its biomechanical functions. 

For example, collagen content is highest at the superficial zone and decreasing in the direction of the deep zone, and 

inversely PGs are lowest at the superficial zone increasing as much as 50% into the middle and deep zones. That is 

because the superficial layer functions to disperse mechanical load and proteoglycan-rich layers build up pressure in 
water to resist the stress relayed from the superficial collagenous zone 3,4. The chondro-osseous junctional region, CCL, 

is a mineralised cartilage that separates hyaline cartilage from subchondral bone 7. In contrast to hyaline, CCL is made 

up of dispersed hypertrophic chondrocytes and primarily collagen type I and not type II, and nanohydroxyapatite crystals 
8. Chondrogenic collagen type II fibers transition into cemented collagen I osteoid that is deposited by osteoblasts.  It 

has been shown that from cartilage to bone, there is an incremental increase in collagen content, but PGs are limited to 

the CCL, that is highlighting the importance of PGs for the function of cartilage 9,10.   

 

Along with maintaining hydration, PGs play a role in regulating mineralisation in cartilage. The general consensus is 

that PGs in their native state prevent calcifications and stiffening of the ECM 11. However, in hypertrophic and 

degenerate cartilage, PGs are modified in association with calcifications via e.g., enzymatic fragmentation. In turn, the 

modified PGs can no longer inhibit the mineralisation processes, but rather become a functioning component of the 
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hypertrophic matrix promoting further cartilage remodelling. Such cartilage transformations have been extensively 

studied in AC of osteoarthritic joints and in the degeneration of intervertebral discs.  

 

Regardless of the initial trigger (e.g., mechanical load, inflammation) that disrupts cartilage homeostasis, the outcome 

is loss of structural integrity and substitution with stiffer ECM components (e.g., collagen I, hydroxyapatite, 

osteophytes) characteristic of bone, and not of cartilage. That is why it is important to identify factors that are 

differentially regulated in hyaline and in hypertrophic cartilage. In this mini-review we are going to compare PGs in 

different stages of cartilage differentiation.  

 

 

Types of proteoglycans  

 
PG aggregation relates to the ability of individual PGs to interact with HA, to form large PG aggregates. In AC, 

aggrecan is the aggregating PG that exists in association with HA and link protein (LP). Cartilage also contains small 

leucine-rich proteoglycans (SLRPs), namely decorin, biglycan, fibromodulin and lumican which maintain tissue 

integrity and metabolism. Additionally, there are transmembrane family of heparan sulphate proteoglycans (HSPGs), 

syndecans, glypicans and perlecan. A summary of proteoglycan characteristics and interactions in AC are shown in 

Table 1.  

 

 

Aggrecan 

 
Aggrecan is a large (>2500 kDa) modular PG with several functional domains capable of binding CS and KS. 

Aggrecan exists as an aggregate containing a central HA filament with up to 100 aggrecan molecules radiating from it, 

connected via LP at the N-terminal domain of aggrecan. Normal function of AC is determined by aggrecan content 

and size and GAG side chains. Large aggregates are able to attract more water and swell to resist mechanical stress. 

Moreover, aggrecan connects with collagen to resist deformation. In degenerating or hypertrophic cartilage aggrecan 

aggregates are not intact, but rather are found in fragments. Aggrecan fragmentation could be a result of the activity of 

matrix-degrading enzymes, proteolysis and lysosomal digestion. Following proteolytic cleavage of the core protein, 

two fragments are generated: one remains bound to HA and one is no longer able to interact with HA. The HA-free 

fragment is able to diffuse through the ECM and be lost into the synovial fluid. The remaining HA-fragment is 

estimated to have a half-life of 20 years. This has been considered an inhibition to repair processes as the fragment has 

an impaired load-bearing ability and yet occupies space on the HA that could be utilised by newly synthesised 

aggrecan. Aggrecan size polymorphisms would affect the network integrity and anionic charge density and decrease 

the ability to attract water and positrons. It has been well-established that dysregulation of osmosis in cartilage leads to 

the structural collapse of the tissue and remodelling associated with mineralisation, ultimately impairing the normal 

biomechanical function of cartilage 12,13.  

 

 

Decorin 
 

Decorin is a highly conserved class I small leucine-rich proteoglycan (SLRP) that has a ~36 kDa protein core that 

harbours either chondroitin sulphate (CS) or dermatan sulphate (DS) GAG side chine at its N-terminal 14–17.  The inner 

concave surface of decorin consists of 14 b-sheets and the outer convex surface of a-helices 17. Most decorin binding 

occurs at the LRR 4-6 of the core protein. There is evidence to suggest that decorin interacts with other proteins as a 
monomer and dimerisation serves as decorin sequestration rather than protein stabilisation 18. Although decorin 

concenrtrations in cartilage are comparable to aggrecan and decorin is actively expressed throughout life, the 

structural function of decorin in cartilage is unknown 19,20. Apart from the canonical role of decorin in collagen 

fibrillogenesis and cell biology in other tissues, decorin was found to be an indispensable matrix constituent in 

cartilage in mice 14,21,22. Specifically, decorin enhanced aggrecan-aggrecan and aggrecan-collagen molecular adhesion 

thereby maintaining the structural integrity of cartilage ECM 21. It is well-accepted that the primary mechanism of 

aggrecan assembly in cartilage is through link protein-assisted aggrecan-HA aggregation 23,24. It is known that in adult 

cartilage there is increased aggrecan fragmentation and dissociation from HA, even in healthy tissue 25. However, 

there is a high degree of aggrecan retention despite fragmentation 26. It has been hypothesised that decorin acts as a 

physical linker to maintain the integrity of the aggrecan network in older cartilage. This decorin-mediated aggrecan 
assembly was shown to be necessary for the biomechanical functions of cartilage in mice and for the retention of 

newly synthesised aggrecan in chondrocyte neo-matric in vitro 21.  Despite having a diverse interactome with other 

proteins, decorin did not have a direct effect on anabolism or chondrocyte proliferation. There are contradictory results 
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for decorin-TGF-b interactions. Gronau at al, claims that the removal of decorin helps resist the progression of OA 

due to increased negative charges through interactions with TGF-b leading to aberrant water retention and higher 

stiffness of AC matrix 27. Those results are in disagreement with previously discussed findings, therefore more 

scientific effort is required to unravel the role of decorin in AC 21,27. In contrast to direct aggrecan binding in mature 

cartilage, in soft chondrosarcoma cartilage, decorin and also biglycan were found to form complexes with matrilin-1. 

It was demonstrated that major structural entities collagen II and aggrecan were joined to collagen VI via a complex of 

matrilins and LRR-PGs 28. Altogether, there is strong evidence that decorin is an important structural component of 

the cartilage ECM as it serves as a connector either alone or in combination with other proteins to form 

macromolecular assemblies. Non-glycosylated or soluble decorin has been associated with ageing cartilage and OA.   

 

 

Biglycan  

 
Biglycan, similar to decorin, is a class I SLRP that has a ~42 kDa protein core 29,30. One or two GAG side chains of CS 

or DS can bind at the N-terminus of the LRR core protein 31,32. Biglycan was discovered in the developing bone and is 

known to be involved in osteogenesis, immune processes, synaptic stability and muscle integrity through a multitude 

of interactions (e.g., collagen, BMPs, TGF-b, WISP1) 33. However, the biglycan interactome in AC is elusive. It is 

known that biglycan is expressed in bones and tendons, and mice deficient in biglycan developed ectopic joint 

ossifications and gait impairment leading to unstable joints and OA development 34. OA was a result of the structural 

collapse of tendons rather than the joint cartilage. In ageing AC however, similar to decorin, a non-GAG form of 

bigycan has been identified 35. Both decorin and biglycan appear to have similar abundance in newborn AC, but 

biglycan was challenging to detect in the adult tissue 36. Furthermore, soluble biglycan has been found in a greater 

abundance in adult human patellar cartilage and meniscus tear synovial fluid, compared to GAG-free decorin 37,38. 

When added cartilage explants, the soluble biglycan significantly increased gene and protein expression of matrix-

degrading metalloproteinases (MMP-1, -9, -13) and of pro-inflammatory cytokines (IL-6 and IL-8), whereas 

expression of anabolic markers aggrecan and collagen II was decreased 38. The mechanism through which GAG-free 

biglycan induced these changes in chondrocytes was mainly through the TLR4-NF-kb pathway. High concentrations 

of soluble biglycan are associated with cartilage degradation that is characteristic of OA.   

 

There are two possible mechanisms of how those non-glycosylated proteins arise: 1) they are synthesised as such or 2) 

they are a result of proteolytic processes. There is strong evidence in support of 2) whereby proteolytically modified 

forms of matrix components are a result of increased inflammation or tissue damage with age 35. Due to fragmentation, 

the charge of molecules changes that affects interaction with other GAGs (preferentially bind to HA, rather than 

aggrecan) which results in aberrant water retention and consequently changes in the biomechanical properties of 

cartilage. That is why, non-glycosylated end products and matrix digested fragments are markers of collapsing 

cartilage homeostasis and predictive of OA development.  

 

 

Syndecans 

 
Syndecans-1, -2, -3 and -4 are a family of transmembrane HSPGs, 31, 20, 38 and 20 kDa in size, however, they 

migrate differently on polyacrylamide gels presumably due to extended structural configurations. The syndecan core 

protein is comprised of extracellular, N-terminal, transmembrane highly conserved domain and a cytoplasmic tail. The 

cytoplasmic tail contains two C-terminal domains and a variable domain specific to each syndecan member. 

Syndecan-1 and -4 can have both HS and CS on their core protein, while syndecan-2 and -3 can have only HS. Each 

domain interacts with a wide array of ECM components, mitogens, chemokines to relay signals from the external 
environment into the cell 39,40.  

 

In mineralised tissues, syndecans are expressed in a spatiotemporal manner according to the developmental stage and 

tissue type. In early skeletal development, syndecan-1 is transiently expressed, whereas syndecan-4 is ubiquitous 41–44.  

Importantly, syndecan-1 was shown to be upregulated in the AC of a mouse model of OA 45–47. Combined with the 

known role in skeletogenesis and wound healing, the authors suggest that syndecan-1 is overexpressed in the early 

stages of cartilage degeneration in an attempt to repair cartilage fibrillations. And although sydnecan-4 is hardly 

expressed in normal AC, it is strongly upregulated in human and animal models of OA 46,47. Interestingly, the OA 

mice deficient in syndecan-4 had a significant reduce of severity and cartilage damage. One mechanism of syndecan-4 

action could be that during inflammation TNF and IL-1b regulate the expression of syndecan-4 which promotes 

aggrecan degradation by the aggrecanase ADAMTS-5 thereby inducing damage to the cartilage tissue 48,49. Syndecan-

4 has been specifically implicated in the OA of knee cartilage and in a ‘shedded’ or proteolytically processed version 

of syndecan-4 50.  
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In mice it was revealed that syndecan-2 was restricted to mesenchymal-derived tissues. Syndecan-2 is also expressed 

at the onset of periosteum osteogenesis, in the condensing pre-chondrogenic core and in the periochondrium, but is 

decreased during chondrocyte differentiation, heavily implicating syndecan-2 in bone formation. It has been 

established that syndecan-2 is a negative regulator of Wnt signalling in osteosarcoma cells, however, it is known that 

the syndecan-4-driven Wnt/PCP axis is important for head cartilage morphogenesis 44,51.  There is convincing 

evidence that syndecan-2 and 4 have redundant functions in bone fracture repair. In a syndecan-4 knockout, syndecan-

2 was upregulated, however, expression was dependent on the presence of inflammatory TNF-a and less on Wnt-3a 52. 

Although syndecan-2 and -4 display some redundancy, there is evidence that they have distinct roles in skeletal and 

chondrogenic patterning, however, not fully understood 41.  

 

Syndecan-3 is involved in chondrocyte differentiation during growth plate formation and is restricted to the 

proliferative and hypertrophic zones, indicating a role in chondrocyte proliferation 53–55. Chondrocyte proliferation is 

thought to be mediated through syndecan-3 interaction with FGF-2 and IHH 56–58.  In healthy AC, syndecan-3 had a 

basal expression, however, in OA cartilage syndecan-3 was highly upregulated, along with other chondrogenic 

differentiation and proliferation markers 55. This evidence suggests that during OA, chondrocytes in the AC undergo a 

syndican-3-mediated differentiation process similar to growth plate chondrocytes. If that is the case, hypertrophic or 

terminally differentiated chondrocytes would synthesise matrix components important for mineralisation and overall 
ECM stiffening, that are typically not found in AC.  

 
Despite these data, however, the data on the specific function of syndecans during cartilage damage is elusive. There 

is a growing body of evidence that implicates syndecans in the inflammatory response not only in cartilage 

degradation, but also in other systems 59,60. It is likely that syndecans are more strongly associated with the skeletal 

system under normal conditions, but during stress, they could be misregulated and contribute to pathological processes 

in cartilage via inflammation.  

 

 

Glypicans  

 
Glypicans are another class of PG that contain HS chains but instead of a transmembrane domain, they are anchored to 

the cell membrane with a glycosylphosphatidylinositol (GPI). Out of 6 glypicans, glypican-3 was found to be 

predominantly expressed in foetal AC and limited in adult tissues 61,62. In bone biology, glypican-3 has been shown to 

inhibit osteogenesis through BMP-2 and to regulate osteoclast differentiation that correlated with the persistence of 

hypertrophic chondrocytes in embryos 63,64. Because it was implicated in bone remodelling, it was speculated that 

glypican-3 might also contribute to the development of OA. Udomsinprasert et al, discovered that glypican-3 levels 

were remarkably increased in the synovial fluid of patients with OA, although the mechanism was not revealed 65. 

Given the evidence, we can speculate that the appearance of glypican-3 in OA could be an early attempt for the 

inhibition of cartilage ossifications.   

 

 

Perlecan 
 

Perlecan is a PG that bares HS or CS GAG side chains. There is a large body of literature that implicates perlecan in 

cartilage development. Genetic abrogation of perlecan is either embryonic lethal or leads to severe skeletal and 

cartilage disorganisation, highlighting the importance of this gene during development 66,67. Importantly, perlecan is 

pronounced in the tissues undergoing endochondral ossification and in the hypertrophic zone of the growth at all 

developmental stages 68,69.  Perlecan was shown to be a chondrogenic promoter in vitro, however, insufficient to drive 

subsequent development alone 70. In a ‘domain mapping’ investigation of perlecan it was revealed that the 

abolishment of GAG attachment sites inhibits that chondrogenic activity 71. In contrast, there is evidence that the 

ablation of perlecan HS domain I provides chondroprotection through the complex interplay of FGF signalling 72. It 

was demonstrated that perlecan was upregulated in late-stage OA of the knee at the site of injury and particularly 

associated with fine collagen fibers 73. In normal cartilage, perlecan interacts with adhesive macromolecules to provide 

structural support of the chondrocyte pericellular matrix and promotes chondrocyte adhesion to the substratum 74–76. 

The increased amount of perlecan at the main defect that coinsides with collagen distribution could be a compensatory 

effect for the loss of other ECM components such as aggrecan. Furthermore, perlecan was shown to be necessary for 

osteophyte development in knee OA, likely because perlecan regulates the chondrogenic differentiation of synovial 

mesenchymal cells through TGF-b 77,78.  
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Name Type Size (kDa) Structure Interaction Role in caerilage 

 

Aggrecan 

  

>2500  

 

- core protein of G1, G2, G3 

domains and IGD 

- N-terminal site for CS and KS 

- Exists in aggregated form 

connected to HA via LP  

 

 

HA, 

Collagen, 

FGFs, IHH, 

BMPs 

 

Structural support and tissue swelling to 

resist mechanical stress. A target of 

proteolytic fragmentation that is correlated 

with the ageing cartilage and also with 

deterioration during OA. 

Decorin 

 

 

SLRP, 

class I 

36  - 12 LRR core 

- N-terminal site for a single CS 

or DS 

- LRR 4-6 is a high affinity 

binding site 

Interacts 

with 

aggrecan 

and collagen 

as a 

monomer. 

 

Indispensable for structural integrity and 

biomechanical functions of cartilage through 

interacting with the aggrecan network. Does 

not directly influence chondrocyte biology.  

 

Biglycan SLRP, 

class I 

42   TLR4-NF-

kb pathway 

Important structure and ossification of 

collagen-I-rich tissues (tendons), indirectly 

regulating joint homeostasis. Non-GAG 

biglycan is highly associated with 

inflammation and cartilage degradation in 

OA.  

 

Fibromodulin 
79–81   

SLRP, 

class II 

 

42 - 12 LRR core, flanked by 

cysteine-rich N- and C-

terminals and a signal peptide 

- N-terminal site for KS  

Collagen I, 

Complement 

system, 

TGF-b, 

BMP 

Its expression in cartilage is 

spatiotemporally determined by the 

developmental stage and prevents 

chondrocyte apoptosis. Canonical function is 

collagen fibrillogenesis. Proteolytic or 

inflammation-related fragmentation of 

fibromodulin are highly correlated with OA. 

Deletion of fibromodulin promote OA.   

 

Lumican 81–83 

 

SLRP, 

class II 

 

40 - 11 LRR core, flanked by N- 

and C- terminals and a signal 

peptide 

- N-terminal site for KS 

 

Collagen I, 

TLR4  

Controls fibril formation and maturation in 

normal AC. Lumican promotes 

inflammation, cartilage degradation and 

macrophage activation in OA.   

Syndecan-1  HSPG 

 

31 Extracellular, transmembrane, N-

terminal domain and a cytoplasmic 

tail true for all syndecans.  

- N-terminal site for HS or CS 

 

 Transiently expressed in early 

skeletogenesis. Overexpressed in OA, but 

not in AC. Might have a protective effect on 

chondrocytes in early OA.  

Syndecan-2  

 

HSPG 20 - N-terminal site for HS 

 

TNF-a, 

Wnt-3a 

Important for bone formation and repair. 

Could be a negative prognostic factor for 

osteogenesis and cartilage calcifications.  

 

Syndecan-3 HSPG 

 

38 - N-terminal site for HS 

 

FGF-2, IHH Chondrocyte differentiation in normal AC 

and unfavourable chondrocyte hypertrophy 

in OA.  

 

Syndecan-4 HSPG 20 - N-terminal site for HS or CS 

 

TNF, IL-1b, 

ADAMTS-

5, Wnt 

Not expressed in normal AC. Fragmented 

syndecan-4 is correlated with cartilage 

degradation and inflammation in OA. 

 

 

Glypican-3 

 

HSPG 

 - Linked to the cell surface 

through a GPI anchor 

- N-terminus, globular domain 

of 14 cysteine residues, GAG 

attachment domain, C-

terminus containing the GPI 

anchor 

- Bares HS  

 

 Normally expressed in foetal AC and 

inhibits osteogenesis through BMP-2. In OA 

appears in synovial fluid of the knee. 

 

Perlecan  HSPG 400-470 - 5 domains (I, II, III, IV, V) 

- N-terminal site for mostly HS 

but can also bind CS  

Smad, 

MAPK, 

TGF-b, 

collagen, 

FGFs 

Essential for cartilage development, but not 

required for chondrogenesis in later stages. 

Regulates chondrogenic differentiation of 

synovial mesenchymal cells. Colocalises 

with collagen at the site of injury in OA.  

 

 
Table 1. Summary of proteoglycan properties and interactome in articular cartilage  
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