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Our friend and colleague, Dr. Dick Heinegård, contributed greatly to the understanding of joint tissue biochemis-
try, the discovery and validation of arthritis-related biomarkers and the establishment of methodology for
proteomic studies in osteoarthritis (OA). To date, discovery of OA-related biomarkers has focused on cartilage,
synovial fluid and serum. Methods, such as affinity depletion and hyaluronidase treatment have facilitated pro-
teomics discovery research from these sources. Osteoarthritis usually involves multiple joints; this characteristic
makes it easier to detect OAwith a systemic biomarker butmakes it hard to delineate abnormalities of individual
affected joints. Although the abundance of cartilage proteins in urine may generally be lower than other tissue/
sample sources, the protein composition of urine is much less complex and its collection is non-invasive thereby
facilitating the development of patient friendly biomarkers. To date however, relatively few proteomics studies
have been conducted inOAurine. Proteomics strategies have identifiedmanyproteins thatmay relate to patholog-
ical mechanisms of OA. Further targeted approaches to validate the role of these proteins in OA are needed. Herein
we summarize recent proteomic studies related to joint tissues and the cohorts used; a clear understanding of the
cohorts is important for this work as we expect that the decisive discoveries of OA-related biomarkers rely on
comprehensive phenotyping of healthy non-OA and OA subjects. Besides the common phenotyping criteria that
include, gender, age, and bodymass index (BMI), it is essential to collect data on symptoms and signs of OA outside
the index joints and to bolster this with objective imaging data whenever possible to gain themost precise appre-
ciation of the total burdenof disease. Proteomic studies on systemic biospecimens, such as serumandurine, rely on
comprehensive phenotyping data to unravel the true meaning of the proteomic results.

© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

The investigator for whom this issue is dedicated, Dr. Dick Heinegård,
played a pivotal role in the discovery and validation of biomarkers for
osteoarthritis (OA). His seminal work, in characterizing the biochemical
composition and interaction of components of cartilage, laid the foun-
dation for all the work that has followed in this field. This paper briefly
summarizes his contributions to the field and is followed by an update
on the results of proteomic analyses performed since 2009 when a
comprehensive review of this topic was last published (De Ceuninck
and Berenbaum, 2009). Herein we focus on proteomic studies of four
different types of biospecimens that are relevant to the study of joint
diseases: cartilage, synovial fluid, serum and urine. We dedicate this
work to our friend and colleague, Dick Heinegård.

1.1. Contributions to the field

A PubMed search (April 1, 2014) of papers authored by Dr. Dick
Heinegård yielded 325 citations; a total of 16% of these were directly
related to molecular markers of joint tissues in health and disease, and
an additional 48% of citations involved cartilage biochemistry and
chondrocyte biology that greatly inform biomarker work. In addition
to cartilage biochemistry, he contributed many fine works related to
extracellular matrices of other joint tissues and other tissues in the
body, including tendon, bone, skin, sclera, cornea, aorta, eye and kidney
(Franzen and Heinegård, 1985; Mörgelin et al., 1989; Oldberg et al.,
1989; Saxne and Heinegård, 1989; Reinholt et al., 1990). His musculo-
skeletal work encompassed OA, rheumatoid arthritis (RA), juvenile
inflammatory arthritis, polychondritis, reactive arthritis, psoriatic
arthritis, and calcium pyrophosphate deposition disease among others
(Saxne et al., 1987; Saxne and Heinegård, 1989). A brief summary of a
few of his key works and insights are provided below.

For his entire career, Dr. Heinegård was deeply engaged in under-
standing disease pathogenesis and elucidating the components of
various extracellular matrices, and cartilage and bone in particular,
and convertingwhatwere enigmas into proteinswith known structures
and functions. This is nicely exemplified in his early creative determina-
tion of the substructures of cartilage proteoglycan and link protein;with
Wieslander et al., he created tryptic peptide ‘maps’ from these proteins
based on their cross-reactivity to polyclonal antisera developed to spe-
cific epitopes within these proteins (Wieslander and Heinegård,
1979). Beginning as early as 1987, with Inerot et al., he characterized
the normal variability in structure and composition of the articular
cartilage proteoglycans in the hip (Inerot and Heinegård, 1987). In
furtherworkwithWiberg et al. (2003) usingmolecular electronmicros-
copy in combination with immunogold techniques, he was able to re-
constitute and visualize collagen VI microfibril complexes in vitro; this
work showed that the leucine-rich small proteoglycans (biglycan and
decorin) together withmatrilins form a link between collagen VImicro-
fibrils and the collagen II and aggrecan networks in the cartilage extra-
cellular matrix. This lifelong interest culminated in a recent paper with
Önnerfjord et al., comparing hip and knee cartilage that demonstrated
that cartilage constituents differ by joint site (Önnerfjord et al., 2012).

With Petersson et al., he showed that serum cartilage oligomericma-
trix protein (COMP) was correlated with knee bone scan abnormalities
in individuals with knee pain, suggesting that this marker may be a
means of evaluating tissue changes in relation to early stages of OA
(Petersson et al., 1998). Further work demonstrated that one function
for COMP is to influence the organization of collagen fibrils, thereby
contributing to tissue structure. He demonstrated that COMP interacted
via its C-terminal globular domain to collagens I and II in the presence of
Zn2+ and Ni2+ but not Ca2+, Mg2+, and Mn2+. Electron microscopy
with Rosenberg et al., showed that the interaction occurred at four
defined sites on the collagen molecules (Rosenberg et al., 1998).

He also used COMP to gain insights into efficacy of interventions in
OA. Working with Sharif et al., he showed that serum COMP increased

significantly during the first year of follow-up in patients with progres-
sive OA but not in non-progressors (Sharif et al., 1995). With Joosten
et al., he observed synergistic effects of combined treatment with low
dose prednisolone, IL-10 and IL-4 on disease activity of collagen induced
arthritis reflected in reduced cartilage degradation based on serum
COMP concentrations (Joosten et al., 1999a; Joosten et al., 1999c). In
further work with Joosten et al., serum COMP also provided insight
into the tissue target of biologic treatments of collagen induced ar-
thritis; although both soluble TNF binding protein and anti-IL-1
treatment ameliorated disease activity, only anti-IL-1 treatment nor-
malized COMP levels supporting the histological finding that anti-IL1
decreased cartilage destruction while anti-TNF blocked synovitis
(Joosten et al., 1999b).

He monitored other matrix molecules as biomarkers to gain further
insights into efficacy of interventions. In a study paradigm that was
novel and instructive, even today, with Saxne et al. he evaluated carti-
lage metabolism in arthritis through measurement of proteoglycan in
synovial fluid before and after intra-articular injection with a glucocor-
ticoid (Saxne et al., 1986). He established the stability of the proteogly-
canmeasure in sampleswithdrawn5 days apart; then the patientswere
treated with local injections of glucocorticoids that were observed to
significantly reduce the proteoglycan concentration in the joint fluid.
This was one of the earliest in vivo demonstrations that quantification
of proteoglycans in synovialfluid appears to have the potential formon-
itoring the effects of therapy on cartilage metabolism.

With Lorenzo et al. (2004), two key observations were made: that
cartilage undergoes metabolic alterations very early in the disease pro-
cess, even before there is overt fibrillation of the tissue; and notably, in
contrast to traditional teaching suggesting minimal or no repair (in the
case of collagen II), attempts to repair or replace the extracellularmatrix
in knee OA were evident based on aggrecan synthesis and increases in
cartilage oligomeric matrix protein (COMP), fibronectin, and cartilage
intermediate layer protein (CILP) (early events in the process) and
collagen synthesis (late event in the process). Importantly, they drew
attention to the challenge we have yet to overcome even today, the
ability to define and distinguish early from late OA; they defined early
OA as the absence of an OA clinical history but the presence of macro-
scopic lesions in the joint, while acknowledging that “the disease is
only recognized in its late stage by clinical and radiological criteria”.

In novel work with Sjöberg et al. (2005) he was among the earliest
investigators to recognize the ability of components of the extracellular
matrix, including the small leucine-rich repeat proteins (SLRPs)
fibromodulin, osteoadherin, and chondroadherin, to activate the com-
plement system that forms the core of the innate immune system.
With Happonen et al. (2009) he interestingly found that fibromodulin,
osteoadherin, and chondroadherin also bound the complement inhibi-
tor C4BP; although not interfering with the ability of C4BP to inhibit
complement, this binding apparently sequestered the SLRPs and there-
by modulated their pro-inflammatory effects. They confirmed pub-
lished data (Groeneveld et al., 2005) that decorin and biglycan bound
C1-complex recognition protein C1q but did not activate complement
(Sjöberg et al., 2009). In the same study, they also showed that lumican
had similar properties but with lower affinity for C1q. Moreover, with
Happonen et al. (2010) he showed that COMP can activate one comple-
ment pathway at the same time as it has the potential to inhibit another.
He intuited that the “net outcome of these interactions is most likely
determined by the type of released COMP fragments, which may be
disease specific”. With Kalchishkova et al. (2011), the NC4 domain of
collagen IX was shown to inhibit complement by preventing comple-
ment C9 polymerization and enhancing cofactor activities of the major
soluble complement inhibitors C4BP and Factor H. With Happonen
et al. (2012b), compared with healthy controls he found elevated levels
of COMP-C3b complexes in the circulation of patients with several
rheumatologic diseases, including RA, OA, reactive arthritis, psoriatic ar-
thritis, systemic lupus erythematosus, ankylosing spondylitis, and sys-
temic sclerosis. COMP-C3b correlated with several measures reflecting
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disease activity in RA. Because serum COMP did not significantly
decrease during TNF-α inhibition, they posited that the intervention
caused a reduction in the release of complement activating COMP
fragments. The serum COMP-C3b concentrations were significantly
higher in patients with arthritis suggesting the importance of joint
inflammation for the release of complement-activating COMP. Taken
together, these studies demonstrated that ECM factors can both fuel
and modulate joint inflammation via the complement cascade. This
series of studies was thoroughly summarized in a later review article
(Happonen et al., 2012a).

They performed in vitro and in vivo studies characterizing metabo-
lism of cartilage ECM components in various arthritides. With an in
vitro system, they demonstrated both enhanced degradation and
diminished synthesis of proteoglycans in living cartilage explants in
the presence of cell free (10% by volume) inflammatory synovial fluid
(Saxne et al., 1988). In vivo, in a signal work in 1989, representing the
first study of the release of cartilage matrix markers in posttraumatic
knee disease in humans, with Lohmander et al. he discovered that
proteoglycan fragments in the knee joint fluid were markedly elevated
during the initial 3–4 weeks after joint injury (anterior cruciate liga-
ment injury or meniscal trauma) (Lohmander et al., 1989). Remarkably,
levels of proteoglycan fragments were still elevated as much as 4 years
after injury, which they believed to be due to persistent low-grade
synovitis and/or chronic mechanical instability. In subsequent work
they established that these pathological elevations even extended for
decades after injury (Lohmander et al., 1993). They sagely pointed out
that the elevated proteoglycan levels cannot be simply taken to indicate
progressive destruction of the joint; rather that this may also reflect in-
creased turnover of matrix components indicating increased synthesis
within the joint (Lohmander et al., 1989). They also discovered that
COMP and bone sialoprotein (BSP) were released into joint fluid after
knee joint injury (Lohmander et al., 1994; Lohmander et al., 1996),
and suggested that release of BSP into joint fluid may be associated
with active remodeling of the cartilage–bone interface. This work has
ultimately led to recent efforts to determine if preventing this cartilage
breakdown will improve long term outcomes and decrease the expect-
ed 50% incidence of post-traumatic arthritis (Lohmander et al., 2007;
Frobell et al., 2008).

He was among the earliest researchers to characterize specific joint
tissue component neo-epitopes, products of proteolysis, and propose
generating neo-epitope antibodies to detect andmonitor ongoing carti-
lage degeneration and potential therapeutic responses to treatment.
With Heathfield et al. (2004) he identified an MMP-13 generated
cleavage site neo-epitope in fibromodulin. This work illustrated that
he was not averse to disclosing in print what “yielded disappointing
results” and to describe their attempts to overcome them. Whereas,
full length purified fibromodulin was not cleavedwhen added to condi-
tioned culturemedia from IL-1 treated cartilage explants, an N-terminal
peptide of fibromodulin was cleaved. They speculated that protein con-
formation and therefore cleavage site accessibility differed in vivo
(fibromodulin bound to collagen II) and the fibromodulin peptide
from purified full length fibromodulin. With Danfelter et al. (2007) he
also identified cleavage events within collagen IX (at both non-triple
and triple helical sites) that potentially represent important degrada-
tion events that precede the major loss of type II collagen.

With longtime colleague Saxne, (Heinegård and Saxne, 2011) he
provided a recent review on the role of cartilage matrix in OA. Of
pertinence to biomarker studies, they pointed out that the release of
fragmented molecules provides opportunities to monitor the disease
process and to investigate whether these fragments are involved in
propagating OA, for example, by inducing inflammation. They favored
the concept that changes in bone are secondary to alterations in articu-
lar cartilage, which nevertheless modulate each other's structure.

He contributed to a number of large group efforts to advance
biomarkers for use in musculoskeletal diseases including helping to
establish a set of criteria for validation of soluble biomarker indicators

of radiological damage endpoints in RA and spondyloarthropathies
(Maksymowych et al., 2007), helping to establish the BIPEDS (burden
of disease, investigative, prognostic, efficacy of intervention, diagnostic
and safety) classification system for biomarkers in OA (Bauer et al.,
2006) that is applicable to nearly all diseases, and helping to formulate
guidance on the application of biomarkers in drug development and
clinical trials for OA (Kraus et al., 2011).

2. Proteomic analysis of cartilage in osteoarthritis

Through his lifelong work, Dr. Heinegård has contributed greatly to
the cartilagematrix biochemistry field. He contributed not only classical
biochemical research techniques, but in recent years he also conducted
studies with emerging proteomic tools. Herein we summarize the
reports from the last five years of proteomic analyses related to joint
tissue, including Dr. Heinegård’s work, and focus on four different spec-
imen sources, cartilage tissue, synovial fluid, serum and urine. A list of
proteomic techniques, summary of results, as well as phenotyping of
sample cohorts tested in these studies are summarized in Table 1.

2.1. Proteomic analysis of cartilage tissue in osteoarthritis

Cartilage consists of scattered chondrocytes and largely extracellular
matrix (ECM), which includes predominantly collagens, highly sulfated
proteoglycans, hyaluronan, and many other important proteins in
minor amounts. Under normal conditions, protein homeostasis is main-
tained through balanced degradation and synthesis of the components
of this highly organized tissue. The balance is disrupted by various
pathological conditions including OA. In order to clarify molecular
events during OA disease progression and to identify targets for treat-
ment, cartilage proteomic analysis is applied. However, the dynamic
range of the amount of protein within cartilage is problematic. Domi-
nant collagen and aggrecan levels overwhelm the signals from other
proteins. Anionic macromolecules, including aggrecan and hyaluronan,
affect thepeptide analysis. Cellular proteins from chondrocytes also hin-
der the identification of extracellular matrix proteins. Cartilage tissue is
a tight physical and chemical network, whichmakes the protein extrac-
tion very difficult. The heterogeneity of cartilage tissue with distance
from the cartilage surface further complicates the problem. To solve
all these issues, well-established tissue processing methods, sensitive
and reliable detection tools, and targeted strategies are imperative.
Generally, a combination of physical disruption and chemical extraction
is required to extract proteins from highly cross-linked cartilage. There
are some modifications added to improve the efficiency of the experi-
mental protocols. Hansen et al. conducted a study comparing the effi-
ciency of surfactant-assisted, ultrasonication-assisted, and surfactant/
ultrasonication-assisted digestion combined trypsin formass spectrom-
eter analysis (Hansen et al., 2009). The results suggested that all three
modifications improved the sequence coverage of collagen I, which
was the material used for testing. Another study examining ECM of
vascular tissue proposed a three-step method to sequentially extract
the loosely-linked proteins, cellular proteins, and ECM proteins
(Didangelos et al., 2010). The vascular tissue was first pre-washed
with PBS, diced and then treated with sodium chloride, which enabled
the extraction of loosely associated proteins, including newly synthe-
sized proteins and degradation products. Cellular proteinswere extract-
ed subsequently by 0.08% sodium dodecyl sulphate, which is effective in
solubilizing cytoplasmic and nuclear membranes and still below the
critical micelle concentration. The insoluble ECM-enriched residue was
then extracted by guanidine-HCl, a well-developed method to extract
strongly bound ECM components. Another group applied a similar
strategy to mouse pulmonary and aortic valves wherein tissue was
microdissected and decellularized with 2% SDS (Angel et al., 2011).
Although they applied this technique to vascular tissue, this concept
can be applied to cartilage tissue to separate loosely linked ECM pro-
tein, including degraded fragments, cellular components, and ECM of
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Table 1
Summary of proteomic studies of cartilage tissue, cartilage explants, and chondrocytes.

Material Species Healthy non-OA OA Age in years
(healthy/OA)

Method Mass spectrometer used Number of
proteins identified

Note Reference

Cartilage Mouse Post-natal mice – – Sequential extraction LC-LTQ Orbitrap 703 Sequential extraction of proteins Wilson et al. (2012)
Human Individuals with no

joint disease history
Patients who
underwent knee
replacement

(37–45)/(59–62) 2-DE LTQ-FT/MS 14 Identified N1400 protein spots; 16
spots were differentially expressed

Guo et al. (2008)

Human Individuals with no
joint disease history

Patients who
underwent knee
replacement

NA/(50–82) 1D-SDS PAGE LC-LTQ Ion Trap 814 59 proteins were differentially
expressed

Wu et al. (2007)

Human Individuals with no
joint disease history

– Range 36–50 Off-line 2D-LC Ion Trap/Q-TOF(iTRAQ) 340 Compared different cartilage
tissues

Önnerfjord et al.
(2012)

Medium of
cartilage explant
culture

Human Individuals who
underwent trauma/
amputations/autopsies

Patients who
underwent joint
replacement

(22–86)/(53–83) Proteoglycan
precipitation,2−DE

LC-Q-TOF 19 labeled
proteins

Radio label represented newly
synthesized proteins during
culture

Hermansson et al.
(2004)

Human Tissue with no signs of
OA

Tissue with pathologic
signs of OA

35 & 64 – LC-triple quadrupole/Ion
Trap

16 prominent
proteins

Treated with exogenous MMPs
and analyzed proteolyzed
peptides

Zhen et al. (2008)

Human – patients who
underwent knee
replacement

range 69–84 1D SDS-PAGE LC-LTQ/ LC-TQ(QconCAT) 252 9 proteins were differetially
expressed by IL-1β; TIMP1 was
reduced by IL-1β

Peffers et al., (2013)

Horse Marcroscopically
healthy tissue

– – – LC–MS/MS (Ion Trap) – Explants were treated with IL-1β
and anti-inflammatory drug,
carprofen

Clutterbuck et al.
(2011)

Horse – Tendon with known
injury

– – LC-Q-TOF/LC-triple
quadrupole

– Explants were treated with IL-1β
and PGE2; COMP fragments were
analyzed

Dakin et al. (2014)

Chondrocyte
culture

Human – Patients who
underwent joint
replacement

Range 57–80 1D-PAGE LC-MALDI-TOF/TOF 368 (proteome) &
115 (secretome)

Standardized chondrocyte SILAC
protocol. Both cellular proteome
and secretome were analyzed

Calamia et al.
(2011)

Human Marcroscopically
healthy tissue with no
joint disease history

– 70, 73, & 78 0.2 μm filter & protein
precipitation

LC-MALDI-TOF/TOF 75 CS treated chondrocytes. 18
proteins were modulated by CS

Calamia et al.
(2012)

Articular cartilage
vesicles

Human Individuals with no
joint disease history

Patients who
underwent joint
replacement

– Serial centrifugation
of collagenase treated
cartilage

LC-LTQ 170 6 proteins were only found in
healthy and 9 proteins were only
in OA

Rosenthal et al.
(2011)

2-DE: two-dimensional gel electrophoresis, LC: liquid chromatography, LTQ: linear trap quadrupole, FT/MS: Fourier transform ion cyclotron resonance mass spectrometer, TOF: Time of fight mass spectrometry, OA: osteoarthritis.
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cartilage tissue. In contrast to the Diangelos and Angel groups, who
separated cells frommatrix,Wilson et al. has developed amethod to pro-
cesswholemouse cartilage for proteomic analysis (Wilson and Bateman,
2008; Wilson et al., 2008; Wilson et al., 2012). They conducted physical
disruption by pulverizing liquid nitrogen-frozen tissue to enhance ex-
traction efficiency. Glycan moieties were removed by chondroitinase
ABC to improve sequence coverage. Sequential extractions were done
by using NaCl to extract soluble proteins and guanidine-HCl to extract
NaCl-insoluble proteins. By analyzing these fractions using an LC-LTQ-
Orbitrap mass spectrometer, they identified a total of 703 proteins
from whole mouse cartilage tissue.

Although it is difficult to establish cartilage proteomic analysis
methods, studies in this field are still conducted. Guo et al. performed
two-dimensional gel electrophoresis (2-DE) on cartilage extractions
from individuals with and without OA respectively and observed over
1400 protein spots in each group (Guo et al., 2008). A total of 16
differentially expressed protein spots were chosen for identification by
linear ion trap-Fourier transform ion cyclotron resonance mass
spectrometry (LTQ-FT/MS). Another study compared the proteome of
cartilage from knee OA to healthy individuals (Wu et al., 2007). The
cartilage extractions were fractioned by SDS-PAGE and analyzed by
LC–MS/MS. They identified a total of 814 proteins from all samples. Of
these proteins, 59 proteins were found to be differentially expressed
in OA cartilage compared to non-OA cartilage.

A broad range investigation of different cartilage tissues, including
femoral head, humeral head, knee medial tibial condyle, intervertebral
disc, nucleus pulposus, meniscus, and tracheal and rib cartilage,
has been conducted to provide a background detailed compositional
analysis with relative quantification of extracellular matrix proteins
(Önnerfjord et al., 2012). This study used isobaric tags for relative and
absolute quantification (iTRAQ) to determine the relative quantity of
ECMproteins from cartilage tissues, which have been dissected, pulver-
ized, and extracted by guanidine-HCl. Of note, they also collected the
extraction residue and performed in situ trypsin digestion and subse-
quent quantitative analysis. After manually filtering out intracellular
proteins, plasma proteins, and proteins quantified in b50% of all tissues,
multivariate analysis of 92 of the 340 identified proteinswas performed
to detect significantly different protein expression in cartilage from dif-
ferent sites. The results revealed different protein expression patterns
between all kinds of cartilages, which may relate to tissue mechanical
properties and joint pathology. The investigation of the guanidine
extraction residue suggested that several proteins, such as CILP, COMP,
and asporin remained partly unextracted, which indicated probable
cross-linking with the insoluble residue.

2.2. Proteomic analysis of cartilage explants in osteoarthritis

In order to simulate the behavior of cartilage in a pathophysiological
condition and reduce the complexity, some studies have focused on the
peptides released to the culture medium when the cartilage explants
were treated with cytokines or other chemicals. One study showed
the possibility of analyzing released proteins using two-dimensional gel
electrophoresis after depleting anionic aggrecan with cetylpyridinium
chloride (Hermansson et al., 2004). Nineteen newly synthesized proteins
were identified by LC–MS/MS (quadrupole time-of-flight, Q-TOF) after
cartilage explants were incubated with radiolabelled culture medium.
By comparing the protein pattern from OA to non-OA cartilage, the
study concluded that type II collagen synthesis increased in OA and a
novel cartilage molecule, activin A, may be an anabolic factor in cartilage.
To better simulate cartilage degradation and monitor the released pep-
tides, Zhen et al. digested cartilage tissuewith exogenousmetalloprotein-
ase enzymes, which are important components of the cartilage
degradation cascade in OA (Zhen et al., 2008). A wide variety of released
peptides, such as collagen, fibronectin, COMP, CILP, etc., were identified
by LC–MS/MS. (Zhen et al., 2008). By monitoring released peptides in

vitro, this study provided insights into the events and timing of cartilage
degradation due to metalloproteinases.

Another study quantified the selected secreted proteins in IL-1β
treated OA cartilage explant culture media (Peffers et al., 2013). Knee
OA cartilage tissues were diced and incubated with medium supple-
mented with or without IL-1β. Comparative proteomic analysis of the
OA cartilage secretome was performed by label-free LC–MS/MS and a
total of 252 proteins were identified. Of these, 9 proteins were differen-
tially expressed in the presence of the IL-1β supplement. Proteins of in-
terest were selected for absolute quantification by QconCAT technology
and LC–MS/MS (triple quadrupole) in selected reaction monitoring
format (SRM). They found that the TIMP-1 protein was significantly
reduced by IL-1β stimulation.

Clutterbuck et al. adopted a different strategy to investigate the role
of inflammatory mediators in a cartilage model system (Clutterbuck
et al., 2011). They compared the proteomic profile of cartilage explant
culture media when treated under three conditions, medium alone,
presence of the inflammatory mediator IL-1β, and IL-1β with the anti-
inflammatory drug, carprofen. The peptides within the culture media
were analyzed by qualitative LC–MS/MS and lists of proteins within
the media were generated. The selected proteins were quantified by
Western blotting. In discovery assay many proteins were identified,
including aggrecan core protein, COMP, thrombospondin-1 (TSP-1),
clusterin (CLU), matrix metalloproteinases MMP-1 and MMP-3, to
name a few. By quantitative assay, they found that IL-1β increased
MMP-1, MMP-3 and TSP-1 and decreased the CLU precursor released
into the culturemedia. In a follow-up study,Williams et al. demonstrat-
ed that the addition of carprofen inhibited the release of MMP-1, -3 and
-13 in the IL-1β treated equine cartilage explants (Williams et al., 2013).
Differences in the secretome from cartilage explants were also investi-
gated by Polacek et al. and included stable isotope labeling with
amino acids in tissue culture media (SILAC) allowing them to target
newly synthesized proteins in the culture media where only 25–30%
of the proteins were labeled, indicative of matrix turnover (Polacek
et al., 2010).

Dakin et al. have investigated the proteomic profiling of injured ten-
don during all stages of disease and focused on identifying specific
cleavage patterns of COMP (Dakin et al., 2014). They simulated tendon
injury by stimulating tendon explants with inflammatory mediators,
IL-1β and prostaglandin E2, to induce COMP protein degradation and
characterized the effect of this stimulation on the cleavage patterns of
COMP by LC–MS/MS (Q-TOF). They also quantified the COMP cleavage
fragments by quantitative proteomic analysis in multiple reactionmon-
itoring format (MRM). IL-1β was found to enhance the proteolytic
cleavage and release of COMP fragments from explants. However,
PGE2 showed no catabolic effect. They also identified two cleavage
fragments released in early stages of simulated tendon injury (presence
of IL-1β) that could be used to develop a neo-epitope based assay for
tendon injury.

2.3. Proteomic analysis of chondrocyte proteins in osteoarthritis

Besides cartilage tissue based and cartilage explant based studies,
there are also chondrocyte-based studies, which reduce the complexity
of the sample analysis. Calamia et al. developed a quantitative proteo-
mic method applying stable isotope labeling with amino acids in cell
culture (SILAC) on human articular chondrocytes (HACs) (Calamia
et al., 2011). They used this technique to study the effect of the proin-
flammatory mediator, interlukin-1β, on in vitro cultured chondrocytes,
and analyzed the changes of the cellular proteome and secretome. In
the HAC proteome, they revealed a decreased expression of proteins in-
volved in the actin cytoskeleton structures. Meanwhile, a global
increase of protein chaperones, including GRP78 and HSP71, was
also identified. In the secretome, they revealed the increase of three
protein clusters, including proinflammarory mediators and proteases,
type VI collagen and related molecules, and TGF-β pathway related
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proteins. Another related study published a year later by the same group
investigated the effect of chondroitin-sulfate on IL-β modulated HACs
(Calamia et al., 2012). They identified 75 proteins from the
secretome and, of these, 18 proteins that were modulated by
chondroitin-sulfate. Chondroitin-sulfate intervention decreased the ex-
pression of several complementmolecules and led to overexpression of
TNF-α induced protein (Tumor necrosis factor-inducible gene6 protein,
TSG6). They also revealed the decrease of MMP1 andMMP-3 activation
related to TSG6 overexpression. Chondroitin-sulfate also increased the
expression of an anti-angiogenic molecule, thrombospondin-1.

A different research topic related to cartilage is articular cartilage
vesicles (ACVs). ACVs are extracellular small organelles secreted by
chondrocytes that have the ability to generate calcium pyrophosphate
dihydrate-like crystal (Derfus et al., 1992). ACVs also carry RNA for
type II collagen, aggrecan and other molecules (Mitton et al., 2009).
Such vesicles might be one method for chondrocytes to communicate
with each other. The latest study in this field conducted proteomic
analysis on healthy non-OA and OA cartilage (Rosenthal et al., 2011).
Articular cartilage vesicles were isolated by serial centrifugation of
collagenase treated cartilage. Proteomic analyses of isolated ACVs
identified approximately 170proteins having N1 representative peptide
per protein and a false discovery rate ≤5%. Of these, 6 proteins were
exclusively found in healthy cartilage while 9 proteins were only
found in OA cartilage. They also observed a decrease of matrix proteo-
glycans and an increase of TGF-β related protein, βig-H3, vitronectin,
and serine protease HtrA1.

2.4. Summary of proteomic studies of cartilage

In summary, current studies have focused on solving the difficulties
involved with performing proteomic analysis of cartilage tissue. A
comprehensive and strategic tactic should be considered for planning
the study. Currently, several studies already reported the results of
differential proteomic analysis of cartilage tissue in healthy and OA pa-
tients. Tissue-wide studies suggest that protein components are not al-
ways the same. Tissue resources, different joints or different regions
from the same joints, should be considered for further studies. Explant
model have reduced the complexity of cartilage tissue studies. This
system allows for manipulation of the cartilage explants with inflam-
matory mediators and/or anti-inflammatory drugs to demonstrate
what may happen during cartilage degradation. Chondrocyte-based
studies reduce the complexity of sample analysis and can reveal the
changes of the cellular proteome and secretome in response to various
interventions. However, a more comprehensive study design should
be considered to simultaneously evaluate concurrent events, not only
in culture media, but also the cartilage explant extractable and non-
extractable components.

3. Proteomic analysis of body fluid in osteoarthritis

3.1. Proteomic analysis of synovial fluid in OA

In 1991, Dr. Heinegård and Saxne noted that levels of fragments of
select macromolecules in synovial fluid correlated with processes in
the joint cartilage (Heinegård and Saxne, 1991). They also noted that
fragments lost from the articular cartilage were released into the syno-
vial fluid in proportion to the activity of the disease process (Heinegård
et al., 1987). For these reasons, synovial fluid analyses are of the utmost
value for assessing, most directly, joint tissue metabolism. Although
more difficult to obtain than a blood sample, synovial fluid is much
more readily obtained than joint tissue such as by synovial or cartilage
biopsies. An overview of the proteomic techniques that have been
used in analyses of OA body fluid samples is listed in Table 2.

Synovial fluid is a dialysate of plasma to which are added compo-
nents produced locally by joint tissues, including hyaluronan and
lubricin. Thus synovial fluid contains proteins originally from serum

and surrounding tissues such as synovial tissue, meniscus and articular
cartilage. Higher concentrations of cartilage degradation products in the
synovial fluid compared to serum or other body fluids, are usually taken
to indicate a joint origin of the protein. Although harvest of synovial
fluid is more practical than collection of affected cartilage by biopsy,
collection of synovial fluid in large-scale cohort studies would be chal-
lenging. The high concentrations of anionic hyaluronan and abundant
serum proteins in synovial fluid make the detection even more compli-
cated. The preparation of synovial fluid for proteomic studies is a critical
step for success. Generally, synovial fluid samples need to be treated
with hyaluronidase to remove the macromolecular hyaluronan. Deple-
tion of highly abundant proteins may be needed in addition to removal
of contaminating red blood cells if the arthrocentesis was traumatic.
Kong et al. have optimized a pretreatment method of synovial fluid for
proteomic analysis (Kong et al., 2012). By removing hyaluronan,
albumin, and immunoglobulin simultaneously, they observed much
better proteome resolution and higher protein spot intensity when
evaluating by two-dimensional gel electrophoresis (2-DE) separation.

In another study employing 2-D gel electrophoresis, Yamagiwa et al.
that achieved low intrasample variability (Yamagiwa et al., 2003), a
high level of heterogeneity was observed between different OA synovial
fluid samples. They identified 18 protein spots with more than 5-fold
differences and 9 protein spots with more than 100-fold differences
between subjects. A total of 342 protein spots were examined and
total of 135 unique proteins identified in a study employing one-
dimensional gel electrophoresis to reduce the complexity of synovial
fluid followed by analysis of in-gel processed samples with iontrap
LC–MS/MS (Gobezie et al., 2007). After 18 proteins representing keratin
species were removed, a total of 117 synovial fluid proteins remained.
Of these, 18 proteins were identified with significant differences be-
tween OA patients and healthy controls. Ritter and Gobezie further im-
proved the sensitivity of their method by using two-dimensional gel
electrophoresis and amore sensitive LC–MS/MS system. They identified
66 proteins that were differentially present in healthy and OA synovial
fluid (Ritter et al., 2013). Another studymodified the immunodepletion
step to yield additional insights into the synovial fluid proteome
(Mateos et al., 2012); employing nano-LC-MALDI-TOF/TOF analysis,
and after excluding the abundant proteins reported in the previous
study, they identified a total of 136 proteins involved in the formation
and remodeling of the extracellular matrix, including fibronectin,
kininogen-1, cartilage acidic protein 1, and COMP. These discoveries
were generated by mass spectrometry and verified by immunoblotting
on individual samples. A different strategy utilized the surface enhanced
laser desorption/ionization-time-of-flight (SELDI-TOF) technique for
analysis of synovial fluid samples from OA and RA patients (Han et al.,
2012). The advantages of SELDI are high throughput capacity and
chromatographic chemistry to provide accuracy and reproducibility.
The results were interrogated by artificial neural network (ANN) and
three mass spectrometry peaks were identified as potential markers to
differentiate OA from RA with a sensitivity of 89.4% and a specificity of
91.2%. Of these three peaks, one of them was identified by Western
blot as S100 calcium binding protein A12 (S100A12). The latest report
brought discovery proteomic analysis to the next level (Balakrishnan
et al., 2014b). In this study, abundant proteins were depleted from
pooled OA synovial fluid then subjected to SDS-PAGE separation at the
protein level, and strong cation exchange (SCX) and isoelectric focusing
fractionation (OFFGEL fractionators) at the peptide level to reduce the
complexity of the synovial fluid. The processed peptides were then an-
alyzed on a Fourier transform LTQ-Orbitrap Velos mass spectrometer;
5544 peptides corresponding to 677 proteins were identified. Of these,
545 proteins have not been previously reported including: ADAM-like
decysin 1 (ADAMDEC1), alanyl (membrane) aminopeptidase (ANPEP),
CD84, fibulin 1 (FBLN1), matrix remodeling associated 5 (MXRA5), se-
creted phosphoprotein 2 (SPP2) and spondin 2 (SPON2). Other than
screening for novel proteins in synovial fluid, there are also studies
that looked for neo-epitopes. Åhrman et al. used antibody-affinity
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Table 2
Summary of proteomic studies of synovial fluid and serum.

Material Species Healthy non-OA OA Age in years
(mean ± std or range)

Method Mass spectrometer used Number of
proteins
identified

Note Reference

Synovial
Fluid

Human Radiographic healthy
and no joint disease
history

Inner-third meniscal tear
(early); knee replacement
(late)

NA/above 45/NA 1D-PAGE LC-LCQ Iontrap 135 18 proteins were differentially
expressed between OA and non-OA
individuals

Gobezie et al.
(2007)

Human Individuals with no
inflammatory arthritis

Meniscal tear/MRI validated
(early); knee replacement
(late)

Range 45–65 2D-DIGE MALDI-TOF/LC-triple
quadrupole

– 66 proteins were differentially
expressed; 5 proteins were
confirmed by SRM

Ritter et al.
(2013)

Human – Diagnosed OA/RA per ACR
criteria

(73 ± 8)/(53 ± 10) Hyaluronidase,
immunodepletion. 2-DE

LC-MALDI-TOF/TOF 136 Comparing RA to OA they identi-
fied novel RA and OA proteomic
signatures

Mateos et al.
(2012)

Human – Diagnosed OA/RA per ACR
criteria

(70.2 ± 5.4)/(68.4 ± 4.9) ProteinChip array SELDI-TOF – 37 peaks were different
comparing OA to RA. 3 peaks were
potential markers by ANN analysis
for differentiating OA/RA

Han et al. (2012)

Human – Diagnosed OA per ACR
criteria

65 Depletion, 1D-PAGE/SCX/Offgel LC-LTQ-FT Orbitrap/
LC-triple quadrupole

677 Highest identified numbers of
proteins to date; among these,
545 proteins have not been
previously reported

Balakrishnan
et al. (2014b)

Serum Human Individuals with no
inflammatory/joint
disease history

Diagnosed OA per ACR
criteria

(47–64)/(30–92) ProteinChip array SELDI-TOF 4 345 serum samples were analyzed
due to the high capacity of SELDI
technique

de Seny et al.
(2011)

Human Radiographic healthy
and no joint disease
history

N50 yr and diagnosed OA per
ACR criteria. (progressor &
non-progressor)

(61.9 ± 11.7)/
(71.5 ± 4.5)/(67.5 ± 6.4)

Depletion, desalt, isoelectric
fractionation,ProteinChip array

SELDI-TOF 3 69 OA plasma samples, including
progression, nonprogression, and
non-OA were analyzed

Takinami et al.
(2013)

Human Individuals with no
joint disease history

Diagnosed OA per ACR
criteria with radiograph
validation

Range 58–90 Depletion LC-MALDI TOF/TOF
(iTRAQ)

262 6 proteins were modulated in
moderate OA, 13 proteins in se-
vere OA, and 7 proteins in both
severity grades

Fernandez-
Puente et al.
(2011)

2-DE: two-dimensional gel electrophoresis, 2D-DIGE: two-dimensional difference gel electrophoresis, MALDI: matrix assited laser desorption/ionization, SELDI: surface enhanced laser desorption/ionization, LC: liquid chromatography, TOF: Time of
fight mass spectrometry, OA: osteoarthritis, ACR: American College of Rheumatology, ANN: artificial neural network.
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enrichment of COMP fragments in synovial fluid samples to identify
protein cleavage sites (Åhrman et al., 2014). They enriched proteins
from synovial fluid of joint disease patients, including those with
acute trauma, OA and RA, and the enriched proteins were fractioned
by SDS-PAGE. Bands of interest were excised and prepared for identifi-
cation by IonTrap Mass spectrometry. They identified a total of twelve
novel neo-epitopes in COMP; two neo-epitopes were identified in
acute trauma patients, six neo-epitopes were from OA patients, and
five neo-epitopes were from RA patients. These neo-epitopes are candi-
date biomarkers that potentially could depict early events in disease.

Besides discovery proteomics, targeted proteomic analysis has been
applied to the study of synovial fluid. Selected Reaction Monitoring
(SRM) was applied in a study to validate differential protein expression
among OA and control synovial fluids (Ritter et al., 2013). Balakrishnan
et al. employedMultiple ReactionMonitoring (MRM), the advanced for-
mat of SRM, to validate the expression of ANPEP, osteoglycin (OGN),
and dickkopf WNT signaling pathway inhibitor 3 (DKK3). Another im-
portant technique applied in modern proteomics is isotope labeling,
which uses different weight isotopes to modify peptides. Water
containing16O or 18O have been employed to label OA and control syno-
vial fluid with relative quantification determined by calculating the
ratio of 16O/18O (Wanner et al., 2013). Isobaric Tag for Relative and Ab-
solute Quantitation (iTRAQ) is another technique using heavy isotope la-
bels for peptide quantification. This method is based on placing isobaric
mass tags at the N-terminals of peptides. Labeled by two different
iTRAQ tags and analyzed by mass spectrometry, depleted synovial fluid
fromRA and OA yielded a total of 575 proteins out of which 135 proteins
were differentially expressed by ≧3-fold (Balakrishnan et al., 2014a).

3.2. Proteomic analysis of serum in OA

Serum samples are some of the most commonly accessible
biospecimens, although more remote than synovial fluid from the
individual joint organ. Cartilage degradation markers, released from car-
tilage into synovial fluid, are diluted in serum andmixedwith the highly
abundant proteins, such as albumin present in serum, creating a complex
mixture of proteins. Moreover, the peptide of interest may originate
frommultiple joints and non-joint tissues, further complicating the abil-
ity to discern a contribution of a specific index joint to the serum concen-
tration. Therefore, highly reliable sample processing and detection
techniques are necessary for proteomic analysis of serum in OA. Widely
used methods, such as immunodepletion for reducing the highly abun-
dant proteins, have been applied; novel strategies are still developing.
A recent study reported amethod for pre-processing human serum sam-
ples based on a chemical depletion method involving two sequential
protein precipitation steps with acetonitrile and DTT, with a subsequent
two-dimensional difference gel electrophoresis (2D-DIGE) analysis and
MALDI-TOF/TOF analysis to identify OA biomarkers (Fernandez-Costa

et al., 2012). Reproducibility was examined by technical and biological
replicates. Gel-basedquantitative differential profiling yielded 16protein
forms that were significantly changed in OA samples compared to sam-
ples from healthy individuals without OA. ProteinChip array in surface
enhanced laser desorption/ionization-time-of-flight (SELDI-TOF) tech-
nique was also developed and applied to the study of OA serum (de
Seny et al., 2005; de Seny et al., 2011). By SELDI-MS, they compared
serum from a large OA cohort to those of healthy individuals and OA
patients and they identified four novel markers for OA, including V65
vitronectin fragment, C3f peptide, CTAP-III, and m/z 3762 protein. An-
other OA proteomic study in plasma was reported by Takinami et al.
(2013). This group applied SELDI-MS to plasma samples from progres-
sive OA, non-progressive OA, and healthy individuals without OA. They
also used an affinity column to deplete the highly abundant proteins to
raise the sensitivity of the assay. Three differentially expressed peaks
between OA and healthy groups were selected from SELDI-MS analysis
and identified by MALDI-MS/MS, including apolipoprotein C-I, C-III and
N-terminal truncated transthyretin. The results were validated by the
loss of ion peaks in SELDI-MS after targeted immunoprecipitation of
these proteins from plasma.

iTRAQ has also been applied in proteomic research of OA serum.
Fernandez-Puente et al. (2011), aiming to identify protein biomarkers
of OA progression, performed differential quantitative proteomic analy-
sis of serum samples from healthy individuals without OA, or moderate
or severe OA (Kellgren–Lawrence (Kellgren and Lawrence, 1957)
grades 2 and 4 respectively) and identified 262 quantifiable proteins
by the calculated iTRAQ ratio. Of these, they identified three groups of
proteinswith differential expression comparingOAandnon-OAhealthy
groups; six proteins were modulated only in moderate OA, 13 proteins
only in severe OA, and 7 proteins in both. These proteins were from
various categories, including complement components, lipoproteins,
von Willebrand factor, tetranectin, and lumican. This was consistent
with a previous report in which proteins, such as COMP, weremodulat-
ed in OA samples (Morozzi et al., 2007). Further validation is needed to
evaluate the potential capability of using these protein markers for OA
prognosis.

3.3. Proteomic analysis of urine in OA

Urine is an easily accessible biofluid and can be obtained non-
invasively. The simplicity of urine, compared to serum or synovial
fluid, makes it attractive for discovery of biomarkers of disease; for
this reason, urine proteomics in OA is an emerging field. However, the
potential biomarkers released into synovial fluid from cartilage during
disease progress have been highly diluted. Moreover, although urine
is much less complex than serum or synovial fluid, a high percentage
of albumin and abundance of small molecular weight proteins in
urine present challenges for urinary proteomics. Modern proteomic

Table 3
Summary of proteomic studies of urine.

Material Species Healthy non-OA OA Age in years Method Mass
spectrometer
used

Target Note Reference

Urine Human Individuals with
no radiographic
signs of OA

Patients diagnosed with
scored radiographic OA

Immunoaffinity
enrichment

LC-Q-TOF TIINE Several urine OA markers were
identified and a specific one was
selected; TIINE was elevated in
symptomatic OA compared to
non-OA

Nemirovskiy
et al. (2007).
Nemirovskiy
et al. (2010)

Human Individuals with
no radiographic
signs of OA

Patients with joint pain
and scored radiographic
OA

Above 55 Immunoaffinity
enrichment

LC-Triple
quadrupole
(MRM)

Aggrecan
374ARGS.
1820AGEG

The aggrecan ARGS
aggrecanase-generated
neo-epitope was elevated
in radiographic OA

Dufield et al.
(2010)

Human Individuals with
no joint disease
history

Patients who underwent
knee replacement with
scored radiographic OA

(25.6 ± 2.6)/
(76.0 ± 5)

2D-DIGE LC–MS/MS
(Ion Trap)

Fib3-1,
Fib3-2

ELISA assay results suggested
these two markers were
elevated in knee OA patients

Henrotin
et al. (2012)

2D-DIGE: two-dimensional difference gel electrophoresis, LC: liquid chromatography, TOF: Time of fight mass spectrometry, OA: osteoarthritis.
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techniques,with high sensitivity and accuracy, improve the feasibility of
identifying biomarkers in urine. We summarize the proteomic tech-
niques and peptides targeted in the few existing urinary proteomic
studies of OA. We also describe the phenotyping of sample cohorts
used in these studies (Table 3). In a study by Nemirovskiy and
colleagues, several MMP-driven Type II collagen neo-epitopes (TIINE)
were identified by liquid chromatography coupled with a quadrupole
time-of-flight (Q-TOF) mass spectrometer (Nemirovskiy et al., 2007).
They raised antibodies against conserved sequences among these
peptides and used these antibodies to prepare affinity column coupled
to LC–MS/MS. A 45-mer peptide was observed in urine and synovial
fluid samples. By triple quadrupole mass spectrometer with MRM, the
five hydroxylated (5OH) form of this 45-mer peptide was found to be
themost abundant peptide in urine and synovialfluid samples. A subse-
quent study that applied this assay to the analysis of human urine sam-
ples, including symptomatic OA, radiographic OA and non-OA subjects,
showed elevated uTIINE 45-mer 5OH peptide in symptomatic OA com-
pared to non-OA controls (Nemirovskiy et al., 2010).

Another potential biomarker in urine is aggrecan fragments, an
indicator of the aggrecanase and metalloproteinase-activity involved in
cartilage degradation. Aggrecan is one of the most abundant proteins
within cartilage tissue. Therefore, monitoring the activity of aggrecanases
(ADAMTS-4 and ADAMTS-5) and metalloproteinases, through monitor-
ing of fragments generated by these proteases, is considered important
for understanding OA. Dufield and colleagues have developed an immu-
noaffinity LC–MS/MS assay to quantify the specific 374ARGS aggrecanase
generated fragmentwithin human urine (Dufield et al., 2010). They dem-
onstrated the ability of the immunoaffinity column to enrich this peptide
signal from urine. Although there was overlap in the groups in a human
proof-of-concept study, urinary ARGS was elevated in subjects with ra-
diographic OA (hand/spine/knee/hip OA) compared with symptomatic
OA or subjects with no radiographic OA in these joints. They confirmed
the significant elevation of urinary ARGS fragment from another human
OA cohort (0.56 ± 0.15 ng/mg creatinine) compared to healthy controls
(0.36 ± 0.15 ng/mg creatinine). Differential proteomic evaluation of
urine samples has also been conducted by Henrotin and co-workers
who analyzed urine samples from women with severe OA undergoing
knee replacement and non-OA healthy individuals (Henrotin et al.,
2012). Two-dimensional differential gel electrophoresis (2D-DIGE)
was employed with identification by LC–MS/MS of protein spots with
differential expression ≧1.5-fold (OA:healthy). Thirteen differentially
expressed proteins were identified; of these, 2 peptides from fibulin 3
attracted their attention. Two enzyme-linked immunosorbent assays,
targeting these two peptides, were developed and used to analyze
serum from a large human cohort. These two peptides were elevated in
OA patients with area under the receiver operating characteristic curve
of 0.75 and 0.83 for Fib3-1 and Fib3-2 respectively for diagnosing OA.
Overall, this study suggested that Fib3-1 and Fib3-2 are both potential
knee OA biomarkers that could be used to discriminate individuals with
knee OA from non-OA individuals.

3.4. Summary of proteomic studies of body fluid

In summary, to date the differential expression patterns of proteins
in OA have been evaluated primarily by proteomic analyses of synovial
fluid or serum. Synovial fluid contains the high abundant serum pro-
teins and highly anionic hyaluronan that contributes to the difficulty
of analyzing synovial fluid samples. Different kinds of affinity depletion
have been conducted to remove abundant proteins that mask the
signals of other less abundant proteins. Pre-treatment of samples with
hyaluronidase can reduce the viscosity of synovialfluid and thenegative
influences of anionic charge. Similar to synovial fluid, serum contains
some highly abundant proteins that overwhelm the detection of other
proteins. Thus, both synovial fluid and serum proteomic analyses can
benefit from affinity depletion of highly abundant proteins. Although
the cartilage proteins present in urine are, in most cases, more dilute

than in serum or synovial fluid, the protein composition of urine is
much less complex than serum or synovial fluid. In addition to this,
urine collection is non-invasive. These benefitsmake urine an attractive
source of potential biomarkers. However, making the link from urine
samples to joint disease or even a specific joint is a very challenging
task. Therefore, in contrast to serum and synovial fluid, to date, few pro-
teomic studies in OA have focused on urine. Only a few urine peptide
fragmentswith the potential to be biomarkers of OAhave been reported
and validated. A comprehensive discovery proteomic evaluation to
identify the peptides related to cartilage degradation is provided by
cartilage proteomics. Taken all together, proteomics methods have
identified many proteins that may relate to pathological mechanisms
of OA. Further targeted approaches to validate the role of these proteins
in OA are needed.

Acknowledgments

We thank the funding sources that supported our efforts to write
this review: R21 AG039782 (MFH, VBK), the Arthritis Foundation Inno-
vative Research Grant (MFH, VBK), NIH AG028716 (VBK), and the
Swedish Research Council 2010-2889 (PÖ).

References

Åhrman, E., Lorenzo, P., Holmgren, K., Grodzinsky, A.J., Dahlberg, L.E., Saxne, T., Heinegård,
D., Önnerfjord, P., 2014. Novel COMP Neoepitopes identified in synovial fluids from
patients with joint diseases using affinity chromatography and mass spectrometry.
J Biol Chem.

Angel, P.M., Nusinow, D., Brown, C.B., Violette, K., Barnett, J.V., Zhang, B., Baldwin, H.S.,
Caprioli, R.M., 2011. Networked-based characterization of extracellular matrix pro-
teins from adult mouse pulmonary and aortic valves. J. Proteome Res. 10, 812–823.

Balakrishnan, L., Bhattacharjee, M., Ahmad, S., Nirujogi, R.S., Renuse, S., Subbannayya, Y.,
Marimuthu, A., Srikanth, S.M., Raju, R., Dhillon, M., Kaur, N., Jois, R., Vasudev, V.,
Ramachandra, Y., Sahasrabuddhe, N.A., Prasad Ts, K., Mohan, S., Gowda, H., Shankar,
S., Pandey, A., 2014a. Differential proteomic analysis of synovial fluid from rheuma-
toid arthritis and osteoarthritis patients. Clin. Proteomics 11, 1.

Balakrishnan, L., Nirujogi, R.S., Ahmad, S., Bhattacharjee, M., Manda, S.S., Renuse, S.,
Kelkar, D.S., Subbannayya, Y., Raju, R., Goel, R., Thomas, J.K., Kaur, N., Dhillon, M.,
Tankala, S.G., Jois, R., Vasdev, V., Ramachandra, Y., Sahasrabuddhe, N.A., Prasad Ts,
K., Mohan, S., Gowda, H., Shankar, S., Pandey, A., 2014b. Proteomic analysis of
human osteoarthritis synovial fluid. Clin. Proteomics 11, 6.

Bauer, D.C., Hunter, D.J., Abramson, S.B., Attur, M., Corr, M., Felson, D., Heinegård, D.,
Jordan, J.M., Kepler, T.B., Lane, N.E., Saxne, T., Tyree, B., Kraus, V.B., 2006. Classification
of osteoarthritis biomarkers: a proposed approach. Osteoarthr. Cartil. 14, 723–727.

Calamia, V., Rocha, B., Mateos, J., Fernandez-Puente, P., Ruiz-Romero, C., Blanco, F.J., 2011.
Metabolic labeling of chondrocytes for the quantitative analysis of the interleukin-1-
beta-mediatedmodulation of their intracellular and extracellular proteomes. J. Proteome
Res. 10, 3701–3711.

Calamia, V., Lourido, L., Fernandez-Puente, P., Mateos, J., Rocha, B., Montell, E., Verges, J.,
Ruiz-Romero, C., Blanco, F.J., 2012. Secretome analysis of chondroitin sulfate-treated
chondrocytes reveals anti-angiogenic, anti-inflammatory and anti-catabolic proper-
ties. Arthritis Res. Ther. 14, R202.

Clutterbuck, A.L., Smith, J.R., Allaway, D., Harris, P., Liddell, S., Mobasheri, A., 2011. High
throughput proteomic analysis of the secretome in an explant model of articular
cartilage inflammation. J. Proteomics 74, 704–715.

Dakin, S.G., Smith, R.K., Heinegård, D., Onnerfjord, P., Khabut, A., Dudhia, J., 2014. Proteo-
mic analysis of tendon extracellular matrix reveals disease stage-specific fragmenta-
tion and differential cleavage of COMP (Cartilage Oligomeric Matrix Protein). J. Biol.
Chem. 289, 4919–4927.

Danfelter, M., Onnerfjord, P., Heinegård, D., 2007. Fragmentation of proteins in cartilage
treated with interleukin-1: specific cleavage of type IX collagen by matrix metallo-
proteinase 13 releases the NC4 domain. J. Biol. Chem. 282, 36933–36941.

De Ceuninck, F., Berenbaum, F., 2009. Proteomics: addressing the challenges of osteoar-
thritis. Drug Discov. Today 14, 661–667.

de Seny, D., Fillet, M., Meuwis, M.A., Geurts, P., Lutteri, L., Ribbens, C., Bours, V., Wehenkel,
L., Piette, J., Malaise, M., Merville, M.P., 2005. Discovery of new rheumatoid arthritis
biomarkers using the surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry ProteinChip approach. Arthritis Rheum. 52, 3801–3812.

de Seny, D., Sharif, M., Fillet, M., Cobraiville, G., Meuwis, M.A., Maree, R., Hauzeur, J.P.,
Wehenkel, L., Louis, E., Merville, M.P., Kirwan, J., Ribbens, C., Malaise, M., 2011. Dis-
covery and biochemical characterisation of four novel biomarkers for osteoarthritis.
Ann. Rheum. Dis. 70, 1144–1152.

Derfus, B.A., Rachow, J.W., Mandel, N.S., Boskey, A.L., Buday, M., Kushnaryov, V.M., Ryan, L.
M., 1992. Articular cartilage vesicles generate calcium pyrophosphate dihydrate-like
crystals in vitro. Arthritis Rheum. 35, 231–240.

Didangelos, A., Yin, X., Mandal, K., Baumert, M., Jahangiri, M., Mayr, M., 2010. Proteomics
characterization of extracellular space components in the human aorta. Mol. Cell.
Proteomics 9, 2048–2062.

64 M.-F. Hsueh et al. / Matrix Biology 39 (2014) 56–66

http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0005
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0005
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0005
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0010
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0010
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0015
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0015
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0020
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0020
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0025
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0025
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0035
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0035
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0035
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0030
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0030
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0030
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0040
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0040
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0040
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0045
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0045
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0045
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0045
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0050
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0050
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0050
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0055
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0055
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0060
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0060
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0060
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0065
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0065
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0065
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0070
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0070
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0075
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0075
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0075


Dufield, D.R., Nemirovskiy, O.V., Jennings, M.G., Tortorella, M.D., Malfait, A.M., Mathews,
W.R., 2010. An immunoaffinity liquid chromatography-tandem mass spectrometry
assay for detection of endogenous aggrecan fragments in biological fluids: use as a
biomarker for aggrecanase activity and cartilage degradation. Anal. Biochem. 406,
113–123.

Fernandez-Costa, C., Calamia, V., Fernandez-Puente, P., Capelo-Martinez, J.L., Ruiz-
Romero, C., Blanco, F.J., 2012. Sequential depletion of human serum for the search
of osteoarthritis biomarkers. Proteome Sci. 10, 55.

Fernandez-Puente, P., Mateos, J., Fernandez-Costa, C., Oreiro, N., Fernandez-Lopez, C.,
Ruiz-Romero, C., Blanco, F.J., 2011. Identification of a panel of novel serum osteoar-
thritis biomarkers. J. Proteome Res. 10, 5095–5101.

Franzen, A., Heinegård, D., 1985. Isolation and characterization of two sialoproteins pres-
ent only in bone calcified matrix. Biochem. J. 232, 715–724.

Frobell, R.B., Roos, H.P., Roos, E.M., Hellio Le Graverand, M.P., Buck, R., Tamez-Pena, J.,
Totterman, S., Boegard, T., Lohmander, L.S., 2008. The acutely ACL injured knee
assessed by MRI: are large volume traumatic bone marrow lesions a sign of severe
compression injury? Osteoarthr. Cartil. 16, 829–836.

Gobezie, R., Kho, A., Krastins, B., Sarracino, D.A., Thornhill, T.S., Chase, M., Millett, P.J., Lee,
D.M., 2007. High abundance synovial fluid proteome: distinct profiles in health and
osteoarthritis. Arthritis Res. Ther. 9, R36.

Groeneveld, T.W., Oroszlan, M., Owens, R.T., Faber-Krol, M.C., Bakker, A.C., Arlaud, G.J.,
McQuillan, D.J., Kishore, U., Daha, M.R., Roos, A., 2005. Interactions of the extracellular
matrix proteoglycans decorin and biglycan with C1q and collectins. J. Immunol. 175,
4715–4723.

Guo, D., Tan,W., Wang, F., Lv, Z., Hu, J., Lv, T., Chen, Q., Gu, X., Wan, B., Zhang, Z., 2008. Pro-
teomic analysis of human articular cartilage: identification of differentially expressed
proteins in knee osteoarthritis. Joint Bone Spine 75, 439–444.

Han, M.Y., Dai, J.J., Zhang, Y., Lin, Q., Jiang, M., Xu, X.Y., Liu, Q., 2012. Identification of oste-
oarthritis biomarkers by proteomic analysis of synovial fluid. J. Int. Med. Res. 40,
2243–2250.

Hansen, K.C., Kiemele, L., Maller, O., O'Brien, J., Shankar, A., Fornetti, J., Schedin, P., 2009.
An in-solution ultrasonication-assisted digestion method for improved extracellular
matrix proteome coverage. Mol. Cell. Proteomics 8, 1648–1657.

Happonen, K.E., Sjoberg, A.P., Mörgelin, M., Heinegård, D., Blom, A.M., 2009. Complement
inhibitor C4b-binding protein interacts directly with small glycoproteins of the extra-
cellular matrix. J. Immunol. 182, 1518–1525.

Happonen, K.E., Saxne, T., Aspberg, A., Mörgelin, M., Heinegård, D., Blom, A.M., 2010. Reg-
ulation of complement by cartilage oligomeric matrix protein allows for a novel mo-
lecular diagnostic principle in rheumatoid arthritis. Arthritis Rheum. 62, 3574–3583.

Happonen, K.E., Heinegård, D., Saxne, T., Blom, A.M., 2012a. Interactions of the comple-
ment system with molecules of extracellular matrix: relevance for joint diseases.
Immunobiology 217, 1088–1096.

Happonen, K.E., Saxne, T., Geborek, P., Andersson, M., Bengtsson, A.A., Hesselstrand, R.,
Heinegård, D., Blom, A.M., 2012b. Serum COMP-C3b complexes in rheumatic diseases
and relation to anti-TNF-alpha treatment. Arthritis Res. Ther. 14, R15.

Heathfield, T.F., Onnerfjord, P., Dahlberg, L., Heinegård, D., 2004. Cleavage of fibromodulin
in cartilage explants involves removal of the N-terminal tyrosine sulfate-rich region
by proteolysis at a site that is sensitive to matrix metalloproteinase-13. J. Biol.
Chem. 279, 6286–6295.

Heinegård, D., Saxne, T., 1991. Macromolecular markers in joint disease. J. Rheumatol.
Suppl. 27, 27–29.

Heinegård, D., Saxne, T., 2011. The role of the cartilage matrix in osteoarthritis. Nat. Rev.
Rheumatol. 7, 50–56.

Heinegård, D., Inerot, S., Olsson, S.E., Saxne, T., 1987. Cartilage proteoglycans in degener-
ative joint disease. J. Rheumatol. 14, 110–112 (Spec No.).

Henrotin, Y., Gharbi, M., Mazzucchelli, G., Dubuc, J.E., De Pauw, E., Deberg, M., 2012.
Fibulin 3 peptides Fib3-1 and Fib3-2 are potential biomarkers of osteoarthritis.
Arthritis Rheum. 64, 2260–2267.

Hermansson, M., Sawaji, Y., Bolton, M., Alexander, S., Wallace, A., Begum, S., Wait, R.,
Saklatvala, J., 2004. Proteomic analysis of articular cartilage shows increased type II
collagen synthesis in osteoarthritis and expression of inhibin betaA (activin A), a
regulatory molecule for chondrocytes. J. Biol. Chem. 279, 43514–43521.

Inerot, S., Heinegård, D., 1987. The normal variation in structure and composition of
canine hip articular cartilage proteoglycans. Coll. Relat. Res. 7, 423–433.

Joosten, L.A., Helsen, M.M., Saxne, T., Heinegård, D., van de Putte, L.B., van den Berg, W.B.,
1999a. Synergistic protection against cartilage destruction by low dose prednisolone
and interleukin-10 in established murine collagen arthritis. Inflamm. Res. 48, 48–55.

Joosten, L.A., Helsen, M.M., Saxne, T., van De Loo, F.A., Heinegård, D., van Den Berg, W.B.,
1999b. IL-1 alpha beta blockade prevents cartilage and bone destruction in murine
type II collagen-induced arthritis, whereas TNF-alpha blockade only ameliorates
joint inflammation. J. Immunol. 163, 5049–5055.

Joosten, L.A., Lubberts, E., Helsen, M.M., Saxne, T., Coenen-de Roo, C.J., Heinegård, D., van
den Berg, W.B., 1999c. Protection against cartilage and bone destruction by systemic
interleukin-4 treatment in established murine type II collagen-induced arthritis.
Arthritis Res. 1, 81–91.

Kalchishkova, N., Furst, C.M., Heinegård, D., Blom, A.M., 2011. NC4 domain of cartilage-
specific collagen IX inhibits complement directly due to attenuation of membrane at-
tack formation and indirectly through binding and enhancing activity of complement
inhibitors C4B-binding protein and factor H. J. Biol. Chem. 286, 27915–27926.

Kellgren, J.H., Lawrence, J.S., 1957. Radiological assessment of osteo-arthrosis. Ann.
Rheum. Dis. 16, 494–502.

Kong, M.K., Min, B.H., Lee, P.C., 2012. Evaluation of a pretreatment method for two-
dimensional gel electrophoresis of synovial fluid using cartilage oligomeric matrix
protein as a marker. J. Microbiol. Biotechnol. 22, 654–658.

Kraus, V.B., Burnett, B., Coindreau, J., Cottrell, S., Eyre, D., Gendreau, M., Gardiner, J.,
Garnero, P., Hardin, J., Henrotin, Y., Heinegård, D., Ko, A., Lohmander, L.S.,

Matthews, G., Menetski, J., Moskowitz, R., Persiani, S., Poole, A.R., Rousseau, J.C.,
Todman, M., 2011. Application of biomarkers in the development of drugs intended
for the treatment of osteoarthritis. Osteoarthr. Cartil. 19, 515–542.

Lohmander, L.S., Dahlberg, L., Ryd, L., Heinegård, D., 1989. Increased levels of proteoglycan
fragments in knee joint fluid after injury. Arthritis Rheum. 32, 1434–1442.

Lohmander, L.S., Hoerrner, L.A., Dahlberg, L., Roos, H., Bjornsson, S., Lark, M.W., 1993.
Stromelysin, tissue inhibitor of metalloproteinases and proteoglycan fragments in
human knee joint fluid after injury. J. Rheumatol. 20, 1362–1368.

Lohmander, L.S., Saxne, T., Heinegård, D.K., 1994. Release of cartilage oligomeric matrix
protein (COMP) into joint fluid after knee injury and in osteoarthritis. Ann. Rheum.
Dis. 53, 8–13.

Lohmander, L.S., Saxne, T., Heinegård, D., 1996. Increased concentrations of bone
sialoprotein in joint fluid after knee injury. Ann. Rheum. Dis. 55, 622–626.

Lohmander, L.S., Englund, P.M., Dahl, L.L., Roos, E.M., 2007. The long-term consequence of
anterior cruciate ligament and meniscus injuries: osteoarthritis. Am. J. Sports Med.
35, 1756–1769.

Lorenzo, P., Bayliss, M.T., Heinegård, D., 2004. Altered patterns and synthesis of extracel-
lular matrix macromolecules in early osteoarthritis. Matrix Biol. 23, 381–391.

Maksymowych, W.P., Landewe, R., Boers, M., Garnero, P., Geusens, P., El-Gabalawy, H.,
Heinegård, D., Kraus, V.B., Lohmander, S., Matyas, J., Saxne, T., van der Heijde, D.,
2007. Development of draft validation criteria for a soluble biomarker to be regarded
as a valid biomarker reflecting structural damage endpoints in rheumatoid arthritis
and spondyloarthritis clinical trials. J. Rheumatol. 34, 634–640.

Mateos, J., Lourido, L., Fernandez-Puente, P., Calamia, V., Fernandez-Lopez, C., Oreiro, N.,
Ruiz-Romero, C., Blanco, F.J., 2012. Differential protein profiling of synovial fluid
from rheumatoid arthritis and osteoarthritis patients using LC-MALDI TOF/TOF.
J. Proteomics 75, 2869–2878.

Mitton, E., Gohr, C.M., McNally, M.T., Rosenthal, A.K., 2009. Articular cartilage vesicles
contain RNA. Biochem. Biophys. Res. Commun. 388, 533–538.

Mörgelin, M., Paulsson, M., Malmstrom, A., Heinegård, D., 1989. Shared and distinct struc-
tural features of interstitial proteoglycans from different bovine tissues revealed by
electron microscopy. J. Biol. Chem. 264, 12080–12090.

Morozzi, G., Fabbroni, M., Bellisai, F., Pucci, G., Galeazzi, M., 2007. Cartilage oligomeric
matrix protein level in rheumatic diseases: potential use as a marker for measuring
articular cartilage damage and/or the therapeutic efficacy of treatments. Ann. N. Y.
Acad. Sci. 1108, 398–407.

Nemirovskiy, O.V., Dufield, D.R., Sunyer, T., Aggarwal, P., Welsch, D.J., Mathews, W.R.,
2007. Discovery and development of a type II collagen neoepitope (TIINE) biomarker
for matrix metalloproteinase activity: from in vitro to in vivo. Anal. Biochem. 361,
93–101.

Nemirovskiy, O., Li, W.W., Szekely-Klepser, G., 2010. Design and validation of an immuno-
affinity LC–MS/MS assay for the quantification of a collagen type II neoepitope pep-
tide in human urine: application as a biomarker of osteoarthritis. Methods Mol.
Biol. 641, 253–270.

Oldberg, Å., Antonsson, P., Lindblom, K., Heinegård, D., 1989. A collagen-binding 59-kd
protein (fibromodulin) is structurally related to the small interstitial proteoglycans
PG-S1 and PG-S2 (decorin). Embo. J. 8, 2601–2604.

Önnerfjord, P., Khabut, A., Reinholt, F.P., Svensson, O., Heinegård, D., 2012. Quantitative
proteomic analysis of eight cartilaginous tissues reveals characteristic differences as
well as similarities between subgroups. J. Biol. Chem. 287, 18913–18924.

Peffers, M.J., Beynon, R.J., Clegg, P.D., 2013. Absolute quantification of selected proteins in
the human osteoarthritic secretome. Int. J. Mol. Sci. 14, 20658–20681.

Petersson, I., Boegard, T., Dahlstrom, J., Svensson, B., Heinegård, D., Saxne, T., 1998. Bone
scan and serum markers of bone and cartilage in patients with knee pain and osteo-
arthritis. Osteoarthr. Cartil. 6, 33–39.

Polacek, M., Bruun, J.A., Johansen, O., Martinez, I., 2010. Differences in the secretome of
cartilage explants and cultured chondrocytes unveiled by SILAC technology. J. Orthop.
Res. 28, 1040–1049.

Reinholt, F.P., Hultenby, K., Oldberg, Å., Heinegård, D., 1990. Osteopontin—a possible
anchor of osteoclasts to bone. Proc. Natl. Acad. Sci. U. S. A. 87, 4473–4475.

Ritter, S.Y., Subbaiah, R., Bebek, G., Crish, J., Scanzello, C.R., Krastins, B., Sarracino, D., Lopez,
M.F., Crow, M.K., Aigner, T., Goldring, M.B., Goldring, S.R., Lee, D.M., Gobezie, R.,
Aliprantis, A.O., 2013. Proteomic analysis of synovial fluid from the osteoarthritic
knee: comparison with transcriptome analyses of joint tissues. Arthritis Rheum. 65,
981–992.

Rosenberg, K., Olsson, H., Mörgelin, M., Heinegård, D., 1998. Cartilage oligomeric matrix
protein shows high affinity zinc-dependent interaction with triple helical collagen.
J. Biol. Chem. 273, 20397–20403.

Rosenthal, A.K., Gohr, C.M., Ninomiya, J., Wakim, B.T., 2011. Proteomic analysis of articular
cartilage vesicles from normal and osteoarthritic cartilage. Arthritis Rheum. 63,
401–411.

Saxne, T., Heinegård, D., 1989. Involvement of nonarticular cartilage, as demonstrated by
release of a cartilage-specific protein, in rheumatoid arthritis. Arthritis Rheum. 32,
1080–1086.

Saxne, T., Heinegård, D., Wollheim, F.A., 1986. Therapeutic effects on cartilage metabolism
in arthritis as measured by release of proteoglycan structures into the synovial fluid.
Ann. Rheum. Dis. 45, 491–497.

Saxne, T., Heinegård, D., Wollheim, F.A., 1987. Cartilage proteoglycans in synovial fluid
and serum in patients with inflammatory joint disease. Relation to systemic treat-
ment. Arthritis Rheum. 30, 972–979.

Saxne, T., Heinegård, D., Wollheim, F.A., 1988. Human arthritic synovial fluid influences
proteoglycan biosynthesis and degradation in organ culture of bovine nasal cartilage.
Coll. Relat. Res. 8, 233–247.

Sharif, M., Saxne, T., Shepstone, L., Kirwan, J.R., Elson, C.J., Heinegård, D., Dieppe, P.A., 1995.
Relationship between serum cartilage oligomeric matrix protein levels and disease
progression in osteoarthritis of the knee joint. Br. J. Rheumatol. 34, 306–310.

65M.-F. Hsueh et al. / Matrix Biology 39 (2014) 56–66

http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0080
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0080
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0080
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0080
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0085
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0085
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0090
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0090
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0095
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0095
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0100
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0100
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0100
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0105
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0105
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0110
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0110
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0110
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0115
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0115
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0115
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0120
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0120
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0120
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0125
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0125
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0145
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0145
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0145
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0135
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0135
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0135
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0130
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0130
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0130
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0140
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0140
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0150
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0150
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0150
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0150
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0155
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0155
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0160
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0160
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0415
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0415
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0165
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0165
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0170
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0170
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0170
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0175
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0175
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0180
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0180
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0185
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0185
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0185
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0190
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0190
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0190
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0195
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0195
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0195
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0195
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0200
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0200
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0205
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0205
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0205
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0210
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0210
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0215
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0215
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0225
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0225
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0235
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0235
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0235
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0230
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0230
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0220
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0220
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0220
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0240
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0240
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0245
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0245
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0245
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0250
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0250
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0250
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0255
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0255
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0260
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0260
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0260
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0265
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0265
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0265
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0265
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0275
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0275
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0275
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0270
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0270
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0270
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0270
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0280
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0280
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0280
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0285
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0285
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0285
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0290
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0290
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0295
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0295
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0295
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0300
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0300
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0300
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0305
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0305
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0310
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0310
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0310
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0315
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0315
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0315
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0320
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0320
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0320
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0325
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0325
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0325
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0330
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0330
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0330
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0335
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0335
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0335
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0340
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0340
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0340
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0345
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0345


Sjöberg, A., Onnerfjord, P., Mörgelin, M., Heinegård, D., Blom, A.M., 2005. The extracellular
matrix and inflammation: fibromodulin activates the classical pathway of comple-
ment by directly binding C1q. J. Biol. Chem. 280, 32301–32308.

Sjöberg, A.P., Manderson, G.A., Mörgelin, M., Day, A.J., Heinegård, D., Blom, A.M., 2009.
Short leucine-rich glycoproteins of the extracellular matrix display diverse patterns
of complement interaction and activation. Mol. Immunol. 46, 830–839.

Takinami, Y., Yoshimatsu, S., Uchiumi, T., Toyosaki-Maeda, T., Morita, A., Ishihara, T.,
Yamane, S., Fukuda, I., Okamoto, H., Numata, Y., Fukui, N., 2013. Identification of po-
tential prognostic markers for knee osteoarthritis by serum proteomic analysis.
Biomark. Insights 8, 85–95.

Wanner, J., Subbaiah, R., Skomorovska-Prokvolit, Y., Shishani, Y., Boilard, E., Mohan,
S., Gillespie, R., Miyagi, M., Gobezie, R., 2013. Proteomic profiling and functional
characterization of early and late shoulder osteoarthritis. Arthritis Res. Ther. 15,
R180.

Wiberg, C., Klatt, A.R., Wagener, R., Paulsson, M., Bateman, J.F., Heinegård, D.,
Mörgelin, M., 2003. Complexes of matrilin-1 and biglycan or decorin connect
collagen VI microfibrils to both collagen II and aggrecan. J. Biol. Chem. 278,
37698–37704.

Wieslander, J., Heinegård, D., 1979. Immunochemical analysis of cartilage proteoglycans.
Antigenic determinants of substructures. Biochem. J. 179, 35–45.

Williams, A., Smith, J.R., Allaway, D., Harris, P., Liddell, S., Mobasheri, A., 2013. Carprofen
inhibits the release of matrix metalloproteinases 1, 3, and 13 in the secretome of an

explant model of articular cartilage stimulated with interleukin 1beta. Arthritis Res.
Ther. 15, R223.

Wilson, R., Bateman, J.F., 2008. A robust method for proteomic characterization of mouse
cartilage using solubility-based sequential fractionation and two-dimensional gel
electrophoresis. Matrix Biol. 27, 709–712.

Wilson, R., Belluoccio, D., Bateman, J.F., 2008. Proteomic analysis of cartilage proteins.
Methods 45, 22–31.

Wilson, R., Norris, E.L., Brachvogel, B., Angelucci, C., Zivkovic, S., Gordon, L., Bernardo, B.C.,
Stermann, J., Sekiguchi, K., Gorman, J.J., Bateman, J.F., 2012. Changes in the chondro-
cyte and extracellular matrix proteome during post-natal mouse cartilage develop-
ment. Mol. Cell. Proteomics 11 (M111), 014159.

Wu, J., Liu, W., Bemis, A., Wang, E., Qiu, Y., Morris, E.A., Flannery, C.R., Yang, Z., 2007.
Comparative proteomic characterization of articular cartilage tissue from normal
donors and patients with osteoarthritis. Arthritis Rheum. 56, 3675–3684.

Yamagiwa, H., Sarkar, G., Charlesworth, M.C., McCormick, D.J., Bolander, M.E., 2003. Two-
dimensional gel electrophoresis of synovial fluid: method for detecting candidate
protein markers for osteoarthritis. J. Orthop. Sci. 8, 482–490.

Zhen, E.Y., Brittain, I.J., Laska, D.A., Mitchell, P.G., Sumer, E.U., Karsdal, M.A., Duffin, K.L.,
2008. Characterization of metalloprotease cleavage products of human articular
cartilage. Arthritis Rheum. 58, 2420–2431.

66 M.-F. Hsueh et al. / Matrix Biology 39 (2014) 56–66

http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0350
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0350
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0350
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0355
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0355
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0360
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0360
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0360
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0365
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0365
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0365
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0370
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0370
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0370
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0375
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0375
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0380
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0380
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0380
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0380
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0385
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0385
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0385
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0390
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0390
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0395
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0395
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0395
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0400
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0400
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0405
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0405
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0405
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0410
http://refhub.elsevier.com/S0945-053X(14)00165-6/rf0410

