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Abstract: Idiopathic or primary osteoarthritis is a progressive musculoskeletal disease of
diarthrodial synovial joints, whereas secondary osteoarthritis generally arises from an anteced-
ent traumatic injury or abnormal synovial joint development. Presently, the medical therapy
of osteoarthritis is limited, and focuses on alleviating the major clinical symptoms of osteoar-
thritis, which include pain, swelling, and reduced range of joint motion. The end-stage of the
osteoarthritic process often requires joint replacement surgery. Although the pathogenetic com-
ponents of human osteoarthritis remain to be completely elucidated, rodent and canine models
of osteoarthritis have indicated that, at least in the early stages of development, osteoarthritis
involves articular chondrocyte hypermetabolism, followed by an imbalance between chondro-
cyte anabolic and catabolic pathways, and limited cartilage repair. Mutations arising in several
cartilage collagen isoforms, the proteoglycans aggrecan and asporin, cartilage oligomeric matrix
protein, and matrilin-3 can be associated with precocious and age-related osteoarthritis, as well
as chondrodysplasias. Whole genome scanning of blood cells from individuals with osteoar-
thritis in Iceland, the United Kingdom, and the United States indicated the strong likelihood of
osteoarthritis gene susceptibility loci on chromosome regions, 7q34-7q36.3, 11p12-11q13.4,
6p21.1-6q15,2q31.1-2q34, and 15q21.3—15q26.1. Genetic analyses of non-extracellular matrix
proteins have suggested an association of osteoarthritis with single nucleotide polymorphisms
in the genes encoding growth and differentiation factor-5, secreted Frizzle-related protein-3,
deiodinase-2, and calmodulin-1. The continued elucidation of genetic markers of osteoarthri-
tis may one day be employed to better define, for an individual, the probability of developing
osteoarthritis, the likely rate of progression of osteoarthritis, the relative risk of requiring joint
arthroplasty, and predict prosthetic joint loosening.

Keywords: genome-wide association studies, osteoarthritis, single nucleotide
polymorphisms

Introduction

Osteoarthritis (OA) is the most commonly diagnosed arthritic condition in clinical
practice. Advanced age and obesity are very strongly associated with OA. Half of
the world’s population aged 50 and older have been diagnosed with OA. The most
commonly affected synovial joints are the knee, hip, and hand.' OA of the lower
extremity is the most common cause of functional status limitation and disability?
in non-institutionalized elderly men and women, compared against other diseases.
OA of the hip and knee is the most common reason for joint replacement surgery,
and the cost of treatment and surgery only keeps growing as the world’s population
ages and lives longer.? The total cost for arthritis, including OA, in the United States

submit your manuscript
Dove

http:

Advances in Genomics and Genetics 2014:4 193-206 193
© 2014 Muoh et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution — Non Commercial (unported, v3.0)

Al License. The full terms of the License are available at http://creati fl /by-nc/3.0/. Non- ial uses of the work are permitted without any further
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on
how to request permission may be found at: http://www.dovepress.com/permissions.php



http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/AGG.S64284
mailto:cjm4@cwru.edu

Muoh et al

Dove

has been estimated, and may exceed 2% of the United States
gross domestic product.*

OA is also diagnosed in younger individuals under the
age of 30. However, typically, this is due to mutations in
extracellular matrix (ECM) protein genes that cause signifi-
cant structural abnormalities and/or joint deformities.’

The prevalence of OA is difficult to ascertain, due to
issues in differentiating between clinical and radiological
OA, the specific joints being studied, and characteristics
(eg, ethnicity, sex) of the study population. In population-
based studies in 2005, it was estimated that among
adults in the United States, nearly 27 million showed
evidence of clinical OA, which indicated an increase in
cases of OA from the 21 million cases reported in 1995.¢
Obesity is considered to be a risk factor for knee OA,
especially in females.”

It is commonly assumed that multiple factors, including,
genetics, age, sex, metabolic status, obesity, and traumatic
events can lead to OA. Thus, the development of OA is mul-
tifactorial, but the consequences of OA are destabilization of
the normal coupling of anabolic and catabolic pathways for
ECM proteins in articular cartilage and subchondral bone.
This causes a skewing in homeostasis toward catabolism, and
the pathology of OA eventually involves a disease process
that affects the entire synovial joint.?

There are molecular and biomechanical changes that
lead to osteophyte formation and the breakdown and loss
of articular cartilage, which eventually lead to sclerosis
of subchondral bone. Abnormal metabolism of osteoblast
signals,’ particularly in the subchondral bone, which may
result from altered local signals, can occur. Another consid-
eration is enhanced bone remodeling that triggers articular
cartilage damage.

An attempt to repair the damaged cartilage then leads to
other biochemical adaptations in bone and cartilage, which
may tip the balance from cartilage repair to further boney
sclerosis and damage.'® Soft tissue structures in and around
the joint are also affected, including the synovium, which
may contain inflammatory infiltrates. The joint ligaments
often become lax. Over time, muscles can lose function and
become weakened. The primary reason for seeking medical
treatment following a clinical diagnosis of OA is generally
pain and loss of joint function. However, the underlying cause
for the pain of OA is not entirely clear.!!

OA can be differentiated into primary and secondary
OA. Primary OA, the most common type, is typically seen
in individuals in their late fifties. Secondary OA usually
results from a previous underlying trauma or developmental

abnormalities, which can cause precocious and, often, severe
OA.

Structure and composition

of articular cartilage

Articular cartilage is an aneural, avascular connective tissue
comprised of chondrocytes that are embedded in an ECM.
The ECM functions to allow the tissue to resist tensile and
compressive forces, and to provide a lubricating surface,
permitting low-frictional movement in the joint. These
biomechanical properties are the result of the interactions
between collagens, hyaluronic acid, sulfated proteoglycans,
and a large number of accessory proteins found in the
cartilage ECM. Type II collagen is the major collagenous
component. However, other collagen isotypes, including
Types III, VI, IX, XI, XII, and XIV also contribute to the
mature cartilage ECM. Noncollagenous components include
large amounts of the proteoglycan aggrecan, which binds
non-covalently to hyaluronic acid, with its associated link
protein, as well as to other collagen-binding proteoglycans,
such as decorin, fibromodulin, lumican, versican, and acces-
sory proteins such as proline/arginine-rich and leucine-rich
repeat protein, fibronectin, lubricin, and cartilage oligomeric
matrix protein (COMP).'? The structure and abundance of
these ECM components change with aging.!* Importantly,
mutations in the structural protein genes of the ECM
help provide clues as to how the ECM proteins contribute
to the pathogenesis of OA, and to possible therapeutic
interventions.

Genetic analysis
methodology for OA

Some of the investigational strategies used to define the role
of genetics in OA include those from familial aggregation
studies, twin studies, linkage analyses, and candidate gene
and genome-wide association studies (GWAS). In order to
identify genes and genetic variants involved in OA, these
methods rely on risk factors, traits, or disease symptoms, like
joint pain, cartilage loss on imaging, and joint replacement.'*
Familial aggregation studies evaluate the risk ratio for a rela-
tive of an affected individual, compared against the popula-
tion. In genetic epidemiology, GWAS is used to derive the
statistical power available for a given condition to detect
genetic linkage to a complex genetic disorder. Twin studies,
which compare monozygote versus dizygote twins, help us
to understand if the variance in the distribution of the trait
under study might be attributable to genetic (rather than
constitutional or environmental) factors that might be shared
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by individuals from the same family.'*'¢ These studies have
shown that there is a strong genetic contribution to cartilage
volume and progression of OA.!718

Genetic linkage occurs when a gene locus involved in
the trait of interest, and alleles at nearby markers, are jointly
inherited. Therefore, genetic markers can be used as tools to
track the inheritance pattern of a gene involved in a specific
trait or disease. Genome-wide linkage scan studies' have
been performed on subjects with hip, knee, or hand OA in
small families, or in twins of affected relatives. Such data
have been collected in various countries, including the United
States, the United Kingdom, and Iceland.?*2¢ The genome-
wide linkage scans performed on these patients defined a
large number of relatively broad genomic intervals that could
harbor OA susceptibility genes on chromosomes 2, 4, 6, 7,
11, 16, 19, and the X chromosome. In fact, Lee et al,® in a
meta-analysis of three studies of OA whole-genome scans
from 893 families with 3,000 affected individuals from
Iceland, United Kingdom, and the United States, show the
genetic regions, 7q34-7q36.3, 11p12-11q13.4, 6p21.1-6q15,
2q31.1-2q34, and 15921.3-15926.1 were the most likely
ones to harbor OA susceptibility genes.

Mutations in extracellular
matrix protein genes
Cartilage collagens and cartilage

collagen mutations

Human articular cartilage contains at least five distinct
collagen isoforms, with the Type II, IX, and XI collagen
isoforms being considered “cartilage-specific”. Type II
collagen provides the basic collagen framework for the ECM
and, together with the Type IX and XI collagen isoforms, is
cross-linked to form a copolymeric network, consisting of
hybrid collagen fibrils, thus contributing to the framework
of the cartilage ECM.?

Type II collagen comprises about 80%-90% of all
collagen content in normal articular cartilage. Type II
collagen is initially synthesized as pro-alpha chains that
are assembled into a triple helical structure. Two forms of
pro-collagen are found in cartilage: Type IIA (COL2A1)
and Type IIB. These trimeric Type II collagen molecules
are cross-linked to other collagens (ie, Types IX and XI)
that form large collagen fibrils that bind to various ECM
molecules. This provides the mechanism required by carti-
lage to resist tensile stress. Mutations in the Type II collagen
gene can cause a spectrum of phenotypes, depending on
where and what is the mutation in the collagen protein.*%

The phenotypes that have been reported include familial
OA as well as other spectrums comprising various Type 11
collagen mutations that can result in severe phenotypes, such
as Stickler syndrome and several forms of chondrodysplasia.
The most common amino acid substitution is at glycine
residues in the triple helical domain.*

Type XI collagen is the second most abundant collagen
in normal articular cartilage. It is a heterotrimeric molecule
composed of three a-chains. The first two a-chains are
encoded by the COL11A41 and COL11A2 genes, respectively,
while the third o chain is coded by COL24 1. Type X1 collagen
is cross-linked with Type II collagen to form collagen fibrils
that stabilize articular cartilage ECM. Similar to COL2A41,
and depending on the type or location of the mutation, muta-
tions in the Type XI collagen genes can cause early OA,
Stickler syndrome, and chondrodysplasia.’!

Type IX collagen is normally co-expressed with Type 11
collagen in hyaline cartilage. In adults, Type IX collagen
makes up about 1% of the total collagen content in articular
cartilage. Type IX collagen is covalently bound to the surface
of large Type II collagen fibrils, and Type IX collagen is
believed to constrain the lateral expansion of these fibrils.??
Missense mutations in the Type IX collagen genes have been
associated with lumbar disk disease and multiple epiphyseal
dysplasia, which can lead indirectly to the development
of QA 33

Proteoglycans and

proteoglycan mutations
The second major structural component of articular cartilage
is the sulfated proteoglycans, of which aggrecan is the most
prominent. These ECM proteins act predominantly to retain
water in cartilage and to withstand compressive force during
joint transition and loading. Aggrecan is a large chondroitin
sulfate/keratan sulfate-containing proteoglycan that can bind
to the polymeric non-sulfated glycosaminoglycan, hyaluronic
acid (HA). Although HA is employed as an intra-articular
therapy via joint injection for knee OA, its mechanism of
action remains incompletely understood. It is believed that
HA decreases OA-associated joint pain by increasing both the
viscoelastic properties of synovial fluid and the lubrication of
the articular surface, thus preventing the tissue from tearing
as a result of friction generated during joint transition.*
The structure known as the proteoglycan aggregate
serves to physically shield Type II collagen from proteolytic
cleavage.’® Because of its overall high negative charge
density, aggrecan attracts water into the cartilage ECM,
providing the physiomechanical mechanism for permitting
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the cartilage to swell. Swelling gives the tissue its spring-
like quality, helping it to withstand hydrostatic compressive
forces that are applied to the joint during movement.

A missense mutation in the aggrecan gene produced a
familial osteochondritis dissecans phenotype that clinically
presents as multiple osteochondritic lesions in knees and/or
hips and/or elbows, disproportionate short stature, and early
development of OA 3738

Fourteen years ago, a novel ECM protein, asporin,*
came to light, which was shown in genetic linkage studies
to play a role in OA. Asporin, a small leucine-rich proteo-
glycan, is a non-collagenous ECM protein that is abundantly
expressed in OA articular cartilage, and its expression is
found to increase with progressive cartilage degeneration.
Although the exact role of asporin is unknown, Nakajima
et al* have shown that asporin binds directly to transforming
growth factor-B1 (TGF-B1) in vitro and inhibits TGF-B1-
induced expression of ECM genes, as well as proliferation
and differentiation of chondrocytes. These results strongly
suggested that asporin acts as a negative regulator of TGF-3
in cartilage, playing a critical role in the etiology and patho-
genesis of OA.

Mutations in cartilage accessory proteins
Mutations in the two accessory ECM proteins, COMP
and Matrilin 3 (MATN3), have also been implicated in the
pathogenesis and, putatively, in the progression of OA and
chondrodysplasias. However, at present, mutations in lubricin
are far more associated with specific forms of chondrodys-
plasia than with OA.

With respect to COMP, Hecht et al*! reported that
three COMP mutations, G427E, D469del, and D511Y,
were produced by chondrocytes derived from individu-
als with pseudochondrodysplasia, and were associated
with increased retention of COMP in the endoplasmic
reticulum. In addition, these COMP mutations altered
the secretion of Type IX collagen and MATN3, but not
the secretion of aggrecan or Type II collagen. COMP has
also proven to be a prominent and useful biomarker for
assessing the progression of OA, where serum COMP
levels were higher in aggressive forms of arthritis. COMP
serum levels may even be useful for predicting the future
progress of the disease.** Most recently, Mu et al*® reported
that direct sequencing of COMP in 70 subjects with early-
onset OA revealed a ¢.2152C>T substitution in exon
18. Exon 18 encodes the C-terminal globular domain of
COMP and, overall, the data suggested that COMP was
an OA susceptibility gene. However, the role of COMP

mutations and its potential as an OA susceptibility gene
may be questionable in certain populations. Thus, geno-
type and allelic frequencies of COMP polymorphisms did
not convey any increased relative risk for developing OA
in a Japanese population.*

Matrilin (MATN) belongs to a family of oligomeric
ECM proteins that are capable of binding to several types
of collagen fibrils, to other noncollagenous proteins, and
to aggrecan.*® A few distinct MATN3 polymorphisms
have been shown to be associated with OA,* as well as to
some rare forms of chondrodysplasia. Two MATN3 muta-
tions, pR116W and p.C299S, in particular, appear to be
responsible for abnormal retention of MATN3 in chon-
drocyte endoplasmic reticulum, whereas a third MATN3
mutation, p.T298M, did not alter MATN3 secretion. In
that regard, Otten et al* showed that the p.T298M MATN3
mutation did not affect oligomerization of MATN3, nor
was p.T298M altered by proteolytic processing via a dis-
integrin and metalloproteinase with thrombospondin motif
(ADAMTS) 4 and 5. However, p.T298M did alter MATN3
conformational changes, which affected the in vitro fibril
formation of Types II, IX, and XI collagen heterofibrils. Most
noteworthy was the finding that the p. T298M MATN3 muta-
tion did not change the affinity of MATN3 for these collagen
isoforms, which suggested that MATN3 mutations affect the
overall collagen self-assembly mechanism and, therefore, the
integrity of collagen-containing cartilage ECM. The results
of this study may also help to explain the association of two
other MATN3 amino acid substitutions, T303M SNP54” and
rs8176070 SNP6,*® with hand OA in a Dutch and a Chinese
Han population, respectively. From the perspective of OA
pathogenesis, it was also revealing that MATN3-null mice
appeared to be highly predisposed to develop severe OA,
compared against their wild-type littermates.*’ In addition,
the MATN3-null mice had significantly higher bone mineral
densities than MATNI-null or wild-type mice.

Lubricin, a mucinous glycoprotein encoded by the
PRG4 gene provides the mechanism by which the boundary
lubrication properties of articular cartilage surfaces
are maintained.® Lubricin mutations or the absence of
lubricin gene expression was found to be associated with
camptodactyly-arthropathy-coxavara-pericarditis syndrome,
synovial hyperplasia, and failed joints.>' However, it remains
to be seen the extent to which lubricin mutations represent a
relative risk and susceptibility factor for OA.

Mutations in ECM proteins that were identified in asso-
ciation with OA and, in other cases, with various types of
chondrodysplasias, are summarized in Table 1.
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Table | Cartilage ECM protein gene mutations: association with musculoskeletal diseases

Protein Genes Medical conditions Chondrodysplasia OA Reference
Collagen Il COL2A| Stickler syndrome Yes Possibly 38
Achondrogenesis Il Yes No 38
Hypochondrogenesis Yes No 38
Spondyloepiphyseal dysplasia Yes Possibly 38
Precocious OA Possibly Yes 28,29
Collagen IX COL9AI Multiple epiphyseal dysplasia Yes Possibly 33,34
COL9A2 Lumbar disk disease No No 38
COL9A3 Precocious OA No Yes 38
Collagen XI COLI'IAI Stickler syndrome Yes Possibly 38
COLI1A2 Spondylomegaepiphyseal dysplasia Yes Possibly 38
Precocious OA No Yes 38
Aggrecan ACAN Chondrodysplasias Yes Possibly 38
Osteochondritis dessicans No Possibly 37
Asporin ASPN Premature OA No Yes 38
COMP COMP Pseudoachondroplasia Yes Possibly 38
Multiple epiphyseal dysplasia Yes Possibly 38
Early-onset OA No Yes 43
Hip and knee OA No Yes 44
Matrilin-3 MATN3 Multiple epiphyseal dysplasia Yes Possibly 38
Spondyloepimetaphyseal dysplasia Yes Possibly 38
Precocious OA No Yes 4648
Lubricin PRG4 Camptodactyly-arthropathy-coxa No Possibly 50,51

vara-pericarditis syndrome

Abbreviations: OA, osteoarthritis; COMP, cartilage oligomeric matrix protein; ECM, extracellular matrix.

Genome-wide linkage studies

Studies of OA candidate genes have helped shed light
on the role these genes might play in the pathogenesis of
OA. However, many of the gene mutations that might be
relevant to OA do not occur at a high enough frequency
to be translated to a greater relative risk for developing
OA in any population. So far, genetic analyses have been
restricted, due to insufficient sample sizes and phenotype
heterogeneity. Given this, investigators are now focus-
ing on systematic investigations using GWAS to aid in
identifying candidate genes from different patient popula-
tions. As with numerous other complex diseases, GWAS
has recently been carried out to test the extent to which
millions of single nucleotide polymorphisms (SNPs)
associate with OA across the human genome.

There was significant association with OA and SNPs
located in the growth and differentiation factor 5 (GDF5) and
MCE? cell line derived transforming (MCF2L) genes, as well
as a region on chromosome 7q22.°%° In fact, novel genetic
associations have been reported by the Arthritis Research
UK Osteoarthritis Genetics (arcOGEN) consortium. Thus
far, the largest GWAS project adding to the three previously
established GWAS previously performed was conducted
on 7,410 unrelated Northern European patients, who were
prospectively and retrospectively selected for inclusion and

compared against 11,009 unrelated controls; 80% have had
total joint replacement of either the hip or knee. The signals
identified were replicated in a second group of 7,473 cases and
42,938 controls, again from Northern Europe. The arcOGEN
consortium identified five genome-wide significant loci for
association with OA and three susceptibility loci just below
this threshold. The strongest association was on chromo-
some 3 with rs6976 (odds ratio: 1.12; 95% confidence interval
[CI]: 1.08-1.16; P=7.24x107'"), which was in perfect linkage
disequilibrium with rs11177. Thus, the rs6976 SNP encodes
a missense mutation within the nucleostemin-encoding
gene, guanine nucleotide-binding protein-like 3. Of note,
nucleostemin was elevated in chondrocytes from patients
with OA ex vivo.

Other significant OA gene susceptibility loci were found
on chromosome 9, close to astrotactin-2, chromosome
6, between filamin-A-interacting protein 1 and SUMO1/
sentrin specific peptidase 6, chromosome 12, close to
kelch domain containing 5 and parathyroid hormone-like
hormone, and in another region of chromosome 12, close
to carbohydrate (chondroitin 4) sulfotransferase 11. One of
the signals, close to genome-wide significance, was within
the fat mass and obesity-associated protein gene (also
known as o-ketoglutarate-dependent dioxygenase), which
is involved in regulating obesity, a strong risk factor for
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OA %57 Most of the identified OA gene susceptibility loci
were associated with hip OA, rather than knee OA, support-
ing epidemiologic observations that hip OA is predominantly
due to bone developmental abnormalities, whereas knee
OA is more commonly associated with trauma and obesity.
However, additional studies will be needed to identify the
extent to which these gene SNPs are causally related to the
pathogenesis of OA.

Non-extracellular matrix genes
associated with susceptibility to OA
GDF5, secreted Frizzle-related protein 3 (FRZB), deiodi-
nase 2 (DI02), and calmodulin 1 (CALM1) are four non-
ECM protein genes that have been identified by GWAS as
potential candidate OA susceptibility genes® > (Figure 1).

GDF5, FRZB, and DIO2 were reported to be associated with
the development of hip and knee OA across various patient
populations,®** whereas CALM1 was not.>"¢” Several other
genes of interest, purported to be involved in OA pathogenesis
and progression, including, most notably, a disintegrin and
metalloproteinase-12 (ADAM12), were found to be associated
with subclinical OA as well as clinical knee OA in a popula-
tion of male and female subjects in the United Kingdom.*
However, this was not confirmed in another GWAS analysis
of subjects with knee OA from a Korean cohort.®

GDF5: functional implications for OA

GDF5 is a member of the transforming growth factor-3
protein superfamily. GDFS5 forms a heterodimeric complex
after binding to bone morphogenetic protein receptor

Wnt/B-catenin
antagonist
(eg, Wnt3a)

T apoptosis

{ Bcl-xL, Bcl-2

FRZB

TGF-B protein
family
p38 MAPK
pERK
Smad1, Wnt3a

GDF5

Premature
chondrocyte
“hypertrophic”
DIO2 and
1 proinflammation
phenotype

CALM1

Chondrocyte
proliferation, cell
cycle dynamics and
signaling

Figure | Non-ECM genes identified as OA candidate genes.

Notes: Four non-ECM protein genes (growth differentiation factor-5 [GDF5], secreted Frizzle-related protein-3 [FRZB], diodinase-2 [DIO2], and calmodulin-1 [CALMI]) have been
shown by GWAS to be potential candidate OA susceptibility genes.**%2 GDF5 is a member of the TGF-B protein family. SNPs in GDF5 may be associated with altered
chondrocyte signal transduction and Wnt3a responses. FRZB is a Wnt/B-catenin antagonist. SNPs in FRZB were shown to increase the frequency of chondrocyte apoptosis.
DIO2 is an initiator of thyroid hormone signaling. SNPs in DIO2 have been associated with acceleration of articular chondrocyte hypertrophy and the emergence of a
proinflammatory phenotype. CALMI is a calcium-modulating protein that is overexpressed in OA cartilage. SNPs in CALM| were shown to be associated with altered
chondrocyte proliferation and signal transduction. Adapted from: Mototani H, Mabuchi A, Saito §, et al, A functional single nucleotide polymorphism in the core promoter
region of CALMI is associated with hip osteoarthritis in Japanese, Hum Mol Genet, 2005;14(8):1009—1017, by permission of Oxford University Press;*® and Cornelis FM,
Luyten FP, Lories R]. Functional effects of susceptibility genes in osteoarthritis. Discov Med 12(63):129-139, August 201 |. Copyright © Discovery Medicine.®?
Abbreviations: GWAS, genome-wide association studies; OA, osteoarthritis; TGF, transforming growth factor; SNP, single nucleotide polymorphism; ECM, extracellular matrix.
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(BMPR) 1B and 2, or the actin-related protein 2a receptor.
The interaction between GDF5 and GDFR was shown to
result in the inhibition of phosphorylation of p38 kinase
and of phosphorylated extracellular signal-regulated
kinase. In contrast, GDF5 activated dominant/negative
helix-loop-helix proteins, including inhibitor of differentia-
tion 1 and inhibitor of differentiation 3, synthesized by human
umbilical vein smooth muscle cells through the activation
of the mothers against decapentaplegic homolog 1 (Smadl)
pathway.* Importantly, GDFS5, along with bone morphoge-
netic protein 2 (BMP2), inhibited vascular smooth muscle
cell and mouse embryonic fibroblast apoptosis™ by interact-
ing with and activating BMPR2. This caused X-inhibitor of
apoptosis protein (XIAP) to become more stable, through
the inhibition of XIAP ubiquitination.”’ In keeping with
this finding and other in vitro results, ex vivo analyses of
cardiomyocytes from GDF5-knockout mice showed that
the cardiomyocytes from GDF5-knockout mice exhibited
increased apoptosis, which was accompanied by decreased
expression of the anti-apoptotic genes, Bcl-2 and Bcl-xL,
when Bcl2 and Bcl-xL expression in the cardiomyocytes
from the GDF5-knockout mice were compared against
their wild-type counterparts.”> However, more recently,
Ratnayake et al” called into question the extent to which
chondrocytes could respond in a positive manner to exog-
enous GDF5 in order to regulate gene responses associated
with OA. Thus, Ratnayake et al”® compared the effects of the
GDF5 variants, one of which contained the SNP rs143383
associated with OA susceptibility,®* against wild-type
GDF5, on regulating intracellular Smad1 signaling, matrix
metalloproteinase (MMP) 1 and 13, tissue inhibitor of met-
alloproteinase 1 (TIMPI), and COL2A1 gene expression
by human OA chondrocytes.”> As would be expected,
GDFS5 activated Smadl. Furthermore, OA chondrocytes
maintained in medium containing TGF-f1 downregulated
MMP1 and MMP13 gene expression, while also consistently
upregulating T/IMP1 and COL2A1 genes. These results were
consistent with the previously-reported role of TGF-B1 as a
positive regulator of ECM protein production, including the
synthesis of sulfated-proteoglycans.” However, noteworthy
was the finding that chondrocytes cultured in the presence of
exogenous wild-type GDF5 or any of several GDF'5 genetic
variants tested under these culture conditions failed to con-
sistently change the expression of MMP1, MMP13, TIMP1,
and COL2A1 genes. These results suggested that any proposal
to apply the use of exogenous GDF5 for the therapy of OA
may have to take into account the possibility that OA chon-
drocytes no longer can respond to GDF5. This contention

takes on added weight from the findings of Enochson et al,’
who showed that GDF5 inhibited the expression of MMP13
and ADAMTS4, while also stimulating aggrecan and the car-
tilage-specific transcription factor, SOX9, when non-arthritic
human chondrocytes were cultured under “micromass” con-
ditions, with or without the canonical Wnt signaling inhibi-
tors Wnt3a and CHIR99021, or WAY262611, an inhibitor
of dickkopf 1 homolog (DKK1) activity. Thus, these results
showed that GDF5-mediated effects were accompanied by
inhibition of Wnt3a signaling by upregulating DKK/ and
FRZB genes, whereas GDF5 upregulation of DKKI gene
expression was responsible for downregulation of MMP13
gene expression.

The functional role of GDF5 as a regulator of chondro-
cyte gene expression has also been probed by employing
microRNA (miR) technology.”7® In that regard, Swingler
et al™ showed that miR-455 directly targeted TGF-B-mediated
signaling, including Smad2, whereas miR-21, which was
increased in the cartilage of knee OA patients, compared
against cartilage obtained from traumatic amputees, directly
targeted GDF5, where miR-21 overexpression inhibited
chondrogenesis in the human articular chondrocyte CHS cell
line.” These results suggested that articular cartilage repair,
which is significantly compromised in OA,% may, in part,
result from miR-21-mediated inhibition of GDFS5. These find-
ings also confirmed the results of other studies, which showed
that overexpression of GDF5 resulted in enhanced osteogenic
differentiation of human mesenchymal stem cells,’' as well
as increased chondrogenesis and angiogenesis.®

Most relevant to any discussion of GDF5 as a major
non-ECM protein for regulating musculoskeletal system
development can be gleaned from results using Bp-J/+ mice
deficient in GDF5. These mice were employed in several ani-
mal models of arthritis, including induction with collagenase
or papain, medial meniscectomy, or treadmill running. All of
these animal models resulted in synovial joint destabilization,
gait abnormalities, and subchondral bone changes that were
consistent with synovial joint damage.®® GDF5-deficient
mice appeared phenotypically normal. No differences were
detected among the three animal models with respect to the
severity of OA, with one exception: GDF5-deficient mice
showed increased synovial hypertrophy in the treadmill run-
ning animal model. Most strikingly, GDF5- (Bp-J/+) deficient
mice demonstrated an abnormal gait pattern, with decreased
subchondral bone density coupled to “distorted” collagen
fiber arrangement. Taken together, these results suggested
a potential protective effect of GDF5 expression in various
mouse models of OA.
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Is GDF5 an OA susceptibility gene

across all studied populations?

The GDF5 rs143383 SNP was found to be associated with
human OA and degenerative disk disease.®* In the original
study results, Miyamoto et al® reported that an SNP in the
5"UTR of GDF5 (ie, +104T/C; rs143383) was associated with
hip OA in two independent Japanese populations, and knee
OA in Japanese and Han Chinese populations. These findings
have since been confirmed and have genome-wide statistical
significance for OA of the hip, hand,*® and knee.>>%

The rs143383 SNP was localized to the GDF5 core pro-
moter where GDF5 promoter expression exhibited allelic
differences and influenced chondrocyte transcriptional
activity. Of note, the GDF'5 susceptibility locus showed
reduced GDF5 transcriptional activity. In a series of influ-
ential studies published by the research group directed by
John Loughlin,®”* an imbalance was consistently found
in the GDF5 allele from tissues of OA patients undergoing
hip or knee joint replacement surgery. In addition to SNP
rs143383, Egli et al*’ found a second GDF5 polymorphism
in the 3" UTR region, which also was shown to regulate
the expression of SNP rs143383. Egli et al*” also reported
finding a differential binding of the trans-acting factor,
Deformed epidermal autoregulatory factor 1 (DEAF-1)
to the two alleles of 15143383, the significance of which
remains to be completely elucidated, although DEAF-1
appears to augment the synergistic activities of the Rel
transcription factor and frans-acting T-cell-specific tran-
scription factor, GATA-3, during the immune response.
Most recently, Dodd et al®® used the Sanger method to
“deep-sequence” GDF'5, encompassing the protein-coding
region of the two GDF'5 exons, both untranslated regions
and 100 bp of the proximal GDF5 promoter, in DNA
obtained from 992 OA patients and 944 control subjects.
Of the thirteen GDF'5 variants detected, six were found
to be “extremely” rare, with minor allelic frequencies.
One of these alleles was the predicted transcription factor
binding site in the GDF5 promoter, and the other seven
variants were those previously known to exist. Dodd et al®®
concluded that these GDF5 variants did not contain any
novel sequences not previously reported that were likely
to contribute to the “OA-association signal” represented
by rs143383 SNP, nor did these sequences influence OA
susceptibility independent of rs143383 SNP. Then, Rey-
nard et al®® showed that the genetic effect of rs143383
SNP was regulated by the epigenome at the level of DNA
methylation, which could influence the rate of penetrance
for expression of the rs143383 allele.

Bos et al® had previously claimed that GDF5 was an
OA susceptibility gene across different patient populations.
However, over the past 5 years, additional studies have been
performed to determine the extent to which this result could
be confirmed. In that regard, Valdes et al”*® showed that the
major GDF5 susceptibility allele at rs143383, but not the
major allele of double von Willebrand factor A (DVWA) SNP
rs7639618, was consistently associated with an elevated rela-
tive risk for developing knee OA in a United Kingdom popu-
lation, whereas the data reported in the GDF5 meta-analysis
conducted by Hao and Jin®' confirmed that the +104T/C
polymorphism in the GDF5 5 UTR region was associated
with knee OA, irrespective of ethnicity. However, several
recent studies, one performed in a Korean OA cohort®® and
another in a Greek Caucasian population,” could not confirm
an association between the GDF5 +104T/C SNP and OA.
Tawonsawatruk et al”® found such an association between the
+104T/C SNP and knee OA in a Thai population. Overall,
these genetic analyses of GDF5 polymorphisms pointed
to the complexity in the relationship between the GDFS
rs143383 SNP, the influence of ethnic background, and the
rs143383 gene susceptibility loci in these populations and
the development of OA.

Wnt/B-catenin signaling and Frizzle-
related protein: functional

implications for OA
Wnt/B-catenin-mediated signal transductions fall into one of
three categories: the canonical Wnt pathway that regulates
gene transcription, the noncanonical planar cell polarity
pathway that regulates cytoskeletal structure and cell shape,
and the noncanonical Wnt/calcium pathway that regulates
intracellular Ca®* levels.***¢

All Wnt-mediated signaling is activated through the
binding of a Wnt-protein ligand to a Frizzled family protein
receptor. This ligand-receptor interaction then conveys a
transduction signal to the intracellular phosphoprotein,
dishevelled (Dsh). Importantly, Dsh phosphoproteins are evo-
lutionally conserved, and these domains all share three similar
structural homologies: an amino-terminal Dishevelled-aXin
domain, a central post-synaptic density-95 domain, and a
carboxy-terminal Dishevelled-EGL-10-Pleckstrin domain.
Importantly, Habas and Dawid’’ showed that it was the
individual Dsh domains or combinations thereof that deter-
mined which of the three Wnt pathways were to become
activated.

The Wnt/B-catenin protein family, in general,”® and, in
particular, Wnt3a,” Wnt-16, Wnt-2b, and Wnt-inducing
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signaling protein-1'" were shown to play critical roles in
chondrogenesis, maintenance of cartilage homeostasis,
and cartilage degeneration.!” Of note, Nalesso et al'%?
showed that Wnt3a activated the Wnt canonical pathway via
[-catenin-mediated gene transcription, as well as the nonca-
nonical Wnt/calcium pathway. Wnt3a promoted chondrocyte
proliferation and the loss of COL2A41, aggrecan, and SOX9
gene expression. With respect to cartilage degeneration,
inhibition of B-catenin signaling in chondrocytes derived
from neonatal COL2A 1-ICAT transgenic mice resulted in an
increase in chondrocyte apoptosis.'® In that study, apoptosis
was associated with a decrease in Bcl-2 and Bcl-XL expres-
sion, an increase in caspase-3 and -9 activities as well as
cartilage destruction. In contrast, activation of B-catenin
resulted in development of an “OA-phenotype” that was char-
acterized by overexpression of ECM-degrading proteinases
in adult mouse articular cartilage.'* It was further suggested
that age-related changes in Wnt/p-catenin signaling may alter
chondrocyte responses, with resultant precocious cartilage
aging and development of OA.!%

Secreted frizzled-related proteins (SFRPs) are well-
characterized Wnt antagonists, and polymorphisms in
FRZB-SFRP3 are associated with the development of
OA 96197 and other chronic forms of inflammatory arthritis,
including rheumatoid arthritis,'® Thus, FRZB-2, a member
of the FRZB protein family, was strongly expressed in
human OA chondrocytes where FRZB-2 immunoreactiv-
ity and TUNEL-positivity (an indicator of apoptosis) were
co-localized.!” Interestingly, a comparison analysis of
healthy human growth plate and articular cartilage from
adolescent donors showed decreased Wnt signaling in the
articular cartilage, which was shown to be partly due to
increased expression of FRP and two other Wnt antagonists,
Gremlin-1 and DKK-1."%!"" Thus, it was proposed that
interfering with Wnt/B-catenin signaling using selective
Wnt antagonists such as FRZB could constitute a novel
therapeutic approach to improve cartilage repair and regen-
eration in OA.""? Importantly, recent evidence suggested that
methylation of Wnt-regulated genes was a critical regulator
of Wnt-mediated gene expression in osteoblasts isolated
from human OA joints.'"?

FRZB: association with human OA?

Loughlin et al''* first established an association between a
single SNP in FRZB, resulting in an Arg324Gly substitu-
tion at the C-terminus of the FRZB protein, and hip OA in
females, which was independently confirmed in a second
cohort of female hip OA patients. In addition, a haplotype

encoding two highly-conserved Arg residues, namely,
Arg200 (Arg200Trp) and Arg324 (Arg324Gly) was deter-
mined to constitute a strong risk factor for the development
of primary hip OA. From a functional perspective, the FRP-3
Arg324Gly variant showed diminished Wnt-antagonistic
activity in vitro. These results appeared to serve as an
impetus to convincingly establish an association between
FRZB polymorphisms and OA. However, in an analysis of
hip OA, confirmed by radiographs, the minor Arg200Trp
allele polymorphism was not statistically more common in
OA than in the control group.'"® Importantly, despite this lack
of statistical significance, OA patients who were homozy-
gous for the FRZB Arg200Trp allele had higher serum levels
of FRP than the control group, who were homozygous for the
major allele. In a cohort of Spanish OA patients, including
patients with primary OA of the hip, knee, or hand,''* no sig-
nificant differences in the allelic frequencies of Arg200Trp
(ie, rs288326) or Arg324Trp (ie, rs7775) were found, com-
pared against the control group of patients 55 years and
older with no clinical evidence of OA. The only difference
in allelic frequency reported in that analysis!''® was that the
Arg324Trp SNP “trended” toward a higher frequency in
patients with clinical OA of several joints and, more spe-
cifically, in women in the hip replacement group, perhaps
providing evidence of a link between Arg324Trp SNP and
more progressive hip disease. In contrast, Snelling et al''’
could not find any differential FRZB allelic expression
in human chondrocytes obtained from subjects undergo-
ing joint replacement who were heterozygous for one of
the two FRZB SNPs. However, an analysis conducted by
Valdes et al''® concluded that genetic variations in several
genes, including ASPN, CALM1, COL2A1, COMP, and
FRZB varied significantly between OA patient populations
(ie, Japanese versus Caucasians) and sex, where these gene
polymorphisms were significant only in the Caucasian popu-
lation. Of note, a large-scale gene analysis to determine if a
genetic association existed between FRZB and hand, knee,
and hip OA patients failed to provide evidence of such an
association between the FRZB rs7775 SNP and hand and
knee OA, with only borderline significance (P=0.019) of
rs7775 with hip OA. In a more recent analysis, Baker-Lepain
et al'"” showed that the rs288326 and rs7775 FRZB SNPs
were associated with the shape of the proximal femur and,
therefore, rs7775 FRZB SNP may be linked to hip shape and
the influence of hip anatomy on OA.

Finally, several genes, including FRZB, were found to be
differentially upregulated in bone tissue from patients with
OA of the hip, which was confirmed by studies using bone
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cell cultures.'?® However, the serum levels of FRZ and DKK-1
did not appear to differ from FRZ and DKK-1 serum levels
in a control group when these individuals were compared
against subjects with confirmed radiographic evidence of
hip OA."?! In the same study, higher levels of serum DKK-1
were associated with a lowered relative risk for progression
ofhip OA, but only in women in the highest quartile of serum
DKK-1 levels, compared against women in the lowest serum
DKK-1 quatrtile.

To summarize, accumulated evidence points to a genetic
association between the rs288326 and the rs7775 FRZB SNPs
and OA. However, sex and ethnicity, as well the degree of
OA severity and rate of OA progression to end-stage disease,
appear to contribute, in part, to the variability in the results
obtained in these genomic analyses.

DIO2: functional studies

Deiodinases are a class of homodimeric thioredoxin
fold-containing selenoproteins involved in the activation
and deactivation of thyroid hormones.'?? The DIO2 is an
initiator of thyroid hormone signaling, through its ability
to activate the prohormone thyroxine (T4), converting it to
the biologically-active T3 molecule.'?

DIO2 has been identified as a modulator of chondro-
cyte function. For example, primary human chondrocytes
were transfected with an siRNA specific for either DIO2 or
the other major selenoproteins in this class; namely, gluta-
thione peroxidase-1 (GPX1) and thioredoxin reductase-1
(TR1)."** The results of this study showed that basal, or
IL-1B-induced, expression of cyclooxygenase-2 (COX-2) was
increased in si-RNA/DIO2-transfected chondrocytes but not
in siRNA/GPX1- or siRNA/TR1-transfected chondrocytes.
Moreover, suppression of DIO2 also increased IL-13-induced
IL-1P and liver X receptor-o. (LXR-0) but not LXR-f gene
expression, suggesting that DIO2 mediated the expression of
several critical proinflammatory genes expressed by human
chondrocytes.

Nagase et al'® recently reported elevated DIO2 levels
in articular cartilage of OA patients, compared against
cartilage from normal subjects. The results of this study
also showed that transgenic mice in which the DIO2 gene
was specifically knocked out in articular cartilage, by
transfecting with a bacterial artificial chromosome hous-
ing the entire rat COL24 1 gene and the human D/O2 gene
construct, contained significantly higher levels of biomark-
ers characteristic of articular chondrocyte hypertrophy.
Moreover, the COL2A41/DIO2-transgenic mice were more
sensitive to knee destabilization-induced articular cartilage

destruction than were their wild-type littermates. Thus,
downregulation of D/O2 gene expression might be respon-
sible for accelerating the onset of cartilage destruction, by
regulating the transitioning of articular chondrocytes to
the “hypertrophic phenotype”,!?%!2” although other genes
of interest such as SOX9, Aggrecan, and Type I collagen,
which are known to be associated with the development
of OA, but not with chondrocyte hypertrophy, were also
shown to be altered in both fibrillated and intact human
cartilage.'?®

DIO2: association with OA?

Two studies have implicated D/O2 as a susceptibility
gene in OA.'?13% In a 2008 DIO2 analysis, genotyping of
tagged SNPs revealed a common coding variant, rs225014;
Thr92Ala, in the DIO2 gene in OA patients from the
United Kingdom and in Japanese female patients, the latter
with confirmed symptomatic hip OA. Confirmation and
replication by association of the minor rs225014 DIO2
allele and the common rs12885300 D/O2 allele was also
obtained in females with advanced/symptomatic hip OA.
In the second study, an elevated number of DIO2-positive
cells were seen in OA cartilage, compared against cartilage
from healthy donors. Furthermore, a statistically significant
1.3-fold higher presence for the rs225014 DIO2 “C’ allele
was observed, relative to the DIO2 ‘T’ allele in 90.3%
(28/31) of OA cartilage donors. Thus, these results confirmed
the presence of an allelic imbalance in the D/O2 rs225014
‘risk” allele in OA, and established an association between
this DIO?2 genetic variant and the elevated relative risk for
developing OA.

Calmodulin-I; functional studies

and association with OA
Calmodulin-1, encoded by the CALM]I gene, is one of
20 members belonging to the calcium-modulating protein
family. The calmodulin protein encoded by the CALM1 gene
was initially identified by its localization in the cytosol, or as
a component of cellular membranes where the calmodulin-1
protein was found oriented toward the cytosol and showed
a high affinity for binding calcium. Calmodulin, in general,
is comprised of 148 amino acids with four calcium-binding
motifs. The varied functions of calmodulin-1 include its
ability to regulate cell proliferation, cell cycle dynamics,
and signal transduction.

CALM1 was first identified as a potential OA susceptibility
gene by Mototani et al.*® They found a significant association
between hip OA in a Japanese population and a CALM 1 SNP,
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1VS3-293C>T, which was localized to the third intron of
the CALM 1 gene. CALM 1 was expressed in cultured human
chondrocytes and articular cartilage and, importantly, CALM1
was overexpressed in human OA cartilage. Linkage disequi-
librium mapping identified five additional CALMI SNPs
with significant association, equivalent to IVS3-293C>T,
with one of these SNPs, -16C>T, located in the CALM1
promoter region. Taken together, these initial data suggested
that altered transcription of CALM1 was associated with
OA susceptibility in this Japanese population. However,
subsequent association studies in other OA populations have
failed to confirm these initial findings in the Japanese cohort.
Thus, no significant differences were found in the genotypic
frequencies for the -16T/C CALM 1 gene in Greek Caucasian
OA subjects,” in a Chinese Han population® or in hip OA
in Caucasians from the United Kingdom®. Although Poulou
et al® failed to find that hip OA susceptibility was linked to
CALM]1, additional data from this study suggested that the
CALMI-16TT core promoter genotype in association with
the ASPN D14 or D15 allele could together “influence”
susceptibility for knee OA.

A clinical perspective on OA genetic

susceptibility genes

There is now persuasive evidence from whole-genome
scan studies that human chromosome regions including
7q34-7q36.3, 11p12-11q13.4, 6p21.1-6q15, 2q31.1-2q34,
and 15921.3-15q26.1 are most likely to harbor OA suscep-
tibility genes. Importantly, a precocious form of OA was
shown to arise from various Type II collagen point mutations.
In addition, point or missense mutations in other cartilage
collagen genes may also be the cause of altered cartilage
homeostasis, chondrodysplasia, and OA. Most importantly,
two SNPs in the Type X1 collagen gene, COLI1A1, (Table 1)
was one of 199 candidate genes to be validated in association
with OA from a large-scale meta-analysis of GWAS."*! SNPs
in non-ECM proteins genes, most prominently, GDF5, FRZB,
DIO2, and CALM]1 have also been shown to be associated
with an elevated relative risk and susceptibility to develop-
ing OA, with the proviso that not all populations of OA
patients have been shown to harbor these OA susceptibility
polymorphisms.

Despite the emergence of several genetic associations
with OA and an improving understanding of the role that
BMP-mediated signaling, “wingless”-type of signaling,
cytokines, prostaglandins, pro- and anti-apoptotic mole-
cules,' angiogenesis factors, such as vascular endothe-
lial growth factor,’® and cytoskeletal regulatory proteins

(eg, leucine-rich repeats and calponin homology domain)'**
play in OA,"** the clinical relevance of these novel findings
to the diagnosis and medical therapy of OA remains to be
further clarified. However, the fact that many of these sig-
naling pathways are likely to be amenable to pharmacologic
intervention, and can be applied to mechanisms that regulate
pain relevant to OA,'" suggests that the study of genetic
“markers” of OA may one day be employed to better define
the rate of OA progression in an individual, or even the
relative risk of requiring joint arthroplasty, or for predicting
prosthetic joint loosening.
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