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Abstract

The ECM of the intervertebral disc and articular cartilage contain a highly organised network of
collagens and proteoglycans which resist compressive forces applied to these tissues. A
pathological hallmark of the intervertebral disc is the imbalance between production of anabolic
and catabolic factors by the resident cells. This process is thought to be mediated by pro-
inflammatory cytokines, predominantly TNF-a and IL-1p, which upregulate expression of matrix
degrading enzymes such as MMPs and ADAMTSs. This imbalance ultimately results in tissue
degeneration causing failure of the biomechanical function of the tissues. A similar cascade of
events is thought to occur in articular cartilage during development of osteoarthritis. Within these
skeletal tissues a small, cell surface heparan sulphate proteoglycan; syndecan-4 (SDC4) has been
implicated in maintaining physiological functions. However in the degenerating niche of the
intervertebral disc and cartilage, dysregulated activities of this molecule may exacerbate
pathological changes. Studies in recent years have elucidated a role for SDC4 in mediating matrix
degradation in both intervertebral discs and cartilage by controlling ADAMTS-5 function and
MMP3 expression. Discourse presented in this review highlights the potential of SDC4 as possible
therapeutic target in slowing the progression of ECM degradation in both degenerative disc disease
and osteoarthritis.
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1. Background

The intervertebral disc (1'VD), often referred to as a hydrodynamic pad, is a specialized
tissue situated between adjacent vertebrae within the spinal column, and is crucial for
providing structure and function to the spine(1). One of the main functions of the 1\VVD is to
transmit mechanical load as well as permitting movement and flexibility of the spine. The
IVD is composed of three main anatomical regions, the gelatinous nucleus pulposus (NP),
constrained by the annulus fibrosus (AF) and cartilaginous endplates (CEP) (Figure 1A).
The highly specialised composition of the extracellular matrix (ECM) within the IVD allows
movement and offers resilience to compressive forces (2). Articular cartilage covers bony
surfaces of articulating joints permitting smooth, frictionless movement and allowing
pressure and weight-bearing activities.

Both IVD and articular cartilage are composed of a highly organised network of collagens
and proteoglycans secreted by resident cells. High concentration of proteoglycans and their
negatively charged glycosaminoglycan (GAG) side chains within the ECM results in tissue
hydration, elevated tissue osmolarity and generation of a swelling pressure, resisted by
collagen fibers(3). However, a distinguishing factor between the VD and articular cartilage
is the relative amounts of proteoglycans and collagens present within the tissues. The NP of
the 1VD has a considerably higher ratio of proteoglycans to collagens [measured as GAG/
hydroxyproline mass ratio](27:1) compared to that in articular cartilage (2:1) (4). Likewise,
within the IVD, type | collagen constitutes 70-80% dry weight of the AF whereas type |1
collagen dominates within the NP constituting 20-30% dry weight. Although types | and Il
are the dominant collagens, a small percentage of type VI, IX and XI are present. Similarly,
articular cartilage shows regional differences in the types of collagens deposited throughout
the different zones accounting for approximately two thirds of the dry weight of cartilage.
Mature articular cartilage is composed of large fibril forming and fibril-associated collagens
including type 1l (90%), type XI (3%), and type 1X (1%).

Back pain and osteoarthritis (OA) are two common painful, debilitating conditions often
linked to progressive degeneration of VD and articular cartilage respectively. A
pathological hallmark of both conditions is the degradation of ECM caused by an
uncontrolled upregulation of matrix degrading enzymes (5-7). An early feature of IVD
degeneration is the decrease in aggrecan, which is known for its ability to imbibe water. The
loss of aggrecan consequently results in a decrease in osmotic swelling pressure, and an
inability to withstand compressive loads (8). Similarly in cartilage, the early loss of
proteoglycans and collagen type Il result in the destruction of articular cartilage and
irreversible progression towards OA (9, 10). Recently within these tissues, a small cell
surface heparan sulphate proteoglycan (HSPG) syndecan-4 (SDC4) has been implicated in
matrix homeostasis and turnover. However in the degenerating niche of the 1D and
cartilage, activities of this molecule may exacerbate pathological changes. This review will
address the possible functions of syndecans in health and disease of disc and cartilage.
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2. Catabolism response in the disc and the cartilage mediated by NP cells
and chondrocytes

Although the cell density within these tissues is sparse, it is suggested that NP cells and
chondrocytes contribute to the pathogenesis of disc degeneration and OA. Degeneration is
enhanced by increased proteolysis mediated by members of the MMP’s (matrix
metalloproteinases) and ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) family of enzymes and other serine proteases. These enzymes
primarily target aggrecan, collagens I and Il and other matrix components such as
fibronectin (8, 11-16).

The roles of cytokines within IVD degeneration have been profusely studied, and their
actions have been well documented over the past decade or so. Native cells of the NP in both
non-degenerate and degenerate 1\VVDs produce cytokines, in particular interleukin-1 (IL-1p)
and tumour necrosis factor (TNFa) (7, 17-22). Numerous studies by Le Maitre and
colleagues localised all members of the IL-1 family (IL-1q, IL-18, IL-1RI, ICE, IL-1Ra) in
IVD tissue, yet it was only the natural inhibitor of IL-1, IL-1 receptor antagonist (IL-1Ra)
that did not increase with severity of degeneration (18, 23). These cytokines are known to
contribute to the ECM degradation by mediating increased expression of catabolic enzymes;
ADAMTS-4, ADAMTS-5, MMP-1, -2, -3, -4, -13 (6) and promote a broader inflammatory
response by cells (24, 25) at the same time decreasing anabolic factors; aggrecan and
collagen 11 (26). Stimulation of NP cells with IL-1Ra demonstrated a decreased expression
of matrix degrading enzymes, as opposed to IL-1f stimulating their expression. In
agreement with this study, a more recent study by Phillips et a/., (2013) demonstrated the
importance of IL-1 in the pathogenesis of VD degeneration, by reporting the occurrence of
spontaneous degeneration characterized by elevated levels of catabolic enzymes, loss of
matrix and increased senescence in mice that had IL-1Ra removed (20). Similarly, increases
in TNF-a expression have been reported within degenerate and herniated discs and treatment
of NP cells with TNF-a cause increased expression of several catabolic mediators (27-29)
and expression of molecules that control cell proliferation and differentiation (30).
Moreover, in vitro studies have also shown that TNF-a causes irreversible changes in
biophysical and mechanical properties of NP cells (31). Noteworthy, levels of TNF-a have
been reported to correlate with disease severity and therefore TNF-a is considered to be an
important contributing factor to 1\VD degeneration.

With regards to OA, IL-18 and TNF-a are both dominant mediators in the
pathophysiological processes occurring during the course of inflammatory destruction of the
joint. Patients with OA have an elevated level of IL-13 and TNF-a in the synovial fluid,
synovial membrane, cartilage and the subchondral bone (32-34). As observed in IVDs,
many studies report that both these cytokines affect the synthesis of anabolic and catabolic
factors by chondrocytes; interfering with the production of aggrecan and collagen I1;
favouring the production of MMPs. Interestingly, while ADAMTS-4 was mildly induced by
IL-1p it is expressed at a very low level compared to ADAMTS-5, suggesting a dominant
role for ADAMTS-5 in OA pathogenesis (35). Although it is well established that IL-1 and
TNF-a potentiate expression of matrix degrading enzymes from chondrocytes and NP cells,
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the signalling pathways involved in this process are complex and cell type dependent, thus
warranting further investigations.

3. Syndecan-4: a molecular link between health and disease of IVD and

Cartilage?

During recent years, a number of studies have uncovered a potential role for syndecans in
the pathogenesis of many diseases (36) including IVD degeneration and OA. Syndecans are
a small family of transmembrane core proteins consisting four members within vertebrates
(SDC1 to SDC4). These proteins usually carry three to five heparan or chondroitin sulphate
side chains, allowing interactions with a variety of ligands including fibroblast growth factor
(FGF), vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF),
bone morphogenetic protein-2 (BMP-2) and Indian hedgehog (1hh) (37).

Each syndecan family member has specific spatial and temporal patterns of expression. /n
vivo studies revealed that each member is expressed at different times during development
and on specific cell types (38). SDCL1 is predominantly expressed early on during
development and is present on epithelial and mesenchymal tissues; relevant to cartilage,
SDC1 expression is modulated in OA (39), and is shown to promote activation of
ADAMTS-4 (40). SDC2 is expressed by cells of mesenchymal origin as well as neuronal
and epithelial cells. Whereas, SDC3 is most commonly linked with neuronal and
musculoskeletal tissues and is shown to be involved in the process of endochondral
differentiation (41), whilst SDC4 is found virtually within every cell type (38). Structurally,
all members are composed of a short cytoplasmic domain containing two highly conserved
regions (C1 and C2) that flank the variable region, followed by a transmembrane (TM)
domain and an ectodomain (Figure 2) (42). Syndecans exhibit a modest core protein of
approximately 20-45 kDa, with a short cytoplasmic domain lacking intrinsic kinase activity.
This being said, syndecans are involved in cytoplasmic signalling. In regards to protein
sequence homology, SDC1 and SDC3 form one subfamily, and SDC2 and SDC4 form the
other (43). SDC1 and SDC3 have the ability to bind heparan and chondroitin sulphate side
chains, whereas SDC2 and SDC4 are thought to exclusively bind heparan sulphate chains
(Figure 2).

The perceived function of syndecans is to modulate the activation of receptors at the cell
surface through the structural features of heparan sulphate chains that are responsible for the
interactions with a number of soluble factors, cell-associated molecules and ECM
components. Reflective of the syndecans structural diversity, is the range of activities they
are involved in; these include adhesion, migration, cytoskeletal organisation and
differentiation, as well as acting as cell surface receptors (44).

Of the members of the family, SDC4 is the best characterised in terms of structure and
biological activity. The intracellular domain of SDC4 is responsible for interactions with
numerous cytosolic binding partners involved in the mechanotransduction and signalling.
SDC4 exerts its effects via several pathways mostly dependent on the ligand. Proteolytic
cleavage and subsequent shedding of the extracellular domain can occur under certain
physiological conditions such as, inflammation (45, 46). The release of the extracellular
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domain fragments from SDC4 with intact GAG chains still permits the interactions with
growth factors such as FGF (47). The native as well as shed SDC4 extracellular domain
mediates the direct contact of cells with ECM proteins such as fibronectin, serving as cell
attachment sites and subsequently leads to focal adhesion formation through the interaction
of integrin a5p1 and extracellular fibronectin. This process results in activation of protein
kinase C (PKC) pathway downstream, of SDC4 (48). Importantly, the binding of SDC4 to
fibronectin is required by certain cell types for the activation of focal adhesion kinase
(FAK), which stabilises focal adhesions by activating Rho and recruiting vinculin and
paxillin (49, 50). Further to this, the HS side chains have been suggested to act as sensors of
ECM stress (51). This phenomenon is mediated independently of integrins, and involves the
MAPK pathway. Other signalling pathways induced by SDC4 signalling include RhoA,
ERK1/2, Racl and AKT; however how these molecules signal within skeletal tissues is yet
to be fully elucidated.

3.1 Syndecan-4 in Disc and Cartilage Physiology

Although very recently investigations have started focussing on the role of SDC4 in skeletal
biology, evidence thus far demonstrates a very prominent role for this molecule in the early
ECM biosynthesis, growth factor signalling as well in ECM degradation.

Risbud and colleagues were the first group to demonstrate SDC4 expression within tissues
of the IVD (Figure 1B-C); observing differential expression by cells of the NP and AF.
Immunopositivity of SDC4 was strongly associated with cells of the NP in both embryonic
and mature discs. Fujita et a/., (2014) using microarray analysis confirmed this observation
and showed high enrichment of SDC4 amongst other syndecans in the NP. These authors
showed that the expression of SDC4 in the NP cells was under the control of the
transcription factor HIF-1a (52), a molecule constitutively expressed by the NP cells and
regarded as their characteristic trait (53, 54). Moreover, it was demonstrated that the
heparan-sulphate side chains of SDC4 were involved in controlling the expression of another
critical factor, Sox9 that is involved in the regulation of aggrecan and collagen Il expression.
Numerous studies have also highlighted roles of multiple morphogenic factors during the
development of the IVD, including FGF-2, BMP-2, sonic hedgehog (Shh), Ihh amongst
others (55, 56). It is known that these molecules interact with heparan-sulphate within their
environment to mediate binding to their receptors. Since NP is enriched in SDC4, it would
not be unreasonable to assume a role for this HSPG in controlling bioactivity of these
factors, similar to those proposed in cartilage. This possibly could be one of the mechanisms
by which SDC4 controls the Sox9 levels in NP cells and may play a pivotal role in matrix
homeostasis within the hypoxic VD (52). A more recent study by Beckett et al., (2015)
confirmed earlier observations by Risbud’s group and showed strong SDC4 expression in
NP and AF tissues that was sensitive to aging. Moreover, SDC4 evidenced overlapping
expression with fibronectin in the disc. Authors of this study conclude that SDC4 plays an
important role in the development and maintenance of the annular lamellae (57).
Additionally, the high levels of SDC4 associated with cell clusters in the NP of aged animals
could possibly indicate a role for SDC4 in the migration and proliferation of these cells.
Although the contribution of syndecans in disc has only been recently appreciated, the role
of syndecans in cartilage and OA pathogenesis has been studied for some time now. All
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members of the syndecan family have been identified in human chondrocytes, with early
studies revealing SDC4 being the most abundant at mMRNA level (58); and of particular
interest due to its potential role in tissue remodelling. Similarly to expression in the disc,
SDC4 expression is also differentially expressed in the different zones of articular cartilage
(59). It is documented that SDC4 is involved in mechanosensing whereby biomechanical
stress influences its expression on cell surface, in turn causing changes to the cell
morphology, movement and orientation. Therefore, it could be speculated, that SDCA4 is able
to regulate ECM turnover by inducing pathways involved in the assembly of focal adhesion
complexes as well as responding to compressive forces exerted on these skeletal tissues.

3.2 Syndecan-4 in Pathophysiology: therapeutic target for matrix restoration?

A pathological hallmark of both 1VVD degeneration and OA is the degradation of the ECM.
Studies within the cartilage and disc field have elucidated potential roles for SDC4 in this
process (60). During IVD degeneration, ADAMTS-4 and ADAMTS-5 expression is
increased causing a detrimental imbalance of anabolic and catabolic factors. This leads to
the cleavage of aggrecan, and results in altered tissue biomechanical properties. Studies by
Wang and colleagues (2011) demonstrated that expression of SDC4 in NP cells is elevated
by inflammatory cytokines, TNF-a and IL-1f. This induction was at the transcript level and
mediated by p65/RelA interaction with a conserved NF-xB binding site in the SDC4
promoter. Relevant to disc degeneration, it was shown that SDC4 selectively interacts with
pro-ADAMTS-5 at the cell surface promoting its activation that is important for aggrecan
degradation (27). Importantly, analysis of human NP tissues showed a strong correlation
between levels of SDC4 and ADAMTS-5 with aggrecan neoepitopes, suggesting that an
increase in SDC4 expression by cytokines IL-13 and TNF-a contributes to aggrecan
turnover in human disease. These studies were in agreement with studies by Echtermeyer et
al., (2009) who investigated the expression of SDC4 and its regulation of ADAMTS-5 in
arthritic cartilage. SDC4 null mice were protected from development of post-traumatic OA
and maintain a healthy level of cartilage ECM and tissue integrity. Importantly these authors
report a concomitant decrease in ADAMTS-5 activity in SDC4 knockout mice, leading to
the exploration of molecular mechanisms that could control this phenomenon (59). These
studies identified that the control of ADAMTS-5 by SDC4, was mediated through another
proteolytic enzyme; MMP-3 via the MAPK pathway (59). Interestingly in contrast to
cartilage, in NP cells MMP-3 was noted to be dispensable for SDC4 dependent activation of
ADAMTS-5. Expression of MMP-3 in human 1VD tissues during degeneration has been
studied previously, and is known to be up regulated in response to pro-inflammatory
cytokines. However the question still remained as to what was involved in the activation
process of this metalloproteinase. Wang et al., (2011) had previously reported role of SDC4
in the activation process of ADAMTS-5, and similarly observed a role of SDC4 in the
activation of cytokine-induced expression of MMP-3(27). More recent studies by Wang and
colleagues shed further light on mechanistic aspects of this regulation. Their studies clearly
showed an important role of MAPK, NF-xB and a yet unknown signalling event
downstream of SDC4 in controlling TNF- dependent MMP-3 expression (29).

As described earlier, a relationship between cytokines and pathology of disc degeneration
and OA is well documented. A further understanding of the interplay between cytokines and
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SDC4 was forthcoming from recent /in vitroand /n vivo studies by Godmann et al., (2015)
elucidating a role of SDC4 in trafficking of IL-1RI to surface of synovial fibroblasts that are
known to actively contribute to pathogenesis of OA. In mice lacking SDC4, IL-1R
presentation on fibroblasts was completely abolished thereby decreasing IL-1 signalling
(61). Moreover, Tran and colleagues (2014) recently observed that IL-1p induced SDC4
expression was successfully supressed by CCN2 (connective tissue growth factor) treatment,
via interaction with integrins avp3 and a5p1 (62). On the other hand, expression of CCN2,
which is an important anabolic factor in the disc (63), is suppressed by both IL-1p and TNF-
a thus constituting a negative feedback loop. Similarly, the importance of cytokine
regulation of SDC4 is reiterated in setting of fracture healing. SDC4 knockout mice
demonstrated impaired healing of fractures, yet this is alleviated by the addition of anti-
TNF-a(64), yet again demonstrating a strong relationship between SDC4 expression and
inflammation. Numerous studies have also shown great progress in resolving the function of
SDC4 in OA and inflammatory arthritis. Echtermeyer et al., (2009) not only demonstrated
that the loss of SDC4 actually reduces the progression towards an osteoarthritic phenotype
in the murine PTOA model but intra-articular injection of specific anti-SDC4 antibodies can
halt the disease progression (59).

4. Concluding Remarks

SDC4 plays important roles in normal physiology of IVD and cartilage through controlling
growth factor signalling and matrix homeostasis. However, several studies to date clearly
show that in diseased joints, SDC4 and inflammatory cytokines IL-1p and TNF-a form a
positive feedback loop, wherein they control each other’s expression and/or activity (Figure
3). These exciting findings provide an avenue that needs further exploration in both IVD and
cartilage to elucidate the potential of SDC4 as a therapeutic target, whereby; inhibition of
SDC4 slows the progression of ECM degeneration. Since the activities of both IL-1f and
TNF-a are essential to the destructive processes in these skeletal tissues, if we could find a
way to dampen down catabolic responses mediated by these cytokines, these conditions may
become more manageable.
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Abbreviations

ADAMTS A disintegrin and metalloproteinase with thombospondin motif
AF Annulus Fibrosus

CEP Cartilaginous end plate

CCN2 Connective tissue growth factor

FAK Focal Adhesion Kinase

HIF Hypoxia Inducible Factor
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HSPG Heparan-Sulphate Proteoglycan

lhh
IL

Indian Hedgehog

Interleukin

IL-1Ra Interleukin-1 Receptor Antagonist

VD

NP
OA

PKC
SDC

Shh
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Highlights
SDC4 shows enriched expression in nucleus pulposus
SDCA4 plays important roles in normal physiology of 1VVD and cartilage
SDC4 expression is responsive to inflammatory cytokines

SDC4 controls activity of ADAMTS-5 and MMP-3
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Figure 1.
(A) Schematic representation of the IVD. (B, C) Immunofluorescent staining of SDC4 in

murine 1VVD shows strong localization in nucleus pulposus (B) and inner two thirds of the
annulus fibrosus (C). Scale bars; 200 um. NP, nucleus pulposus; AF, annulus fibrosus; CEP,
cartilaginous endplate.
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Figure 2. The core-domain structure of syndecans
The extracellular domain is depicted in red and both heparan and chondroitin sulphate

chains are indicated by the blue lines. Cleavage sites are indicated by purple blocks,
followed by a short transmembrane domain in blue. Each syndecan has a short cytoplasmic
domain in which a variable region is flanked by two highly conserved regions termed C1
and C2. Cleavage of the ectodomain can occur via numerous metalloproteinases such as
MMP2, 3, 7 and 9, as well as proteases thrombin and plasmin. HS, Heparan sulphate; CS,
Chondroitin sulphate; SDC, syndecan; TM, transmembrane.
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Figure 3. The role of SDC4 in the degenerating nucleus pulposus
In the degenerating NP, the increase in inflammatory cytokines TNF-a and IL-1f drives the

expression of catabolic enzymes MMP-3 and ADAMTS-5, and have also been shown to
regulate SDC4 expression via MAPK and NF-«B signalling pathways. SDC4 selectively
interacts with ADAMTS-5 at the cell surface promoting its activation and subsequent
cleavage of aggrecan. SDC4 is also important in controlling TNF-dependent MMP-3
expression via MAPK and NF-xB pathways. The expression of these catabolic factors leads
to the degeneration of the IVD. Likewise, IL-1p induced SDC4 is supressed by CCN2/CTGF
bound to integrins avp3 and a5p1. Additionally, anabolic growth factor TGFp inhibits NF-
kB signalling in NP cells, supressing SDC4 and MMP-3 expression.
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