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cDNA microarray technology is a powerful tool that allows the expression profiling of
thousands of mMRNA transcripts simultaneously. Despite technical and analytical challenges,
the application of gene expression profiling in degenerative arthritis research will provide a
better understanding of the disease at the molecular level and lead to new diagnostic
markers and therapeutic targets. Profiling the gene expression of articular cartilage will lead
to the identification of genes involved in cartilage matrix homeostasis and in disease
initiation, progression and outcome. Analysis of gene expression patterns of synovium in
rheumatoid arthritis and osteoarthritis (OA) may help identify targets for future disease
management. Recently, gene profiling strategies have been applied to peripheral blood
from subjects with OA, a novel development in OA diagnosis.

Gene expression & osteoarthritis

In recent years, osteoarthritis (OA) research
has shifted from investigating primarily the
biochemical aspects of articular cartilage
matrix destruction to focusing on the molecu-
lar and genetic aspects of the disease. Articular
chondrocytes determine cartilage matrix
homeostasis, and chondrocyte biology plays a
key role in the initiation, progression and out-
come of OA. Functional genomics is a chal-
lenging new way to address complex diseases
such as OA and rheumatoid arthritis at the
molecular level. This review will explore the
potential of genomic technologies in the analy-
sis of degenerative joint disease, including
diagnosis and therapy.

Although OA is primarily a biochemical
problem (i.e., the degradation of the extra-
cellular cartilage matrix), a deeper understand-
ing of molecular events within the tissue cells —
the articular chondrocytes — will help to clarify
pathogenetic mechanisms. Understanding the
molecular biology of chondrocytes will also aid
in the identification of new diagnostic markers
and cellular targets for therapeutic interven-
tion. Gene expression profiling represents an
innovative and challenging approach comple-
menting, although not replacing, classical
research. A basic consideration for designing a
gene profiling study is to decide which material
should form the basis of analysis: the articular
cartilage, the synovial membrane or the
peripheral blood cells and, potentially in the
future, also subchondral bone. As will become
clear during this review, different starting
points offer different potentials in terms of
insights to be gained and complexities and
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problems to be faced. Overall, as in many other
studies of functional genomics, a better defini-
tion of the patient population examined is
essential in order to bring a comprehensive
understanding of the disease process.

General issues

Theoretically, functional genomics promises to
investigate the whole transcriptome in parallel.
However, a number of technical, statistical,
bioinformatic and disease-related issues limit
the extent to which functional genomics has
lived up to its promise. Firstly, issues such as
sensitivity and specificity are still unresolved.
Secondly, none of the techniques can account
for (post)translational control of molecules
and molecular activites (i.e., activation, degra-
dation and sequestering) nor for any impor-
tant molecules that are not proteins at all
(e.g., eicosanoids), and most technologies do
not account for the splicing variants that occur
in many genes in vivo. Thirdly, optimal bio-
statistical evaluation methodologies have yet
to be determined, from simple and basic pro-
cedures such as normalization of given data
sets [1] to more complex issues such as bioin-
formatic network formation and data evalua-
tion, which is the path from pure data to
information on questions and systems of inter-
est 2. In addition, many tissue sample-related
issues need to be resolved. For example, nor-
mal (or early diseased) cells/tissue (for compar-
ison) is difficult to acquire. In addition, there
is no clear consensus on the classification and
staging of OA; defined criteria are needed in
order to group and cluster results to the stage
of disease progression more appropriately.
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Gene expression profiling of

cartilage degeneration

Adult human articular cartilage offers the advan-
tage over other tissues that it contains only one
cell type, the chondrocyte. Although there is
clearly some heterogeneity regarding the zones
and areas the cells occupy, the gene expression
levels detected in cartilage can at least be confi-
dently attributed to this cell type, and there is no
mix-up with stromal, inflammatory, vascular or
other types of cells as long as one carefully avoids,
in particular, sample areas with pannus-like tissue
or showing secondary cartilage formation. To
date, however, few larger (more than 100 genes)
gene expression profiling studies of OA and
chondrocytes (i.e., looking at more than 100
genes in parallel) have been carried out.

In a study published by Aigner and colleagues in
2000 31, more than 1000 genes were examined in
parallel using the Clontech™ Cancer Arrays. In
this study the authors were able to characterize
chondrocyte gene expression patterns and were
able to relate these patterns to the main function of
this cell type, that is, the preservation and turnover
of the cartilage matrix. This study confirmed that
cartilage collagen expression was largely absent in
normal adult cartilage,and mRNA levels of several
collagen genes in advanced OA were very much
increased [45. Surprisingly, cartilage matrix-
degrading metalloproteinases (MMP)-3 (stromely-
sin) were not upregulated but strongly down-
regulated in the diseased tissue. Rather, other
degradation pathways involving proteases such as
MMP-2 (gelatinase A) e] and MMP-13 (colla-
genase 3) (371 appeared to be more important.
Both MMP-2 and -13 are known to be involved in
the breaking down of cartilage collagen fibers. No
detectable expression levels of MMP-2 and -13
were found in normal articular chondrocytes, a
finding consistent with the absence of collagen
turnover in normal cartilage. Using more sensitive
polymerase chain reaction (PCR) technology, basal
MRNA expression levels for MMP-2 and -13 were
detectable in normal adult cartilage [6,7. By con-
trast, MMP-3 was the dominantly expressed met-
alloproteinase in normal cartilage, suggesting that
this enzyme is centrally involved in physiological
cartilage matrix turnover, which mainly affects
proteoglycans and not the collagen network.

These initial screening efforts were also able to
identify typical markers of cellular differentiation
patterns, such as tenascin, type X collagen and
osteonectin. In particular, the latter two markers
suggest that a fetal differentiation pattern
oceurs in at least a fraction of the osteoarthritic

chondrocytes [g1. It is difficult to identify new
markers of the chondrocytic phenotype among
the many genes that have been found to be
differentially expressed between normal and osteo-
arthritic cartilage. This will require more detailed
insights into the gene profiles of these pheno-
types as they occur in vivo (i.e., during develop-
ment) or invitro (e.g., after dedifferentiation in
monolayer culture).

Another good example of the use of cDNA
array technology to identify novel or interesting
molecules is a study by Marshall and colleagues [a].
This group identified p2-microglobulin (B2M) as
being differentially upregulated in a large gene
screen that compared osteoarthritic with normal
cells (results validated by quantitative PCR). The
group then evaluated differences in gene expres-
sion levels in chondrocytes after stimulation with
B2M. However, no real insights into either the
pathophysiology of OA or the role and activity of
this molecule in the context of the chondrocyte
could be established.

Biomarkers for OA are urgently required for
patient management [10. Biomarkers are also
required for the diagnosis of early OA as well as for
monitoring disease progress. Conventional diag-
nosis by x-ray imaging is an insensitive method-
ology; it does not allow an estimate of short-term
disease developments. YKL-40 was one of the can-
didate biochemical markers suggested to be of
value for the diagnosis, prognosis and monitoring
of the osteoarthritic and rheumatoid disease proc-
ess [11,12]. A recent study (Aigner and colleagues)
showed that YKL-40 was expressed at high levels
in normal cartilage, but was not upregulated in
osteoarthritic cartilage. However, YKL-39, a
closely related protein, was significantly upregu-
lated in osteoarthritic chondrocytes and might
prove to be a more accurate marker for chondro-
cyte activation in the disease process. YKL-39 was
also upregulated in early degenerative cartilage
specimens. However, this molecule has yet to be
established as a suitable marker for chondrocyte
activation when measured in synovial fluid and
serum. Unfortunately, the function of both
molecules remains unclear at present.

Gene expression profiling of
osteoarthritic synoviopathy

The synovial membrane represents another
important tissue in the pathogenesis and progres-
sion of arthritis and, particularly, for rheumatoid
arthritis [13-17]. But changes in the synovial mem-
brane are also a feature of OA, even for early dis-
ease states [18]. Synovial pathology might be an
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important factor in the progression of OA and
analysis of gene expression patterns of osteo-
arthritic synovium has great potential. The syno-
vial membrane is pharmacologically easier to
tackle than the remote avascular articular cartilage.
A major issue in gene screening studies, how-
ever, is the heterogeneity of cell subpopulations in
inflamed tissues. Thus, osteoarthritic synovia may
show significant infiltrates by T and B cells [18]
and a very different gene expression repertoire to
the normal synoviocytes, fibroblasts, stromal and
vascular cells. This heterogeneity of cellular sub-
populations blurs any gene expression profiles
obtained. Regardless of this, it will be highly
interesting when the first studies are published.

Gene expression profiling of blood cells
Unlike articular cartilage and synovial tissues,
blood is readily available and can be obtained with
little patient discomfort. Blood is considered an
ideal surrogate for disease diagnosis, it is a highly
dynamic tissue and constantly interacts and com-
municates with every organ and tissue in the body.
In view of the dynamic and interactive properties
of circulating blood, blood cells may function as
‘sentinels’, which can reflect the status of the cur-
rent state of health or disease throughout the
body [101. This Sentinel Principle was first demon-
strated in the study by Ma and Liew [19]. This
study successfully identified differentially expressed
genes in the blood from healthy control subjects
and from coronary artery disease patients [19]. A
number of subsequent studies have also independ-
ently explored and verified the use of blood-
derived RNA expression to diagnose disease in a
broad range of conditions [20], most notably neuro-
pathological conditions such as schizophrenia and
bipolar disorder [2q].

Most recently, Marshall and colleagues investi-
gated the possible utility of using a blood gene
expression profiling approach for diagnosing sub-
jects with mild OA of the knee [21]. In this study, a
total of 68 subjects (29 controls and 39 arthro-
scopically diagnosed mild knee OA patients [22])
were profiled using a custom cDNA microarray
to identify differentially expressed genes (Figure 1).
A subset of genes was then assessed by real-time
PCR. Logistic regression was used to generate lin-
ear combinations of biomarkers. Linear combina-
tions of nine genes, early growth response 1
(EGR1), a-glucosidase Il a-subunit (G2AN), heat
shock 90 kDa protein 1-a. (HSPCA), inhibitor of
k-light polypeptide gene enhancer in B cells;
kinase complex-associated protein (IKBKAP),
interleukin-13  receptor a-1  (IL13RAL),
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lamininy-1 (LAMC1), v-maf musculoaponeu-
rotic fibrosarcoma oncogene homolog B (MAFB),
platelet factor 4 (PF4) (also known as chemokine
[C-X-C motif]), tumor necrosis factor-a-induced
protein 6 (TNF-AIP6), (or TSG-6), yielded
Receiver Operating Characteristic (ROC) curve
areas of 0.90 or more for a reference set of 78
samples (52 samples used in microarray and 26
additional samples). Furthermore, these bio-
marker combinations gave a sensitivity of 72%
and a specificity of 66% when tested against a
blind set of an additional 67 samples (32 mild
knee OA and 35 controls). This study indicates
that a panel of gene (MRNA) expression of
peripheral blood cells might have clinical utility
for detecting mild OA of the knee [21].

Interestingly, of the nine candidate blood
biomarker genes identified, three had been linked
previously to OA cartilage biology: TNF-AIP6 (or
TSG-6), IL13RA1 and EGR1 [2324]. TNF-AIP6
was shown to be chondroprotective in an antigen-
induced model of arthritis [25). Moreover, in a
recent study reported by Adarichev and colleagues,
TNF-AIP6 was one of the genes most significantly
upregulated in the arthritis gene signature of pre-
inflamed joints [26). This gene was also found to be
upregulated in human OA cartilage reported by
Zhang and colleagues [271. However, TNF-AIP6
expression was downregulated in early OA blood
samples [21]. The downregulation of TNF-AIP6 in
OA blood probably reflects systemic rather than
local changes of the OA disease. Blood biomarker
IL13RAL is one of the functional receptor compo-
nents of IL-13 in blood monocytes 28] and is criti-
cal for IL-13 expression in response to
inflammation. 1L13 has been suspected of being
protective against cartilage dysfunction [2329].
EGRL, the third blood biomarker, is a transcrip-
tional repressor of collagen Type Il promoter activ-
ity [30]. EGR1 was reported to be downregulated in
human OA cartilage [24]. In concordance, EGR1
expression was also downregulated in OA blood.

The fact that some of the blood biomarkers
have known associations with cartilage biology
further supports the hypothesis that blood cell
gene expression could reflect the pathophysio-
logical process in an organ such as articular carti-
lage. However, the identified blood biomarkers
that have not been previously associated with OA
cartilage biology could play a role in OA. The
blood gene expression changes could be a systemic
change or downstream response of the disease. It
is hard to postulate at this point whether the
change observed in peripheral blood is the cause
or effect of the early disease process.
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Figure 1. Comparison of blood gene expression profiles from 25 controls and
32 subjects with mild knee OA.
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RNA samples were isolated from peripheral blood samples from a total of 25 controls and 32 patients. Each
RNA sample was reverse transcribed to cDNA, labeled with Cy5-dUTP and hybridized against an in-house
cDNA microarray with Cy3-labeled universal reference RNA. Controls and patients were clustered according
to the expression of 632 significantly (p < 0.05) differentially expressed genes identified from a set of 4083
filtered genes. Samples: control (green), patients (red). The columns indicate gene expression profiles for
each sample and each row represents the expression level of a single gene in each of the samples. The color
of each row indicates the relative level of gene expression (blue to red = low to high in expression).

OA: Osteoarthritis; Cy5-dUTP: Cy5 fluorescent dye coupled to 2'-deoxyuridine 5'-triphosphate.

Control

The authors’ study represents the first appli-
cation of profiling blood gene expression to
OA. It demonstrates that the panel of identified
blood biomarkers is relatively sensitive (72%)
and specific (66%) for early knee OA. However,
the panel was not tested against other arthritic
disease, such as rheumatoid arthritis. The blind
test sample size is still small and does not reflect
a typical population. Nonetheless, as more
genes and more samples will be tested, more
potential biomarkers will be identified.

Compared with articular cartilage and syn-
ovium, blood is easily available. Gene expres-
sion profiling of blood will not only
complement our understanding of OA research
on articular cartilage and synovium, but it also

holds great potential to be the source of diag-
nosing, classifying and staging disease, and
monitoring disease progress and therapeutic
response. Further studies are needed to address
the clinical utility of blood gene expression for
the diagnosis of OA.

Pathogenesis, diagnostics

& therapeutics

New markers are required in order to character-
ize cellular behavior during degenerative joint
diseases and to characterize and classify the dis-
ease process itself. New biological markers will
also help the development of approaches to
stop, delay, or even to reverse cartilage degener-
ation. Increasing our understanding of the

Future Rheumatol. (2006) 1(1)



cDNA arrays in degenerative arthritis research - REVIEW

pathogenesis of OA and gaining new angles to
tackle the disease therapeutically is the focus of
current studies in functional genomics. This
technology also has the potential for improving
diagnosis and staging of disease. Blood cells
have the advantage of being easily accessible.
However, synovial and cartilage specimens are
also of potential use in profiling, provided the
amount necessary for analysis is reduced to
minor bioptical specimens in the future. This
may allow the identification of subgroups of
patients enabling more individualized therapeu-
tic approaches. Patients with matrix degenera-
tion might comprise one group showing high
protease expression and normal (or even

increased) matrix component synthesis, while
another group may show normal protease expr-
ession but reduced levels of aggrecan resynthe-
sis. The ability to subgroup patients would have
obvious important implications for the pre-
scription and treatment with protease inhibitors
and with anabolic stimulants, respectively.
Interindividual variability might at first sight
seem disadvantageous for statistical evaluation
and the establishment of general rules. How-
ever, clustering may enable the identification
and prediction of responders and non-
responders within defined therapeutic regi-
mens, and may help reduce the size of clinical
trials. Recently, bioinformatic clustering of

Figure 2. Schematic representing a potential workflow of functional

genomic analysis.
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Given reliable data on gene expression levels, the very challenge of functional genomics has to be faced:
how to gain biologically meaningful information and knowledge, i.e., real understanding of biological
systems and diseases, from a mass of data [2]. Fundaments of such efforts can be pre-existing knowledge on
relevant biological systems (genes of known relevance), ranking genes along biostatistical significance
(p-value approach), the comparison of gene expression patterns to in vivo (evo—-devo approach) [37] or

in vitro models, bioinformatical tools (clustering and neighborhood analyses), as well as an envisioned
combination of both pre-existing knowledge and computational processing of obtained data (i.e.,
bioinformatical pathway modeling) [38]. Final confirmation of a revealed pattern will require functional
validation of the genes and molecular networks identified.
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samples was able to establish diagnostic algo-
rithms to distinguish between acute myeloid
leukemia and acute lymphatic leukemia [31].
Although this is only a first step, it demon-
strates the potential of such methods to iden-
tify subsets of diseases and might show
potential in the field of degenerative joint dis-
ease. Diagnosis, in particular of early disease
stages, has been an issue for research and for
the management of patients suffering over dec-
ades from osteoarthritic cartilage degeneration.
Despite numerous studies, biochemical mark-
ers detected in body fluids are far from being of
reliable diagnostic value [32-34). One drawback
of all the methods utilized so far has been that
for technical reasons, it has only been possible
to screen for a few genes or proteins. The use of
a single marker for diagnosis is an unlikely
goal; in most areas of medicine a broad panel
of diagnostic parameters is usually applied. To
take a core needle biopsy for multigene analysis

of this size of tissue might well be justifiable, if
the results offer significant benefits in terms of
diagnosis and treatment to the patient.

Conclusions

Despite limitations such as low sensitivity and
insensitivity to alternative splicing, post-tran-
scriptional regulation and post-translational
modification, cDNA array technology is a pow-
erful tool to obtain an overview of gene expres-
sion pattern; this is not achievable with other
techniques. This technology can identify
known genes as well as new genes of potential
interest. Computational tools for evaluating
data obtained in gene expression screens need
to be improved considerably with respect to
biostatistical analysis; furthermore, bioinfor-
matical methods are needed to enable the accu-
mulation of gene expression networks
illustrating biological systems on the cell and
tissue level. Another important issue will be the

Figure 3. Gene expression profiling hints to gene groups involved in the osteoarthritic disease process.
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Gene expression profiling reveals a large amount of up- and down-regulated genes in a given context. One way to gain insight is to
cluster differentially expressed genes on gene groups of interest: this shows significant regulatory patterns of anabolic, catabolic and
phenotype-related genes — as to be expected from the literature — as well as genes related to cell integrity and degeneration [Aigner et al.,
Unpublished Data]).
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combination of mMRNA expression analysis with
proteomics, interactomics and all other levels of
biological investigation [35].

Even more importantly, gene expression data
(and also proteomics data) need to be embedded
in the context of the physiology and pathobiology
of cells and tissues. For OA research, this will
allow the interpretation of gene regulation within
the context of the disease to promote our under-
standing rather than providing only or mostly
large amounts of ‘naked’ data. Thus, the major
challenge of modern large-scale (functional)

genomics in the field of OA research, as elsewhere,
is how to channel abundantly revealed ‘data’ into
useful ‘information’ on genes and molecular path-
ways and how to finally achieve knowledge in
terms of pathogenetic concepts allowing the iden-
tification of therapeutic targets (a typical work-
flow is shown in Figure 2). It is well known that the
cellular reaction pattern of chondrocytes in osteo-
arthritic cartilage degeneration is poorly under-
stood, mainly because most of the involved genes
are not yet identified. cDNA array technology has
the power to change this.

Executive summary

Gene expression & osteoarthritis

« The molecular and genetic phenotype of chondrocytes plays a key role in the initiation, progression and outcome of
osteoarthritis (OA).

« Gene expression profiling represents an innovative and challenging approach to identify new disease-relevant genes.
< In addition to chondrocyte gene expression patterns, the profiling of the synovial membrane is also of high importance.
General issues

« Further advances in technical (e.g., sensitivity and specificity), statistical, bioinformatic and disease-related issues are required to
realize the full potential of functional genomics.

Gene expression profiling of cartilage degeneration

= The great advantage of human articular cartilage is that it contains — both in the normal and in the diseased state — only one cell
type, the chondrocyte. Thus, the detected gene expression levels can be attributed fully to chondrocytes.

= The first published gene profiling studies were able to characterize the chondrocyte gene expression pattern related to the main
function of chondrocytes, the preservation and turnover of the cartilage matrix; they confirmed the largely absent expression of
cartilage collagens in normal adult cartilage and very much increased mRNA levels of several collagen genes in advanced OA.
Important upregulated proteases were matrix-degrading metalloproteinases-2 (gelatinase A) and -13 (collagenase 3).

« Other studies added additional regulated genes, such as p2-microglobulin.

= Also, potential new biological markers were identified, such as YKL-39.

Gene expression profiling of OA synoviopathy

< Analysis of the gene expression pattern of OA synovium has great potential, in particular because the synovial membrane is
pharmacologically easier to tackle than the remote, avascular, articular cartilage.

« The major issue of gene screen studies, however, is the heterogeneity of cell subpopulations in inflamed tissues (e.g., T and B cells),
which have a very different gene expression repertoire than the usually present synoviocytes, fibroblasts, stromal and vascular cells,
for example. This heterogeneity of cellular subpopulations certainly blurs the gene expression profiles obtained. Still, it will be
highly interesting when the first studies are published.

Gene expression profiling of blood cells

« Blood, due to its availability, is an ideal surrogate for disease diagnosis. A first study suggests that gene profiling of blood cells is a
feasible and powerful tool to identify and classify patient groups, even in early OA.

Pathogenesis, diagnostics & therapeutics

« For the understanding of the pathogenesis of degenerative joint disease, new markers are required in order to analyze further OA
and to develop therapeutic approaches.

= The identification of subgroups of patients by gene expression profiling might enable more individualized therapeutic approaches
and the identification and prediction of responders and nonresponders within defined therapeutic regimens, which will allow the
reduction of clinical trial size.

Conclusions

« Despite limitations such as a low sensitivity and insensitivity to alternative splicing, post-transcriptional regulation and post-
translational modification, cDNA array technology provides a powerful tool to obtain an overview of gene expression pattern that
is not achievable with other techniques.
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Future perspective

Future attempts to interpret gene expression
data will need to focus more on understanding
signaling pathways and gene networks related
to defined disease hypotheses [3s]. A first step
towards this goal is to define hypotheses and to
decide whether they are suitable for testing
within the data set available. A next step is to
define the genes likely to be indicative of dis-
ease processes fitting to the hypothesis (a rough
approach is presented in terms of detected pat-
tern in Figure 3). For example, the traditional
disease hypotheses of OA has been that OA is a
failure of chondrocyte anabolic activity, largely
attributable to hypercatabolism of cartilage
matrix molecules; or alternatively, that OA is
caused by changes in the subchondral bone or
in the synovial membrane. The first hypothesis
is amenable to analyses based on gene
expression data obtained from normal and
osteoarthritic cartilage tissue, this might be
impossible or difficult for the latter.

Identification, classification and staging of
disease processes using large-scale gene expres-
sion analysis will become an important option
in the future and may allow the identification
of subgroups of patients enabling more indi-
vidualized therapeutic approaches as discussed
above. The near future will ascertain technical
versatility and comparability in the whole area
of gene expression profiling. Besides adding to
previous studies, which provided interesting
data on single or few genes, functional genom-
ics will provide an overall picture of genes
involved in the osteoarthritic disease process.
Molecular portraits of these processes will
stimulate the testing of new markers, which are
desperately needed for the diagnosis and moni-
toring of the disease, and outline new targets
for therapeutic intervention.
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