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Abstract

Cartilage oligomeric matrix protein (COMP) is a large pentameric glycoprotein that interacts with
multiple extracellular matrix proteins in cartilage and other tissues. While, COMP is known to
play a role in collagen secretion and fibrillogenesis, chondrocyte proliferation and mechanical
strength of tendons, the complete range of COMP functions remains to be defined. COMPopathies
describe pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia (MED), two skeletal
dysplasias caused by autosomal dominant COMP mutations. The majority of the mutations are in
the calcium binding domains and compromise protein folding. COMPopathies are ER storage
disorders in which the retention of COMP in the chondrocyte ER stimulates overwhelming cellular
stress. The retention causes oxidative and inflammation processes leading to chondrocyte death
and loss of long bone growth. In contrast, dysregulation of wild-type COMP expression is found in
numerous diseases including: fibrosis, cardiomyopathy and breast and prostate cancers. The most
exciting clinical application is the use of COMP as a biomarker for idiopathic pulmonary fibrosis
and cartilage degeneration associated osteoarthritis and rheumatoid and, as a prognostic marker for
joint injury. The ever expanding roles of COMP in single gene disorders and multifactorial
diseases will lead to a better understanding of its functions in ECM and tissue homeostasis
towards the goal of developing new therapeutic avenues.
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Cartilage oligomeric matrix protein (COMP) — a multifaceted
thrombospondin

Cartilage oligomeric matrix protein (COMP) is an extracellular matrix (ECM) glycoprotein,
originally isolated from and characterized in cartilage, but later shown to be expressed in a
wide variety of tissues: fibroblasts, tendons, ligaments, synovium, vascular smooth cells,
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myofibroblasts, breast cancer cells, cardiomyocytes and activated platelets [1-10]. COMP,
also known as TSP5, is a member of the pentameric subgroup of the thrombospondin gene
family, a family of secreted matricellular proteins with diverse functions and common
structural organization (Fig. 1) [11-13]. Like other thrombospondins, COMP assembles
through its N-terminal domain (NTD). It is a pentameric protein, as are TSP3 and 4 (all
belong to subgroup B) and differs from TSP1 and 2, which are trimeric proteins (subgroup
A) [14]. As shown in Fig. 1, each monomeric arm contains an N-terminal domain, four type
2 (T2) epidermal growth factorlike repeats, seven type 3 (T3) repeats and a C-terminal
globular domain (CTD). The T2 and T3 repeats and CTD bind calcium ions critical to
correct protein folding [15, 16]. The T3 repeats contain highly conserved aspartic acid rich
motifs, usually containing five aspartic acid residues per motif, with each motif wrapping
around two calcium ions. The CTD is a lectin-like-B sandwich domain composed of 15 f3-
strands and also containing four calcium binding sites [15, 16]. T3 repeats fold together with
the CTD to form a tertiary structure called the signature domain that is characteristic of all
TSPs and which promotes correct folding and secretion.

TSPs are matricellular proteins which mediate cell-matrix and matrix-matrix interactions
[17]. Wound healing is enhanced by TSP1 pro-inflammatory activity and inhibited by TSP2
anti-angiogenic effects [17, 18]. Smooth muscle cell (SMC) migration, proliferation and
adhesion is supported by TSP1 [19-21]; however, TSP1 inhibits these activities in the
presence of elevated nitric oxide (NO) levels [22, 23]. Both TSP1 and 2 inhibit NO-driven
proliferation [22], while low levels of NO suppress TSP1 production resulting in a
proangiogenic environment [24]. The relationship between TSPs and NO in epithelial cells
is complex and dependent on NO concentrations [17]. In muscle cells, TSP1 modulates
secretion of type 1 collagen, which affects outgrowth and proliferation of endothelial cells
and the migratory capacity of SMCs [25]. In addition to regulating SMCs, TSP1 and TSP4
promote neurite outgrowth [26, 27] and this activity is driven by TSP interaction with
multiprotein complexes on neuronal cell surfaces [28].

TSP cell-ECM interactions are numerous in cartilage and bone tissues and regulate
mineralization and inflammation; ECM protein interactions are important for protein
assembly into matrix [29]. TSP2 promotes preosteoblast mineralization of tissues by
facilitating organization of the osteoblast-derived ECM [30], whereas TSP1 inhibits
mineralization by osteoblasts in a dose dependent manner /n vivoand in vitro[31, 32].

COMP/TSPS5, as an extracellular matrix protein secreted by chondrocytes, interacts with
other ECM proteins including, but not limited to, collagen types I, I1, IX, XII, X1V,
matrilin-3, aggrecan and fibronectin [33-37]. The presence of both COMP and type IX
collagen are important for incorporation of matrilin-3 into the ECM [38]. COMP's
interactions with types 1l and IX collagens and matrilin-3 play a significant role in the
pseudoachondroplasia chondrocyte pathology described below. Interactions with granulin-
epithelin precursor (GEP) [39] and metalloproteinases (MMP) MMP-9, MMP-19 and
MMP-20 has also been demonstrated [40, 41].

Functional information known about COMP comes from disorders caused either by COMP
mutations or, more recently, by the recognition that altered regulation of COMP contributes
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to disease pathology. While the mechanism(s) causing dysregulation of COMP is not known,
the presence of COMP in various disease states suggest important role(s).

Putative COMP functions

Chondrocyte proliferation

COMP has been shown to stimulate chondrocyte proliferation and chondrogenesis [39, 42].
Chondrocyte proliferation occurs through the interaction of the EGF domain of COMP with
GEP, since blocking this interaction decreased proliferation [39].

Thrombin inhibition

Thrombin plays an essential role in clot formation by activating platelets and converting
fibrinogen in fibrin. Hemostasis is facilitated by gathering activated platelets in blood vessels
at the injury site. Thrombosis occurs when fibrin is deposited at the site of injury enmeshing
the platelets and forming a blood clot [43]. TSP1 enhances coagulation by promoting
platelet adhesion, activation and aggregation through interaction with platelet receptors.
TSP1 represents the most abundant protein in the platelets and is released following platelet
activation [10]. COMP is stored in platelet a-granules, released and synthesized following
platelet activation [44]. COMP binds thrombin slowing clotting by inhibiting thrombin-
induced platelet aggregation, activation, and retraction and the thrombin-mediated cleavage
of fibrinogen [10]. Consistent with COMP binding to and inhibiting thrombin, injured
COMP null mice show accelerated clot formation and shorter bleeding time [10]. The
anticoagulant properties of COMP should be assessed as a potential treatment for acute
coronary artery diseases or thrombotic disorders that are routinely treated with
anticoagulants.

Mechanical stress resistance

Tendon equine studies show that COMP plays an important role in mechanical integrity.
COMP is more abundant in weight bearing tendons compared to unloaded tendons,
indicating that COMP may enhance the mechanical strength of ECM tissues [36]. Horse
studies show that while foal tendons express very little COMP, mechanical loading increases
expression with maturity [36, 45]. COMP levels in tendon decline with age and over use and
this loss predisposes to equine tendonitis [36, 45]. COMP predominantly associates in
tendons with small collagen fibrils specifically at the gap region of the fibril [46] and this
structural reinforcement of the gap is likely how COMP increases tendon mechanical
strength.

Compopathies
Chondrodysplasias are caused by mutations in COMP

The cartilage-specific functions of COMP have been extensively studied since it was
initially thought to be a cartilage-specific protein and because COMP mutations cause two
autosomal dominant skeletal dysplasias, pseudoachondroplasia (PSACH,) a severe dwarfing
condition and multiple epiphyseal dysplasia (MED), a milder short stature disorder [47-51].
The clinical severity/variability of these disorders ranges from severe to mild and are
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designated COMPopathies. Whereas all cases of PSACH are cause by mutations in COMP,
only 66% of MED cases result from COMP mutations and mutation prevalence doesn't vary
with ethnicity or sex [52, 53]. In the remaining MED cases, mutations in COL9A1,
COL9AZ, COLIA3and MATN3 have been described, which when compared to COMP-
MED, have a later age of onset and affect the major joints without brachydactyly [51,
54-56]. The presence of brachydactyly is a distinguishing finding common only to PSACH
and MED-caused by COMP mutations. Importantly, because all PSACH and MED birth
parameters are normal, the diagnoses are made between 1-2 years and about 5 years of age,
respectively [49, 57].

PSACH is at the severe end of the dwarfism spectrum and is associated with significant limb
shortening. The nosologic classification is spondyloepiphyseal dysplasia type
pseudoachondroplasia reflecting the involvement of both spine and limb abnormalities [58].
PSACH babies appear normal at birth with the first signs of decelerating linear growth
starting by the end of the first year and a waddling gait developing by two years of age. The
clinical signs and radiographic findings of long bone shortening, widened and irregular
metaphyses, small underossified femoral epiphyses, and platyspondyly assist in the
diagnosis [51, 54-56]. Diminished linear growth occurs during the first 8 years resulting in
an adult height equivalent to that of an average 6-8 year-old [59]. The face is attractive and
has a distinctive and characteristic angular appearance. All joints are affected and are broad
and extremely lax. Pain is a significant complication beginning in childhood, likely from the
underlying chondrocyte growth plate pathology (described below); whereas, the pain in
adulthood reflects osteoarthritic changes that necessitate hip replacement in a majority of
adults [57]. MED, the milder skeletal dysplasia, also has characteristic epiphyseal
abnormalities and joint pain starting in childhood [51, 53]. The MED facies are also
attractive, which aids in the diagnosis; precocious osteoarthritis (OA) especially affecting the
hips necessitates hip replacement in early adulthood [49, 57]. While mild to moderate short
stature is observed with MED, some individuals have average stature.

The majority of COMP-PSACH mutations are observed in the calcium binding T3 repeats
with only a few reported in the CTD (Fig. 1) [50]. Interestingly, deletion of one of five
aspartic acid residues between amino acid residues 469 and 473 (referred to as D469del or
D469del) in the seventh T3 repeat accounts for 30% of PSACH cases [47, 49, 60, 61]. While
there is no strict genotype—phenotype correlation, missense mutations and in-frame
insertion/deletion of single residue in T35y cause PSACH, while missense mutations in
T33.4 more often cause MED [50]. COMP mutations preferentially affect high affinity
calcium binding residues, which results in loss of tertiary structure of T3 and CTD domains,
thereby causing protein misfolding [62]. Rotary shadowing studies confirm that mutant
subunits are longer than wild-type confirming the protein folding abnormality [63].

In 1973, electron microscopy studies of PSACH iliac crest biopsies showed massively
dilated endoplasmic reticulum (ER) filled with lamellar appearing material suggesting that
PSACH was an ER storage disorder [47, 48, 64]. Following the discovery that COMP
mutations cause PSACH, COMP was shown to be retained in the PSACH ER [65].
Surprisingly, other ECM proteins, types Il and IX collagens and matrilin-3, were also
retained forming an ordered intracellular matrix /n vitroand in vivo [66, 67] (Fig. 2). Figure
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2 shows the deconvolution microscopy images of the intracellular matrix that is formed in
the ER of human PSACH chondrocytes as a result of mutant COMP expression. The
retained insoluble matrix was postulated to be resistant to cellular degradation processes, or
at the very least, the rate of accumulation exceeds the rate of degradation [68, 69]. This
finding was confirmed in our Ind-D469del-Tg mouse model expressing mutant COMP [67].

Although the natural history of PSACH has been well-characterized over the last five
decades, little information has been gleamed about the chondrocyte and ligament pathology
because of the inaccessibility of relevant tissues for study. This was rectified by the use of
murine models that show the hallmarks of PSACH: 1) intracellular ER COMP retention, 2)
premature chondrocyte death and 3) limb shortening. Different approaches and mutations,
summarized in Table 1, have been used to generate four mouse models of PSACH. While
PSACH results from a heterozygous mutation, the phenotype in some mice manifests only in
the presence of homozygous (biallelic) mutations. For example, mild limb shortening and
intracellular retention of mutant COMP occurs only in the presence of homozygous
(biallelic) D469del (D469del-KI) or T585M (T585M-KI) knock-in mutations [70, 71] (Table
1) indicating that that expression levels of mutant COMP must be high and exceed the
heterozygous endogenous level in order to mimic the PSACH phenotype in mice. In
contrast, the transgenic D469del mouse with the BM40 signal peptide that enhances
secretion showed no retention (D469del-BM40-Tg) [72], while the transgenic Ind-D469del-
Tg mouse with the nascent signal peptide and high mutant COMP expression showed both
intracellular retention and limb shortening [67] (Table 1).

While there have been varying degrees of success generating the PSACH phenotype in these
mice, Figure 3 lists how each mouse model contribute to our overall understanding of the
growth plate chondrocyte pathology and functional changes in the bone, cartilage and joints.
Retention of mutant COMP in the ER of growth plate chondrocytes is the triggering event
that ultimately causes decreased chondrocyte proliferation and viability [67, 70-72]. Stalling
of COMP initiates ER stress and the unfolded protein response (UPR), which is responsible
for clearing misfolded protein by refolding or degradation in order to maintain ER
homoeostasis [67, 70, 71]. Despite select activation of UPR responses, clearance of the ER
does not occur, resulting in oxidative stress, inflammation, increased cell death and
decreased chondrocyte proliferation [67, 71, 72]. Under normal conditions, binding
immunoglobulin protein (BiP) suppresses the UPR by preventing activation of ATF6, PERK
and IRE1 [73-75]. Only the T585M-KI mouse with mild ER stress had early upregulation of
BiP in the ER [70] (Fig. 3). In contrast, PERK, ATF6, CHOP and calreticulin were
upregulated in the other mouse models [67, 71, 72] (Fig. 3). These cellular stresses together
cause cell cycle arrest, chondrocyte death and decreased proliferation, which ultimately
leads to growth plate abnormalities [67, 70-72].

The growth plate, the structure responsible for linear growth, is compromised by mutant
COMP accumulation in growth plate chondrocytes. Mutant COMP in mice disrupts
columnar organization of growth plate chondrocytes (Fig. 3) [67, 70, 71] similar to PSACH
growth plate chondrocytes that are clustered [69]. Hypertrophic chondrocytes are crucial for
growth as they provide the matrix that will eventually be mineralized and reorganized into
bone [69]. Fewer hypertrophic chondrocytes were observed in mutant COMP mice [67] and
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PSACH growth plates [69], which likely compromises the matrix synthesis capacity of the
growth plate as evidenced by diminished proteoglycans [72] (Fig. 3). Additionally, abnormal
collagen fibrils were found in the ECM surrounding growth plate chondrocytes [70, 72],
which may reflect the absence of COMP in the matrix needed to organize matrix collagens
[76]. The deleterious effect that mutant COMP has on chondrocytes and the growth plate
translates into linear bone growth inhibition.

In addition, to diminished long bone growth [67, 70-72], there are changes in ossification,
bone mineral density (BMD), cartilage health and longevity, joint laxity and muscle
weakness. Recent work found that mutant COMP negatively impacts BMD by increasing
miR223, which disturbs the balance between osteogenesis and adipogenesis delaying and
impairing ossification [77] (Fig. 3). Abnormalities in the PSACH femoral head and
precocious OA lead to hip replacement in early adulthood. Similarly, the T585M-KI mouse
showed hip dysplasia [71], the Ind-D469del-Tg mouse had thin knee articular cartilage at 16
weeks [77] and the D469del-KI mouse had severely eroded articular cartilage with little to
no proteoglycans at 16 months [70]. These findings are consistent with early severe OA
reported in PSACH [57] (Fig. 3). While there is little information about the causes of
PSACH joint laxity, joint [77] and tendon laxity [70] have been demonstrated in mutant
mice. The D469del -KI mouse showed thicker fused collagen fibrils in tendons and
ligaments and the Achilles tendon had increased laxity (~17%) by cyclic strain testing (Fig.
3) [70]. Consistent with the joint laxity in PSACH, the Ind-D469del-Tg knee joints showed
2.23- and 1.45-fold increased laxity in varus-valgus and anterior-posterior direction
respectively [77]. Interestingly, myopathy has been reported with MED CTD mutations and
muscle weakness was shown in the T585M-KI mice with increased number of abnormal
muscle fibers with central nuclei [70] (Fig. 3). The muscle pathology in the T585M-KI
mouse was restricted to the site of connection between tendon and muscle (perimysium and
myotendinous junction). CTD MED mutations are a rare cause of MED [78].

Together, mutant COMP mouse models suggest that both apoptosis and lower chondrocyte
proliferation contribute to depletion of the chondrocyte pool available for cartilage synthesis.
This pathological process is stimulated by ER stress from intracellular retention of COMP
along with oxidative stress and inflammation overwhelming chondrocyte viability (Table 1;
Fig. 3). Some have suggested that extracellular pathology from mutant COMP expression
plays a significant role in PSACH [70, 79]. The fact that ER growth plate chondrocyte
retention of mutant thyroid protein (thyroglobulin) causes murine dwarfism refutes this
claim [80]. Mutant COMP in the extracellular matrix may compromise cartilage and tendon
tissue but this not the primary molecular mechanism of PSACH pathology [79, 81].
Collectively, mouse studies demonstrate that intracellular retention of COMP drives limb
shortening in both mice and humans. The loss of chondrocytes leads to changes in the
growth plate, matrix and ultimately alterations of bone, cartilage and joint and muscle
function (Fig. 3).
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Conditions involving COMP

Cartilage destruction biomarker

COMP is a well-established marker of cartilage turnover and is associated with joint
degeneration [82, 83]. A comprehensive review of OA biomarkers reported that COMP,
osteocalcin and carboxy-terminal cross-linked fragment of type 11 collagen (CTX-I1I) are
currently the most reliable markers of OA [84]. High levels of COMP in serum and synovial
fluid are correlated with early stage OA and rheumatoid arthritis (RA), the degree of
cartilage destruction and disease progression [82, 83, 85-90]. Serum COMP levels were not
elevated in the late stages of OA [87]. In late stage OA, COMP is selectively upregulated in
chondrocytes adjacent to damaged cartilage but not in the chondrocytes in neighboring
normal tissue [86]. These findings suggest that COMP is upregulated in late OA either to
repair damage or replenish the matrix, whereas high levels of serum COMP in the early
stages of OA are the result of cartilage degradation.

COMP is elevated in RA, an autoimmune disorder in which systemic chronic inflammation
causes joint degradation [85, 91-99]; synovial fluid and serum COMP levels are correlated
with the joint destruction. Two RA inflammatory markers, erythrocyte sedimentation rate
and the presence of rheumatoid nodule, correlate with serum COMP levels, as well as the
disease activity score [85]. Lower serum COMP levels correlated with mild RA disease and
decreased level of inflammatory markers. In contrast, higher COMP synovial fluid levels
were found in patients requiring extensive surgical intervention [93]. Additionally, high
serum COMP levels in scleroderma patients are associated with higher joint tenderness as
measured by the Ritchie articular index and suggests possible RA development [100].
COMP is elevated in RA, an autoimmune disorder in which systemic chronic inflammation
causes joint degradation [85, 91-99]; synovial fluid and serum COMP levels are correlated
with the joint destruction. Two RA inflammatory markers, erythrocyte sedimentation rate
and the presence of rheumatoid nodule, correlate with serum COMP levels as well as the
disease activity score [85]. Lower serum COMP levels correlated with mild RA disease and
decreased level of inflammatory markers. In contrast, higher COMP synovial fluid levels
were found in patients requiring extensive surgical intervention [93].

Normal physical activity causes a transient increase in serum COMP, which resolves within
3 hours post exercise [101, 102]. With exercise, COMP peaks twice, by one hour and then at
5 hours. The increase in COMP after physical activity likely reflects articular cartilage
surface wear and the later increase may be the result of COMP synthesis needed for joint
resurfacing. Consistent with this hypothesis, 4-fold high baseline levels of serum COMP
were found in marathon and ultra-marathon runners [90, 103]. COMP levels returned to
baseline within 24-48 hours after the marathon; however, inflammatory markers remained
elevated 1-2 days after the marathon [90]. Similarly, elevated COMP levels were found with
joint injury and post-traumatic arthritis [90]. COMP in the synovial fluid from the injured
knee was increased up to 10-fold compared to the uninjured knee [104]. Patients with knee
pain but no visible injury with arthroscopy also had abnormally high levels of COMP [87].
Collectively, these studies show that COMP is a sensitive marker of cartilage wear and
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elevated COMP levels associated with OA and RA likely correlate with continuous joint
wear and sustained attempts at resurfacing the articular cartilage.

The most valuable biomarkers are diagnostic and predictive of outcome. Increased COMP
synovial fluid levels are predictive of poor outcome in the very early stages of disease when
knee and hip radiographs are generally normal [87]. Higher baseline levels of COMP are
associated with patients that progress rapidly and have a worse 5 year disease prognosis [91,
92, 97] suggesting that COMP levels reflect joint degeneration and can be used to predict
long-term prognosis.

COMP has been shown to play a role in fibrosis, a process characterized by excess ECM
deposition, including type | collagen [105]. The excess matrix, in fibrosis, stiffens the ECM
causing cellular dysfunction and organ failure. Activated fibroblasts and myofibroblasts in
the fibrotic process are responsible for the overexpression of type | collagen [105]. The
activation and conversion of fibroblasts to myofibroblasts takes place following infiltration
of inflammatory cells and/or excessive mechanical stretch of these tissues [105].

Importantly, COMP plays a critical role in the structural organization of the ECM in skin
modulating type 1 collagen synthesis and fibrillogenesis, particularly in the vicinity of
anchoring plaques needed for cohesion between upper dermis and basement membrane
[106]. COMP interacts with other ECM proteins types I, X1I and I collagens, the most
abundant component in the skin ECM [107]. In wound healing, COMP was not detected
when fibroblasts were activated and converted into myofibroblasts and collagen deposition
was increased. In contrast, COMP expression in fibrotic conditions was increased following
activation of skin fibroblasts and lung epithelial cells by transforming growth factor-p
(TGFp) [108, 109] (Fig. 4). COMP is among th most upregulated gene in idiopathic
pulmonary fibrosis (IPF) [110], a chronic and progressive inflammatory lung disease [111].
Once the fibrotic process is initiated, a self-perpetuating cycle is created with COMP
increasing TGFp activity and TGFp increasing COMP expression [108, 112] (Fig. 4). TGFp
converts more skin fibroblasts and lung epithelial cells to myofibroblasts which increases
ECM synthesis perpetuating the fibrosis cycle [108, 111, 112]. Constant COMP expression
upregulated TGFp signaling and the modulation of COMP expression by TGFp constitutes a
positive feedback loop in IPF and fibrotic skin [108, 109, 112]. COMP increases type |
collagen expression and reorganizes the collagen fibrils stiffening the ECM [109], which
corresponded to decreased force vital capacity in the lungs [109]. Additionally, higher levels
of fibrosis in systemic sclerosis (scleroderma) is associated with higher levels of serum
COMP and higher levels of inflammatory markers (eosinophils and higher chemokine (C-X-
C motif) ligand 8) in bronchoalveolar lavage fluid [113].

In contrast, COMP expression in the fibrotic liver was elevated by reactive oxygen species,
chemokines, growth factors, matrix stiffness, matricellular proteins or DAMPs [7, 114] but
TGFp mRNA and proteins levels were not changed [115]. COMP increased type 1 collagen
synthesis in hepatic stellate cells through CD36 receptor signaling and activation of the
MEK1/2 — pERK1/2 pathway [115]. Similar to lung and skin fibrosis, increased type |
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collagen synthesis in the liver stiffens the ECM contributing to cellular and organ
dysfunction.

The fibrotic response has been extensively studied in COMP null mice. COMP null
fibroblasts do not deposit type | and XII collagens in the ECM [116]. Instead, these
collagens were retained of in the ER suggesting COMP is necessary for their secretion
[116]. Absence of COMP negatively impacts the assembly of collagen and blunts fibrosis
[108, 116].

Collectively, these findings indicate that COMP plays a major role in fibrosis by abnormally
increasing type | collagen synthesis and matrix reorganization. This suggests that increased
COMP levels can be used as a marker for multiple fibrotic conditions [108].

COMP in cancer

Stromal cells create an ECM barrier that tumor cells must breach to become metastatic [8].
COMP did not change adhesion and migration of the breast cancer cells but increased
invasiveness of breast cancer cells by upregulating MMP 9 and increasing the ability of the
cancer cells to degrade surrounding ECM stroma [8]. Gene expression analyses found higher
expression of COMP in cancerous breast and prostate tissues [110, 117] correlating with
immunostaining that shows COMP is expressed both in epithelial tumor cells and stroma [8]
(Fig. 5). COMP binds cancer cell surface through a region overlapping the T2 and T3
repeats domains. COMP was found to enhance invasion of prostate cancer cells (DU145
cells) through integrin binding. Moreover, COMP transfected breast cancer cells or purified
COMP added to media of prostate cancer cells had a lower oxygen consumption rate than
those that do not express COMP suggesting the COMP expressing cancer cells switch to
aerobic glycolysis to generate energy (known as the Warburg effect) giving a survival
advantage to the interior of the tumor which becomes oxygen deprived [117]. Although this
process is less efficient at producing ATP, it may enable cancer cells to proliferate by
supporting the uptake and incorporation of nutrients into the biomass (e.g., nucleotides,
amino acids, and lipids) rather than stimulating apoptosis due to oxygen deprivation [118,
119]. Consistent with these findings, COMP expressing cancer cells produced larger tumors
when injected into SCID mice compared to COMP non-expressing cells suggesting that
COMP increases survival [8] (Fig. 5). Additionally, COMP is detected in tumors that have
metastasized to the lungs and lymph nodes from the original breast site [8]. Higher COMP
expression in tumors decreased ER stress, which gave the tumor cells survival advantage
despite high level of general protein production (Fig. 5). The reduction in ER stress led to
downregulation of apoptosis in cancer cells expressing COMP [8] and this was
accomplished by preventing Ca?* release from the endoplasmic reticulum of prostate cells.
Furthermore, COMP may play a similar role as TSP4 which is postulated to have a
protective role against ER stress in the heart [120]. TSP4 binds to ATF6 and promotes its
activation and shuttling to the nucleus, which upregulates the adaptive ER stress response
together with an expansion on the ER [120].

COMP plays a role in breast cancer by increasing invasiveness by a switch in cell
metabolism and decreasing apoptosis potentially through ER stress resistance resulting in
larger tumors /n vivo and enhanced metastasis (Fig. 5). Finally, high levels of COMP in
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breast cancer correlate with poor survival and cancer recurrence [8]. These findings suggest
that COMP should be investigated as a prognostic marker for breast and prostate cancers
[117].

Cardiomyopathy

Dilated cardiomyopathy (DCM) is the third most common cause of congestive heart failure
in adults and is the most common form of cardiomyopathy in children [9, 121]. DCM is
more frequent in men and half of the individuals affected ultimately require a heart
transplant [9, 121]. DCM is characterized by dilatation of ventricular chambers, impaired
myocardial contractility and inability to pump blood efficiently [122]. Cardiac cells rely on
interactions with the surrounding ECM through integrins to support contractile function(s).
Cellular adhesion of the cardiac myocytes to the ECM is required to sustain the mechanical
force of heart contraction-relaxation cycles and for the signaling transduction [123]. COMP
is expressed in cardiac ECM, and, interestingly, reduced levels of COMP were found in end-
stage DCM hearts compared to levels detected in healthy left ventricular tissue [9]. COMP
null mice develop DCM between 3 to 5 months, although these mice have few other health
issues, normal fertility and longevity [124]. Loss of COMP increased MMP9 but reduced
integrin B-1 expression and signaling in cardiomyocytes and connexin 43 protein levels.
COMP and integrin B1 co-localize in cardiomyocytes and in cardiac fibroblasts with COMP
binding to the proximal p-tail of integrin B1 through its C-terminal domain [9] (Fig. 6). This
binding of COMP to B1 integrin on the membrane stabilizes B1 integrin by inhibiting
ubiquitination and degradation [9]. Cardiomyocyte death occurs because COMP integrin
connection loss and mitochondrial induced apoptosis [9]. Increased expression of TSP1-4
occurs in the heart in response to hypertrophy or injury inducing the adaptive stress response
in the cells to protect against cell death [120]. This suggests that all the TSPs contribute to
heart function with COMP supporting cardiac function by stabilizing integrin p1.

Conclusions

COMP is an important member of the ECM playing multiple and diverse roles necessary for
the integrity of the matricellular network. Current theories postulate that COMP stabilizes
the interactions of ECM proteins and increases the mechanical strength of tissues. More
matrix research will provide a better understanding of how this multifunctional protein
contributes to matrix homeostatsis. Study of genetic disorders revealed that COMP
mutations cause stalling of COMP and other ECM proteins with matrix assembly within the
chondrocyte ER to the detriment of cellular homeostasis. Interestingly, absence of COMP
(COMP") in mice also causes stalling of ECM proteins indicating that COMP plays an
important role in the export of these matrix proteins. Thus, two important roles for COMP
are export of ECM proteins and correct integration into the ECM. Dysregulation of these
processes cause skeletal dysplasias, abnormal wound healing and fibrosis. Taken together,
too little or too much COMP is detrimental and likely tissue specific and should be the focus
of future studies. Currently, the best characterized clinical application is the use of COMP as
a biomarker for cartilage degeneration and fibrosis. The expanding roles of COMP in normal
cellular homeostasis and abnormal disease states are exciting and will provide new insights
that may open future therapeutic avenues.
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CHOP c/ebp homologous protein
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COMP Cartilage oligomeric matrix protein

CTD C-terminal globular domain
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ECM Extracellular matrix

EGF epidermal growth factor

ER endoplasmic reticulum

GEP granulin-epithelin precursor
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IRE1 inositol-requiring enzyme 1
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. COMP is an extracellular matrix protein and the fifth member of the

. COMP facilitates collagen fibrillogenesis and chondrocyte proliferation.

. Autosomal dominant mutations in COMP cause two skeletal dysplasias,

. Dysregulated COMP expression is found in tissue fibrosis, breast and prostate

. COMP is a biomarker idiopathic pulmonary fibrosis and for cartilage

Highlights

thrombospondin gene family.

pseudoachondroplasia and multiple epiphyseal dysplasia.

cancer and cardiomyopathy.

degeneration in osteoarthritis and rheumatoid arthritis.
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Figure 1. Schematic depicting COMP protein domains
Most COMP mutations are in the T3 repeats with only a few found in the CTD. No

mutations have been identified in T2 and NTD domains. NTD = N-terminal domain, T2 =
type two repeat, T3 = type 3 repeat, CTD = C-terminal domain.
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Figure 2. Mutant COMP-induced matrix in ER of PSACH chondrocytes
Fluorescence deconvolution microscopy with image reconstruction was used to visualize the

ordered matrix involving type Il collagen (yellow), type IX collagen (red), COMP (green)
and matrilin-3 (MATNS3 blue) in the ER of human and mouse mutant growth plate
chondrocytes. Matrix assembles in response to stalling of mutant COMP in the ER.
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Figure 3. Pathology associated with mutant COMP
The mechanism in chondrocytes and resulting changes in growth plate, bone, cartilage and

joints, are shown.
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Fibrosis (Skin-Lung)

Upregulated TFGp

J %

Collagen COMP
Type |

4

Stiffened ECM

Figure 4. COMP and fibrosis
COMP upregulates TGFp stimulating additional COMP expression. COMP assists in type |

collagen secretion which results in stiffening of the ECM, an important component in
fibrosis pathology.
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Figure 5. COMP's role in breast cancer metastasis
COMP increases MMP9 which breaks down the stromal barrier. COMP reduces apoptosis

levels in cancer cells thereby fostering tumor survival.

Matrix Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Posey et al. Page 26

Heart
COMP

1

Integrin 31
Stabilization

J

Support normal function
of cardiomyocytes

Figure 6. COMP in cardiac function
COMP binds to B1 integrin stabilizing the protein and supporting cellular survival.
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Pathology in mutant COMP murine models
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Mutation in T3 repeat-PSACH

Mutation in CTD mild
PSACH-MED

Mutant COMP mouse model

D469del BM40 [70]

D469del KI [72]

Inducible D469del Tg [66]

T585M KI [69]

ER retention yes/-WT-COMP yes*/+mut yes no
UPR markers No *PERK-CHOP *ATF6-CHOP
LPeroxiredoxin | YMitochondrial metabolism
TOxidative stress TOxidative stress
*Inflammation
Chondrocyte cell death yes yes yes yes
Limb shortening 8% only males 6% 12% 4% *

*
= homozygous mutation
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