Chapter 9
Osteoarthritis Biomarkers
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Key Points

* Biomarkers in OA can be categorized using the BIPEDS classification sys-
tem: burden of disease, investigative, prognostic, efficacy of intervention,
diagnostic, and safety.

e Urine CTX-II and serum COMP have the best performance and promise
of all commercially available OA biomarkers.

 Identification and validation of panels of biomarkers correlated with imag-
ing modalities may provide improved diagnosis, prediction, and under-
standing of the pathogenesis of OA.

» Catabolic factors reflecting the degradation of cartilage joint tissue remain
the most promising OA biomarkers and are awaiting validation in clinical
trials.

* Omics-based technology platforms, including DNA microarray, transcrip-
tomics, proteomics, and metabolomics, are being increasingly applied in OA
research and have identified significant amount of new potential OA biomarkers.

* Aberrantly expressed miRNAs contribute to the pathogenesis of OA and
could serve as potential therapeutic targets to treat OA, as well as diagnos-
tic biomarkers.

e Circulating miRNAs have emerged as a new class of minimally or nonin-
vasive OA biomarkers due to their highly stability and ease of detection.
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Introduction

The hallmark of osteoarthritis (OA) is progressive degradation of cartilage, leading
to whole joint destruction and clinical symptoms of pain and loss of function [1].
The accepted gold standard diagnosis of OA is currently based on radiographic
criteria, typically a Kellgren-Lawrence (K-L) grade > 2 with pain and impairment of
mobility [2]. However, radiographic measures have limitations with diagnosing and
assessing the progression of OA, as radiographs indicate changes in bone and indi-
rectly assess the progression of cartilage loss. Also, radiographic changes character-
istic of OA appear after significant joint deterioration, and the change may occur
relatively slowly with poor correlation with patient joint function [3]. Given these
limitations, there has been considerable interest in the identification and develop-
ment of biomarkers to quantify joint remodeling and disease progression.

The National Institutes of Health (NIH) defines a biomarker as a characteristic
that is objectively measured and evaluated as an indicator of normal biologic pro-
cesses, pathogenic processes, or pharmacologic responses to a therapeutic
intervention [4]. The term biomarker encompasses proteins, protein fragments,
metabolites, carbohydrate biomarkers, genomic RNA and DNA biomarkers, cellu-
lar biomarkers, and imaging biomarkers [5]. In a systematic review of the literature
in OA biomarkers, van Spil et al, identified 84 relevant publications covering 26
different biomarkers published up to 2010 [6].

The goal of biomarkers in OA is to measure and predict disease progression and
outcome. Therefore, identifying OA biomarkers that can capture the full spectrum
of the pathogenesis of OA is needed.

Classification of Osteoarthritis Biomarkers

In 2006, the NIH funded OA Biomarkers Network proposed a classification scheme
for OA biomarkers represented by the acronym BIPED to connote the five catego-
ries of markers: Burden of Disease, Investigative, Prognostic, Efficacy of Intervention
and Diagnostic [3]. Through the recent Osteoarthritis Research Society International
(OARSI)/US Food and Drug Administration (FDA) initiative, the BIPED classifica-
tion system added a sixth category, Safety of Interventions, to become BIPEDS [7].
The same OA biomarkers working group proposed to divide biomarkers in two
major groups: wet biomarkers and dry biomarkers. The soluble or wet biomarkers
are measured in blood, serum, plasma, urine, or synovial fluid and represent a mod-
ulation of endogenous substances in these fluids, whereas dry biomarkers consist of
visual analog scales, performed tasks, or imaging [8].

Based upon the BIPEDS classification, Bauer et al. and Kraus et al. proposed the
following clinical use of biological markers in OA [3, 7]. (a) Diagnostic markers:
as indicated by Bauer et al., diagnostic markers are defined by the ability to classify
individuals as either diseased or non-diseased with good positive and negative like-
lihood ratios and area under the curve in the receiving operator curve [3]. (b) Burden
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of disease markers: these markers assess the severity or extent of disease, typically
at a single point in time, among individuals with OA [3]. (¢) Prognostic markers:
prognostic markers predict the future onset of OA among those without OA at base-
line or the progression of OA among those with existing disease. These biomarkers
may be used to determine risk in those without OA, clinical outcomes in individuals
with OA, or the efficacy of potential new disease-modifying osteoarthritis drugs
(DMOADs) [3]. (d) Efficacy of intervention markers: these biomarkers provide
information about the efficacy of treatment among those with OA or those at high
risk of developing OA. These biomarkers can be used in randomized controlled tri-
als (RCTs) to evaluate short- and long-term changes associated with DMOAD:s [3].
(e) Investigative markers: as stated by Bauer et al., an investigative marker is one
on which there is insufficient information to allow inclusion into one of the existing
categories [3]. (f) Safety of intervention markers: finally, safety biomarkers provide
information about exposure to new potential drugs, radiation, and contrast agents.
These biomarkers are expected to be of increasing significance as new biomarkers
are identified and studied [7].

Circulatory and Inflammatory Biomarkers

Increasingly, indicators of inflammation have gained credibility as OA biomarkers
because they have been shown to predict outcomes in OA.

Adipokines (adiponectin and leptin) are emerging as modulators of joint disease
by promoting and perpetuating the inflammatory response. Several studies have
revealed associations between adipokines and joint disease. Perruccio and col-
leagues have shown a dose response association between overall painful joint bur-
den and plasma levels of adipokines in individuals with hip and knee OA [9]. As
well, plasma adiponectin levels have been reported to be significantly higher in
individuals with OA compared to healthy controls [10]. In a recent study, serum
leptin was found to correlate with the severity of knee OA [11]. In another study, the
investigators reported a negative association between serum leptin levels and knee
cartilage volume [12]. Stannus and associates reported a positive association
between serum leptin and radiographic hip joint space narrowing [13].

The presence of high-sensitivity C-reactive protein (CRP) and interleukin 6 (IL-
6) has been shown to predict outcomes in OA. In a group of 54 patients with idio-
pathic OA undergoing total hip and knee arthroplasty, increased synovial
inflammation correlated with elevated plasma CRP levels [14]. In a cross-sectional
study of 105 women with knee OA who were followed for 2 years, increased levels
of CRP were found, which predicted disease progression in these patients compared
to 740 women without OA [15]. Increased serum levels of CRP predicted cartilage
loss associated with knee OA and poorer functional outcomes post total knee arthro-
plasty as well [16, 17]. Similar results have been reported for IL-6. In a study of 172
randomly selected patients followed over 3 years, baseline levels of serum IL-6
could predict loss of both medial and lateral tibial cartilage volume, and changes in
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IL-6 over 3 years were associated with changes in tibial cartilage volume [18]. In a
study of 908 women who were followed prospectively for 15 years, Livshits and
colleagues reported that prevalent radiographic OA was significantly associated
with both increased circulating levels of CRP and IL-6, and incident radiographic
OA was significantly predicted by IL-6 [19]. In another study of 161 patients with
knee OA followed over 2 years, baseline levels of CRP and IL-6 predicted cartilage
volume loss in the medial compartment of the knee [20]. The predictive value of
baseline CRP and IL-6 levels on cartilage volume loss was possibly related to the
fact that both are known inflammatory biomarkers. Synovitis, followed over 1 year
arthroscopically in 422 patients, was a potential predictive factor of rapid progres-
sion of cartilage lesions in the medial tibiofemoral compartment [21].

These studies show the involvement of inflammatory biomarkers in OA pathogen-
esis and support the association between inflammation and joint disease (Table 9.1).

Catabolic Osteoarthritis Biomarkers

A hallmark feature of OA pathology is the higher rate of cartilage degradation
than cartilage synthesis, leading to chronic cartilage loss. Cartilage, composed of
chondrocytes and the extracellular matrix (ECM), is a connective tissue possess-
ing unique biological and mechanical properties which supports its load-bearing
function [22]. The dry weight of cartilage is mainly made of type II collagen and
some type I, along with certain amount of proteoglycans and integral proteins.
Fragments of these components generated during cartilage degeneration can be
released into the bloodstream, synovial fluid, and urine and therefore be utilized
as biomarkers [23].

Table 9.1 Circulatory and inflammatory OA biomarkers

Biomarker subtypes Biomarkers BIPEDS classification

Cytokine and protein CRP

biomarkers IL-6
IL-1B
1L-8
TNF-a
15-HETE
PGE2

Obesity-related Leptin
inflammatory biomarkers Adiponectin

T w|w vl v v|v T oo

Resistin
Visfatin

a~]

Abbreviations: P prognostic, CRP C-reactive protein, /L interleukin, TNF tumor necrosis factor,
15-HETE 15-hydroxyeicosatetraenoic acid, PGE2 prostaglandin E2
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C-Telopeptides of Type II Collagen

Since type II collagen is the major collagen type and most abundant protein in car-
tilage, C-terminal telopeptides of type II collagen (CTX-II), a catabolic product of
type II collagen, has become the widely accepted biomarker for assessing collagen
breakdown [24]. Urinary levels of CTX-II (uCTX-II) have been used as a marker for
cartilage metabolism, disease severity, and monitoring drug response in OA patients
[25-27]. Reijman et al. studied the association between the concentration of uCTX-II
and the prevalence and progression of radiographic OA of the knee and hip. The 1,235
subjects were 55 years of age and older and were followed for 6.6 years on average.
They found that subjects with a uCTX-II level in the highest quartile had a 4.2-fold
increased risk of having radiographic knee or hip OA, compared with subjects with a
uCTX-II level in the lowest quartile. Furthermore, subjects with an uCTX-II level in the
highest quartile had a 6.0-fold increased risk for progression of radiographic knee OA
at the knee and an 8.4-fold increased risk for progression of radiographic hip OA. In
addition to its strong correlation with radiographic OA, another advantage of uCTX-
II or serum CTX-II is that it is noninvasive. However, as collagen type II breakdown
correlates with radiographic features of OA, the use of uCTX-II as a pre-radiographic
diagnostic biomarker is limited. Additional biomarkers originated from collagen type
II include cleavage of collagen type II triple helix (C2C), triple helix collagen type
II cleavage (Coll2-1), nitrated form of Coll2-1 (Coll2-1NO?2), collagen type II pro-
peptides (PIINP, PIIANP, PIIBNP, PIICP, CPII), and collagen type I and II cleavage
neoepitope (C1, C2). These additional collagenous biomarkers either provide comple-
mentary information on collagen type II catabolism or help to distinguish subtypes of
OA [28]. For example, Coll2-1 and Coll2-1NO2 are more useful for studying oxida-
tive stress-related collagen II degradation in OA [29, 30].

Cartilage Oligomeric Matrix Protein

Cartilage oligomeric matrix protein (COMP) is a structural glycoprotein binding to
and stabilizing type I, II, and IX collagen fibers, fibronectin, and aggrecan [31].
COMP has been considered as an OA biomarker and has been tested in OA diagno-
sis, prognosis, and therapeutic intervention. Many large population studies have
shown that serum COMP (sCOMP) levels correlated with cartilage degradation and
disease severity. In the Johnston County OA Project involving 143 patients with
radiographic knee OA and 148 healthy controls, a significant elevation of sSCOMP
levels were detected in the OA group compared to controls. Moreover, sSCOMP
levels were upregulated with knee OA K-L grade and the number of joints involved
[32]. Sharif et al. suggested the use of SCOMP levels to predict OA progression. In
this longitudinal study lasting 5 years, 115 patients with OA were grouped as non-
progressors and progressors defined by either a reduction in the tibiofemoral joint
space width by at least 2 mm or total knee arthroplasty at follow-up. They found that
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the chance to have radiographic OA progression was increased by 15 % with every
1 unit increase in SCOMP levels [33]. The existence of COMP fragments and their
release into the culture medium were also confirmed recently which may provide
complement to total COMP in use as biomarkers [34].

Hyaluronic Acid

Hyaluronic acid (HA) is a common component of most connective tissues, as well
as a principal component of the synovial fluid. During the degenerative process, HA
is secreted by the synovium and cartilage. Serum levels of HA were proposed to be
a marker to predict the progression of knee OA [35]. OA patients had increased
serum HA (sHA), and patients with higher initial sHA values displayed a more
rapid progression of the disease [36, 37]. More recent studies also suggested that
sHA can be available as a burden of disease marker for patients with radiographic
or severe OA [38, 39]. The major problem associated with HA as an OA biomarker
is its specificity and sensitivity, as HA is ubiquitously present in all connective tis-
sues and tends to be affected by physical activities and food intake [40].

Despite the existence of multiple catabolic biomarkers in research, currently, there
is no single biomarker validated for clinical use for OA. Given the unique advantages
and disadvantages of these biomarkers, combined use of different biomarkers might
be of benefit in the future (Table 9.2). Also, majority of the abovementioned biomark-
ers are systemic, for example, from serum or urine, and their concentrations are sub-
ject to systemic conditions or illnesses. Therefore, obtaining local biomarkers from
synovial fluid may provide more specificity and sensitivity. Moreover, local biomark-
ers would ensure the ability to detect OA in a particular joint.

Table 9.2 Catabolic OA biomarkers

BIPEDS
Biomarkers Catabolic process Tissue of origin classification
uCTX-1I Type II collagen degradation | Cartilage, bone BPED
sCOMP Cartilage matrix degradation Cartilage, bone, meniscus, BPD
synovium, tendon
sHA Cartilage degradation Cartilage, synovium, BPED
ubiquitous in all ECM
s/uColl2-1 Triple helix type II collagen Cartilage BPD
degradation
s/uColl2-1INO2 | Triple helix type II collagen Cartilage BPD
(nitrated) degradation
sluC2C Type II collagen degradation | Cartilage BED
s/uCl, C2 Collage type I and type II Cartilage, bone, D
degradation synovium, meniscus

Abbreviations: B burden of disease, P prognostic, E efficacy of intervention, D diagnostic, « urine,
s serum
Note: Adapted from Mobasheri and Henrotin [97].
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Post-Genomic Osteoarthritis Biomarkers

Following completion of the Human Genome Project, the generation of massive
genomic information has rapidly transformed the field of biomedical research
into the post-genomic era [41]. Post-genomics, or so-called system biology, stud-
ies the expression and functions of the entire set of genes and proteins present
in a whole genome by using high-throughput methodologies including microar-
ray, transcriptomics, proteomics, and metabolomics. With thousands of genes and
proteins being analyzed simultaneously, these omics-based technology platforms
have significantly contributed to the discovery of the new crop of biomarkers over
the past decade [42]. The post-genomic strategies have been applied in various
fields, including OA.

Transcriptomic Osteoarthritis Biomarkers

Transcriptome refers to all the ribonucleic acids (RNAs) that are transcribed from
the genome containing messenger RNAs (mRNAs), ribosomal RNAs (rRNAs),
transfer RNAs (tRNAs), and noncoding RNAs. Transcriptomic analysis has been
performed through gene microarrays or RNA sequencing (RNA-Seq) to quantify
the abundance of all transcripts in a particular biological specimen [43].

Gene microarrays have been widely used in gene expression studies and have
proven to be a powerful tool to identify candidate RNA biomarkers for various path-
ological conditions including OA. Geyer et al. performed a transcriptomic analysis
of affected versus intact articular cartilage from the same joint using high-density
synthetic oligonucleotide hybridization arrays (HG-U133 Plus 2.0 GeneChips), and
411 transcripts out of 54,675 probes appeared to be differentially expressed. Of
these, 6 genes were upregulated in the affected cartilage of all patients, including
insulin-like growth factor-binding protein 3 (IGFBP-3), Wnt-1-inducible signaling
protein 1 (WISP-1), aquaporin 1 (AQP-1), delta/notch-like EGF-repeat containing
transmembrane (DNER), decay-accelerating factor (DAF), and complement factor I
[44]. The Research Arthritis and Articular Cartilage (RAAK) study which involved
a larger patient cohort was carried out to determine the genome-wide gene expres-
sion in 33 pairs of matched OA affected and intact cartilage from the same joint of
patients. About 1,717 genes were found to be differentially expressed, and 18 were
present with a change of twofold or higher in OA affected cartilage compared with
preserved cartilage.

Comparing gene expression at damaged focal areas of cartilage to those pre-
served areas provides information of dynamic changes of genes and pathways
involved in OA progression [45]. However, macroscopic assessment of damaged or
preserved cartilage is relatively subjective and less accurate, which may partially
explain the low consistency of the differentially expressed genes between studies
with similar design using comparable tissues. Xu et al. identified 998 differentially
expressed genes between femoral neck fractures and cartilage from hip OA patient
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using the [llumina Human HT-12 V3 microarrays. These target genes were enriched
within 71 canonical pathways and showed excellent correlation with previous stud-
ies using similar tissues but revealed discord between hip and knee OA, indicating
different mechanisms may be present for knee and hip OA pathophysiology [46].
The RNA-Seq transcriptome platform, as a relatively new technology still at
the development stage and due to high costs, has just started to be applied in OA
research. In a study, RNA sequence libraries were prepared from normal cartilage of
the metacarpophalangeal joints from 4 young (4 years old) and 4 old (>15 years old)
horses, and sequencing was undertaken using the Illumina HiSeq platform. Levels
of 396 transcripts, including noncoding RNAs, were significantly different in old
compared to young cartilage. The majority of cartilage genes relating to ECM, pro-
teases, matrix synthetic enzymes, cytokines, and growth factors, as well as Wnt
signaling, were reduced in old cartilage relative to young cartilage. As aging is an
important risk factor of OA, altered expressions of transcripts identified in old carti-
lage could provide valuable information to understand the pathogenesis of OA [47].
Blood samples have also been subject to transcriptomic analysis in OA. A comple-
mentary DNA (cDNA) microarray was used to screen for differentially expressed
genes in 85 subjects with mild OA and 76 controls. Six genes were significantly
downregulated in mild OA: heat shock 90 kDa protein 1, alpha; inhibitor of kappa
light polypeptide gene enhancer in B cells, kinase complex-associated protein; inter-
leukin 13 receptor, alpha 1; laminin, gamma 1; platelet factor 4 (also known as che-
mokine (C-X-C motif) ligand 4); and tumor necrosis factor, alpha-induced protein 6.
A nine-gene signature (abovementioned six genes plus early growth response 1; alpha
glucosidase II alpha subunit; and v-maf musculoaponeurotic fibrosarcoma oncogene
homologue B) was identified as a diagnostic biomarker to discriminate mild OA from
controls, with a higher diagnostic capacity than any of the individual nine genes [48].
Another transcriptomic screen of peripheral blood leukocytes from patients with
symptomatic knee OA and controls identified 173 abnormally expressed genes.
Cluster analysis revealed 2 distinct OA subgroups: those with or without the interleu-
kin 1-beta (IL-1p) signature, defined as >2 fold IL-1f overexpression. Patients with
IL-1p signature had more pain, decreased function, and higher risk of radiographic
progression of OA [49]. This study suggested a novel method to classify OA based on
IL-1P expression and moreover that the transcriptomic profile of peripheral blood
leukocytes had the potential as a prognostic biomarker for OA patients.
Transcriptome analysis has generated valuable information on the molecular
changes across the whole genome, which will improve our understanding of the
complexity of OA phenotypes. With the popularization of the powerful RNA-Seq
platform, the discovery of multiple panels of new OA biomarkers is warranted.

Proteomics Biomarkers

By studying the presence and functions of an entire set of proteins in a particular bio-
logical sample, proteomics is being increasingly applied in cartilage research and OA
pathology [50]. It also elucidates information regarding protein structure and
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interactions, thereby providing mechanistic insight into disease pathogenesis and a
new powerful tool for biomarker exploration. In OA research, proteomic studies have
been applied to cartilage tissue, chondrocytes, synovial fluid, serum, urine, and culture
supernatant, and have identified significant panels of novel candidate biomarkers [51].

Wau et al. measured the protein compositions in cartilage from OA and healthy donors
and found 59 differently expressed proteins by liquid chromatography—mass spectrom-
etry. In particular, HtrA1, a serine protease, was upregulated at high levels in OA carti-
lage [52]. Another study by Guo et al. performed proteomics on cartilage extractions
from individuals with and without OA and identified 16 differentially expressed pro-
teins which belonged to the following five function groups including glycolysis and
energy production (ADH, ADK, ENOA, KPYM, and FR), signaling (ANNX-I, PEBP,
and TUB), redox (PRDX3 and SODM), and cartilage matrix (COLL-I and COLL-VI)
[53]. Proteomic profiling of chondrocytes also revealed that 19 proteins were increased
and 9 decreased significantly in OA cells compared to normal. Among these, three stress
response proteins (HSP90beta, GRP78, and GRP94) were upregulated and three glycol-
ysis-related proteins (enolase, glyceraldehyde 3-phosphate dehydrogenase, and fructose
biphosphate aldolase) were downregulated [54]. This study indicated an impaired gly-
colytic metabolism and an increased stress response in OA chondrocytes, both of which
have been reported previously to be implicated in cartilage degradation [55, 56].

With the goal of searching for new OA biomarkers, intensive proteomic profiling
studies have focused on bodily fluids from OA and non-OA individuals. Fernandez-
Puente et al. measured protein levels in serum from 50 moderate OA patients, 50
severe OA patients, and 50 non-symptomatic controls using isobaric tags for rela-
tive and absolute quantitation iTRAQ) and matrix-assisted laser desorption/ioniza-
tion (MALDI)-TOF/TOF mass spectrometry. They identified 349 total proteins in
serum, and of these, 6 were modulated only in moderate OA, 13 only in severe OA,
and 7 in both groups. In addition to COMP, most of these differentially expressed
proteins were novel candidate biomarkers for OA including a few complement com-
ponents, lipoproteins, von Willebrand factor, tetranectin, and lumican [57]. Han
et al. analyzed synovial fluid samples from 36 OA patients and 24 rheumatoid
arthritis (RA) patients. Three protein peaks were identified and able to differentiate
between OA and RA patients at a sensitivity of 89.4 % and a specificity of 91.2 %
by artificial neural networks analysis. One peak was identified as S100A12 which
was also reported to be upregulated in human OA elsewhere [58]. Ritter et al. per-
formed a proteomic analysis of knee synovial fluid from 20 OA patients and 10
controls. Sixty-six proteins were differentially present in both OA and control
synovial fluid. Analysis showed that these proteins were associated with the acute-
phase response pathway, the complement pathway, and the coagulation pathway
[59]. The complement pathway has been identified in numerous studies to play a
critical role in the pathogenesis of OA and a potential biomarker [60].

While a considerable amount of candidate protein markers have been identified
from proteomic studies, the studies are not sufficiently consistent. For example,
there was less than 25 % reliability of the synovial fluid protein list between Ritter
et al. and Kamphorst et al. studies [59, 61]. However, proteomics has emerged as a
powerful approach to identify proteins in pathological conditions and to discover
new potential biomarkers.
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Metabolomic Biomarkers

Metabolomics, defined as large-scale profiling of small molecular metabolites pres-
ent in a cell, tissue, body fluids, or any biological system, has opened new avenues
for biomarker identification [62]. Metabolites include various low-molecular end
products of diverse cellular processes, such as lipids, amino acids, peptides, vita-
mins, organic acids, carbohydrates, and nuclear acids. The levels of metabolites are
considered to be the ultimate response of biological systems to genetic, environ-
mental, and lifestyle factors under normal or diseased states. Current commonly
used methods for studying metabolomics are nuclear magnetic resonance and mass
spectrometry, along with gas chromatography, liquid chromatography, or capillary
electrophoresis for sample separations.

Zhai and coworkers utilized targeted metabolite profiling to investigate the asso-
ciation of metabolite ratios in serum with the development of knee OA. They found
14 ratios that were significantly associated with knee OA at discovery stage in their
cohort. By replicating this study in the Chingford cohort, two of these 14 ratios
(valine/histidine and xleucine/histidine) were successfully confirmed to correlate
with radiographic severity of OA. Mechanically, as these branched-chain amino
acids (BCAAs) including valine and xleucine could not be synthesized by the body,
an increase in BCAAs metabolites implied the breakdown of collagen [63]. This
was the first study using serum-based metabolomics and demonstrated that the
BCAAS to histidine ratio have potential clinical use as an OA biomarker.

Jiang et al. reported a mass spectrometry-based metabolic study to identify the
global metabolic defects in the serum of four major types of arthritis including RA
(n=27), OA (n=27), ankylosing spondylitis (n=27), and gout (n=33) compared
with healthy control subjects (n=60). They identified a global metabolic profile in
all arthritic patients, suggesting these four types of arthritis share common metabolic
defects possibly resulting from joint inflammation. Meanwhile, a unique metabolic
signature, potential biomarker for diagnosis, was discovered for each type of arthri-
tis. This report demonstrated the applicability of metabolomic profiling as a novel
diagnostic tool for arthritis including OA, along with current clinical detection
methods [64]. Another group conducted a global metabolite profiling of conditioned
medium of synovial tissue cultures from patients with severe OA or non-OA patients
undergoing ligament or meniscal repair. They identified 13 compounds significantly
elevated in the end stage OA group [65]. Given the difficulty in translating synovium
culture method into clinical practice, they also performed metabolomics on ankle
synovial fluid of patients with and without ankle OA. One hundred and six metabo-
lites were significantly elevated in the OA sample, representing abnormalities in
almost all pathways involving metabolism including amino acid, carbohydrate,
mitochondrial oxidation, lipid, peptide, vitamin, nucleotide synthesis, and redox
homeostasis [606].

Taken together, these studies have linked abnormal metabolic changes to the
pathogenesis of OA, and metabolomics have proven to be a new robust tool for
biomarker discovery in OA. This is in accordance with the emerging new subtype
of OA, metabolic syndrome OA, which has recently been recognized because of the
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increased incidence of OA in patients with metabolic syndrome such as dyslipid-
emia, hypertension, obesity, and type 2 diabetes. Therefore, biomarkers identified
by metabolomics will also help discriminate between different OA subtypes.

MicroRNAs Biomarkers in Osteoarthritis

MicroRNA and Its Biogenesis

MicroRNAs (miRNAs) belong to the family of small noncoding RNAs, about
19-23 nucleotides long when eventually processed as functioning mature
miRNA. Though not coding for proteins, miRNAs play important roles in regulat-
ing gene expression at the posttranscriptional level through complementary base-
pairing within 3’ untranslated region (3’UTR) of target mRNA [67]. According to
miRNA databases, the targeting strategy between miRNAs and mRNAs is not sim-
ply a one to one relationship, rather, one mRNA can be synergistically targeted by
multiple miRNAs or a single miRNA can target multiple genes [68, 69]. There are
more than 2,000 annotated miRNAs from the human genome and the number is still
increasing. It is estimated that human miRNAs regulate as much as 60 % of genes
and play pivotal roles in various physiological processes such as cell proliferation,
differentiation, genomic stability, metabolism, apoptosis, and aging. Not surpris-
ingly, deregulation of miRNA has been associated with many pathological condi-
tions including OA [70].

There are three forms of miRNAs which are long primary miRNAs (pri-miRNA),
hairpin precursor miRNAs (pre-miRNA), and short mature miRNAs. In the nucleus,
the miRNA gene is transcribed into large pri-miRNA which is subsequently cleaved
by Drosha, an RNase III enzyme, to make pre-miRNA. Pre-miRNA is a 70-125
nucleotide long hairpin structure with 2 nucleotides overhanging at the 3’ end. It is
then exported by RanGTP and exportin5 proteins into the cytoplasm where it is
processed by a second RNase III enzyme Dicer, to form the short mature miRNA. At
this point, it is incorporated into an RNA-induced silencing complex to induce tar-
get mRNA degradation and protein translation depression [71].

MicroRNA Biomarkers in Joint Tissues

The critical role of miRNA regulation during skeletal development has been high-
lighted by a study with Dicer-null mice where chondrocytes from these mice dis-
played reduced proliferation and accelerated differentiation into cell hypertrophy [72].

MiR-140 is the most studied miRNA involved in OA. It was first reported as
cartilage-specific miRNA in mouse and directly targeted HDAC4 [73]. Microarray
profiling by Miyaki et al. discovered that miR-140 was upregulated during chon-
drogenesis but downregulated in OA chondrocytes compared to normal [74].
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A further study demonstrated that IL-1p treatment of normal chondrocytes sup-
pressed miR-140 expression, while overexpression of miR-140 downregulated
IL-1p-induced ADAMTSS expression and rescued the IL-13-dependent repression
of AGGRECAN gene expression. An additional study in vivo in mice by the same
group showed that MiR-140-null mice developed age-related OA-like phenotypes,
including proteoglycan loss and articular cartilage fibrillation. The crucial role of
miR-140 in OA cartilage protection was further demonstrated by resistance to anti-
gen-induced arthritis through miR-140 overexpression [75]. Meanwhile, another
group identified matrix metalloproteinases-13 (MMP-13) and insulin-like growth
factor-binding protein 5 as two more targets for miR-140 [76]. NFAT3 and SMAD?3
seemed to activate and repress miR-140 expression respectively, providing novel
strategies for treating OA [77].

Similar as miR-140, miR-27b has been shown to be downregulated in IL-1p-
stimulated OA chondrocytes. MiR-27b directly targeted MMP-13, indicating that
decreased miR-27b might be responsible for the overexpression of MMP-13 in
response to IL-1p [78].

Yamasaki et al. reported expression of miR-146a in early-stage OA cartilage
compared to normal. Interestingly, miR-146a levels were decreased in later stage
OA when Mankin scores were increased [79]. MiR-146a is inducible by IL-1p stim-
ulation in normal human chondrocytes, by lipopolysaccharide in THP-1 cells and
by mechanical pressure injury [79-82]. MiRNA-146a has also been linked to pain
by modulating inflammatory cytokines such as tumor necrosis factor-alpha (TNF-
o), COX-2,iNOS, IL-6, IL-8, RANTS, and ion channel TRPV 1. Therefore, miRNA-
146a may serve as target for therapeutic intervention to alleviate OA-related pain
[83, 84].

Using human miRNA gPCR array, a few studies have examined the expression
of hundreds of miRNAs in chondrocytes, cartilage, or bone tissue. Iliopoulos et al.
measured the expression of 352 miRNAs in OA versus normal cartilage. They found
that 16 miRNAs were deregulated in OA cartilage and were able to distinguish OA
chondrocytes from normal chondrocytes. Among these, nine miRNAs were upregu-
lated and seven downregulated. Interestingly, levels of five miRNA (miR-22, miR-
103, miR-25, miR-337, and miR-29a) statistically correlated with body mass index
(BMI), suggesting the potential role of these miRNA in lipid metabolism and OA
pathology [85]. In another study, Jones and associates identified that some miRNAs
were differentially expressed in late-stage human OA, 17 in cartilage, and 30 in
bone. Further functional analysis revealed that miR-9, miR-98, and miR-146 might
play a role in inflammatory regulation mediating IL-1p-induced TNF-a production
and MMP-13 secretion [81]. Another study conducted a profiling of 723 miRNAs
in cultured chondrocytes and discovered 1 upregulated (has-miR-483-5p) and 6
downregulated (hsa-miR-149, hsa-miR-582-3p, hsa-miR-1227, hsa-miR-634, hsa-
miR-576-5p, hsa-miR-641) miRNAs in OA chondrocytes versus controls [86].

Given the essential regulatory roles of miRNAs in mRNA stability and protein
translation, identification of differentially expressed miRNAs in OA joint tissue will
deepen our understanding of the mechanism underlying cartilage degradation and
OA pathology. Moreover, aberrantly expressed miRNAs involved in the pathogen-
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esis of OA could serve as potential therapeutic targets to treat OA, as well as diag-
nostic biomarkers.

Promising Circulating MicroRNA Biomarkers

Majority of miRNAs exist and function intracellularly; however, non-tissue and
cell-free circulating miRNAs are also present in extracellular compartments in all
tested body fluids such as serum, plasma, synovial fluid, urine, cerebrospinal fluid,
and saliva [87]. Unlike mRNA and other nuclear acids, miRNAs in human plasma
and serum are highly stable and protected from ribonuclease digestion [88]. In addi-
tion to its stability, other distinct advantages associated with using miRNAs as bio-
markers include high sensitivity, easy accessibility, and detection. Therefore,
attention has been drawn to the development of circulating miRNAs as clinical bio-
markers in OA [89-90].

In 2010, Murata et al. first investigated the presence of miR-16, miR-132, miR-
146a, miR-155, and miR-223 in plasma and synovial fluid, as well as their high stabil-
ity under multiple freezing—thawing cycles [91]. They found that both synovial fluid
and serum miRNAs were quite stable for storage at —20 °C and were still stable after
as many as eight freeze—thawing cycles from —20 to 4 °C. The concentrations of the
five miRNAs in synovial fluid were found to be much lower than those in plasma in
both OA and RA patients. In addition, there was no correlation between plasma and
synovial fluid miRNAs. Finally, the authors reported that the levels of miR-132 in
plasma of both OA and RA were significantly reduced compared to normal [64].

Subsequently, a 3 miRNAs signature consisting of miR-454, miR-885-5p, and
let-7e was identified in serum which could predict the risk of developing severe
knee or hip OA [92]. This study followed 816 individuals over a 15-year period and
assessed the occurrence of severe knee or hip OA using total knee or hip arthro-
plasty, with at least one joint as a definitive outcome. At follow-up, 67 individuals
had developed severe knee or hip OA. In the initial screening, Tagman qPCR array
analyses of 377 miRNAs were performed in 13 individuals with severe OA versus
13 controls matched for sex, menopausal status, age, and BMI. Screening results
revealed that 12 miRNAs were differentially expressed, which were subsequently
validated in the entire cohort by Tagman qPCR. Validation showed that miR-454,
miR-885-5p, and let-7e were strongly associated with the development of severe
OA. Let-7e appeared to be the most promising biomarker to predict severe
OA. Another study identified 12 differentially expressed miRNAsS in the plasma of
54 patients with primary OA at early and intermediate stages (stages 2 and 3, respec-
tively), indicating the value of these miRNAs as disease progression markers.
Analysis showed that these miRNAs could regulate mRNAs that are crucial in
chondrocyte maintenance and differentiation, including SMADI, IL-1p, COL3A,
VEGFA, and FGFR1 [93].

The origin and functions of circulating miRNAs remain largely unknown. It is
widely believed that these miRNAs might be released directly from blood cells into
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Table 9.3 Potential OA miRNA biomarkers in body fluids. Shown are potential miRNAs
biomarkers identified in body fluids from OA patients compared to controls with statistical
significance (p <0.05)

Differentially expressed Research
Types of fluid miRNAs (p <0.05)/FC population References
Plasma and miR-132 down/NA 30 OA, 30 normal Murata et al. [91]
synovial fluid
Serum Let- 7e down/0.75 67 severe OA, Beyer et al. [92]
miR-454 down/0.77 749 non-OA
Plasma miR-93 up/3.18 27 OA, 27 normal Borgonio Cuadra
miR-126 up/3.96 et al. [93]

miR-146a up/2.96
miR-184 up/2.47
miR-186 up/4.44
miR-195 up/3.53
miR-345 up/3.51
miR-885-5p up/3.51

Abbreviations: FC fold changes compared to controls, down downregulated, up upregulated

the bloodstream or from circulating cells from damaged tissue at disease states [94].
Murata et al. also reported that the expression patterns of four miRNAs (miR-16,
miR-132, miR-146a, and miR-223) in synovial fluid are similar to those in synovial
tissue from OA patients, suggesting that synovial tissue might release miRNAs
directly into the surrounding extracellular environment through an unknown mecha-
nism [91]. Currently, it is not clear if the secretion of miRNA from synovial tissue
is certain miRNA selective or is merely a universal mechanism for all miRNAs.
Further studies are also required to clarify the correlation of circulating miRNAs in
synovial fluid to OA disease activity as well as to explore the feasibility of use cir-
culating miRNAs as biomarkers in clinical practice (Table 9.3).

Conclusions

Despite much active research into various OA biomarkers, there is no single bio-
marker that is sufficiently well validated and recognized to diagnose OA or aid the
progression of individuals with or without OA [95]. In a systematic review applying
the BIPED classification, van Spil and associates indicated that uCTX-II and serum
COMP seemed to have the best performance and promise of all commercially avail-
able OA biomarkers [6]. However, the authors commented on the current limitations
of OA biomarker studies including an overall lack of consistent evidence, differ-
ences between the clinical trial populations versus population-based cohort studies,
and differences in sample collection and possible publication bias [6]. Presently, no
OA biomarker is consistent to function as an OA outcome measure in clinical trials
as a secondary or supportive endpoint [96]. As a result, the European Society for
Clinical and Economic Aspects of Osteoporosis and Osteoarthritis (ESCEO)
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convened a meeting in October of 2012 to discuss the direction of future research in
OA biomarkers. The ESCEO group outlined 3 areas of future research including
mechanisms of disease and development of new biomarkers, assays and technologi-
cal development, and prognosis and risk. Briefly, ESCEO discussed research into
the underlying mechanism of disease to validate existing biomarkers and identify
new candidates, improve assays and standardize protocols that can accurately and
reproducibly measure OA biomarkers in serum or urine, and identify biomarkers for
early stages of OA so treatments can be started to slow down the progression of OA
[95]. Furthermore, future research advancements and refinements in genetic, pro-
teomic, and metabolomics approaches, as well as identification and validation of
panels of biomarkers that may be correlated with imaging modalities, may provide
improved diagnosis, prediction, and understanding of the pathogenesis of OA [97].
Today, there remains a need for more active research in the area of OA
biomarkers.
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