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Discussion





4.1 Discussion or results
Osteoarthritis (OA) is a complex disorder with a large heritable component. Research into
OA etiology remains a priority to provide adequate therapy for those affected by the disease
and to overcome the involved socio-economic burden imposed by the large loss of working
force and health care cost. Several risk genes or loci such as FRZB, GOF5, 0102 and
chromosome 7q22 have been identified to date '·

2
; however, these genes only explain a

small part of the heritability of the disease. Recent collaborative efforts have proven fruitful
in increasing iXlwer and should be considered as a positive impulse in OA research2.3.
These collaborations in addition to previous studies have resulted in the identification of
several OA susceptibility genes, in which two pathways appear consistent contributors to
the disease. The evidence for genetic contribution to the etiology is most convincing for
genes in the inflammatory pathway as well as for genes regulating developmental processes
in skeletal formation and maintenancel.\Chapter I). We investigated groups of genes
belonging to both pathways; Chapter 2 covered studies where we investigated the relation
between genes, inflammatory markers and OA, mainly in the GARP study. The strength of
the GARP study is that for these subjects a complete collection of biomaterials such as
DNA, serum and urine is available, in addition to extended OA data and demographic data.
Subjects are selected for a familial history of OA, thus enriching for the genetic component
of OA. This cohort allows investigation of the role of genes in both levels of markers as
well as the role of these genes to disease susceptibility. Chapter 3 covered studies that
characterize thyroid signaling in general and specifically genetic variation at 0102, which
play a role in endochondral ossification during development and for which there is evidence
for their involvement in OAs. These functional studies have paved a road for functional
genomics research for current and future OA susceptibility loci.

4.2 Innammation in OA
In our studies described in Chapter 2 we tried to investigate the highly complex interaction,
illustrated in Figure I, between inflammatory mediators and OA. In particular, we aimed to
distinguish the putative causal (genetic) inflammatory associations influencing OA
susceptibility and associations to inflammatory mediators that may mark the ongoing
disease process. The general working hypothesis investigated was based on the role of
cytokines in normal cartilage metabolism. These pro- and anti-intlammatory cytokines act
on the chondrocyte and thereby regulate ongoing catabolic and anabolic processes during
both the maintenance and repair of cartilage (Figure I). Subtle changes in the delicate
balance between these mediators might confer a risk to OA and identification of cause and
effect beyond an established association is one of the challenges when OA and
inflammation are studied. We approached this by measuring levels of inflammatory
mediators, testing for genetic variation that might be associated to these mediators and
establishing the relation of these variants and OA, touching Mendelian randomization6 at a
small scale. Ex vivo cytokine production profiles of LPS stimulated lymphocytes were
measured which represent an innate marker of an individual's inflammatory potential to
respond to inflammatory challenges throughout life. In addition, circulating levels were
used as a measure of current inflammatory status and ongoing disease processes. Genetic
configuration of the innate and circulating levels was used to identify possible underlying
mechanisms of these inflammatory mediators which might influence OA onset or disease
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characteristics. We expected to find high levels of pro-inflammatory cytokines and genetic
variants associated to such inflammatory profiles to be predi posing to OA.

Figure 1. Processes of pro- and anti-inflammatory signaling on the chondrocyte and resulting extracellular
matrix (ECM) turnover,

4.2.1 OA, innate IL-1P bio-availability and haplotypes of the IL-l gene cluster
In line with the general hypothe i , it wa previou Iy hown that on average the ubject of
the GARP tudy had a higher innate lL-I p and lower innate lL-1O level than control 7.8.

Although not always consistent and determined in relatively small studies, it was also
shown that several genetic variants within the TL-I gene cluster and more consistently the
ILlRN gene may be re pon ible for part of the variation in thi heritable innate ex vivo
cytokine production upon LPS timulation9

.
JO

• Sub, equently, a ociation ,tudie,
investigated whether these potential functional aspects of the TL-l gene cluster
polymorphisms may explain part of the genetic susceptibility to OA. Compelling
a ociation of the IL-I gene clu ter are reported for knee, hip and hand OA 11.16, however
other, failed to confirm the, e a ociation 17.18. We have combined ex vivo IL-I P bio­
availability measures upon LPS stimulation, a large part of the genetic variation at the IL-l
gene cluster and OA disease status in one single study population (the GARP study). In this
study, haplotype 2-2-1 (frequency 0.22) covering the ILl RN block showed a significant
lower bio-availability calculated by the ratio of TL-l Pand TL-I Ra as compared to the other
ILlRN haplotypes and this haplotype associated to subjects (25%) with the highest number
of ROA affected joint. Surpri. ingly, thi re. ult would imply that low innate IL-I p bio-
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availability predisposes to OA, or that an OA protective effect is associated to high innate
IL-l Bbio-availability. We hypothesize that when repair of minor damage to the cartilage is
needed, a sufficient IL-1 Binduced release of ECM degrading enzymes is needed for proper
clearing of the damaged cartilage. A lower IL-1 Bbio-availability might leave damaged
cartilage strands thereby compromising matrix integrity, whilst the inflammatory signals
arising from the sensed cartilage damage remain l9

. Alternatively, feedback loops in IL-I~

orchestrated pathways need a high enough stimulus to initiate an anti-inflammatory
feedback with subsequent anabolic ECM pnxlucing processes2t

l.2l. The finding of
association of lower innate IL-l ~ bio-availability to OA severity among subjects of the
CARP study seems contrasting with respect to a previous observation which showed that
subjects of the CARP study as compared to healthy controls had higher innate IL-I B
1evels7

. We consider it likely that ex I'il'o cytokine production of Iymphocytes is not fully
independent of the disease status of the donor, however the fact that the observed
association of the haplotype block to lower innate IL-I ~ bio-availability is observed mainly
in subjects with lower ROA scores indicates that this association is not a result of bias
introduced through OA severity. These findings are schematically represented in Figure 2.
The LPS provoked immune reaction of the lymphocytes in OA affected subjects however,
may be sensitized towards pro-inflammatory reactions as a result of the donors' ongoing
OA processes for example through upregulation of Toll-like receptors (TLR) on
lymphocytes. To further substantiate the value of this finding, the associations need to be
explored in a substantial cohort of healthy individuals.

Haplotype other
IL 113 availability:O.80
N::486

I P==O.OO7

ROAscore < 5 Haplotype 2-2-1 (20°-')
11 Haplotype 2-2-1 (20°A.) ~ IL 113 availability:0.80 '--- IL 113 availability:0.78

N:615 N:129

P==0.OO3 IP=O.097
ROA score> 5 Haplotype other

11 Haplotype 2-2-1 (33°A.) r IL 113 availability:0.81 ,----- IL 113 availability: 0.81 P==0.066
N:127 N:85

I P=O.668

Haplotype 2-2-1 (33%)
IL 113 availability==0.80
N:42

I'IJ::ure 2. SchematIC represenlatlon of the a~SOCJallons found WIthIn Ihe GARP study sample WIth crude p.
values provided. 11 is shown Ihat Ihe association between the haplotype and Ihe lower lL·l~ availabilily is
mainly due to Ihe effect observed in Ihe subjects Ihal do not have QA at Ihe highesl number of joint localions (P
value: 0.(01) whereas the risk haplotype occurs more frequemly among cases with Ihe highest number of joinl
localion wilh OA (1':0.003). The IL- IIJ availabilily in lhis p;lticnt group is. however. higher than expected both
in lhe 2-2-1 haplOlype group (0.18 as compared 10 0.80. P = 0.066) and in the tOlal group (0.80 as compared
0.81. P =O-(191).
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4.2.2 Genome wide linkage search to identify putative regulatory genes in immune
responses.
As an example, the data discussed in Chapter 2.1 show that although associated to the
innate IL-l p level, the genetic variation at ILl RN can not explain the full heritability
component of this level, indicating that additional regulating genetic variation exists. In
Chapter 2.2 we aimed to find additional genes influencing innate immunity of several
innate cytokine levels by a genome wide linkage analysis of the GARP sibling pairs. For
this analysis we used the assessed LPS stimulated profiles of cytokines (IL- Ip, IL- IRa. IL­
Ia and TNFa) and data on microsatellite repeats across the genome. Confirmation of initial
linkage signals ranging from 2.57 to 3.77 was done by combined linkage-association
analysis of genetic variation within new candidate genes using the CARP data and
replication was performed using the Leiden SS-Plus study, aiming to find genetic variation
influencing innate immunity which was not only affecting OA subjects as present in the
CARP study. We identified a SNP (rs6679497) in the COS3 gene which associated to
innate TNFa levels (combined studies P-value < 0.0l). The COS3 gene codes for a cell
surface signaling protein, known to be expressed by Iymphocytes and involved in the
regulation of immune response. Previously, this protein was shown to be downregulated
upon activation of neutrophils in response to activating stimuli by e.g. pro-inflammatory
cytokines22 and COS3 deficiency has been linked to recurrent infectious diseases23

• We
tested whether the SNP was associated to OA in the CARP study as compared to the
Leiden SS-Plus study subjects and to rheumatoid arthritis (RA) in a cohort of RA subjects
with matched controls (personal communication, Prof. Or. R. Toes et aI., department of
Rheumatology, LUMC) however no association to either disease was observed. It should be
noted that the SNPs measured at COS3 tag S2% of the genetic variation recorded in the
Hapmap database for this gene. Furthermore, innate TNFa was also not a major factor in
OA onset as was shown by Riyazi et (/1. in the CARP study by comparing the CARP
subjects to controls7

• OA progression data in the subsequent studies in CARP subjects
indicate a role for TNFa in progression of knee OA24

, however no association to
progression (at 2 years) was observed for the CDS3 SNP either (personal communication,
Dr. Kloppenburg et al., department of Rheumatology, LUMC). It should be noted that the
number of progressing subjects in knee OA was small for genetic association analysis,
thereby possibly giving false negative results. Other diseases and disorders, in which the
TLR4 pathway that is mainly triggered through the LPS stimulation plays a prominent role
might be affected by CDS3 genotypic variation. In addition, no functional role for the
identified SNP is known, and it is likely that this SNP is in partial LD to the true functional
polymorphism, which might better show possible associations to OA or progression.
Alternatively, we might have missed additional genetic variation on this locus of other
genes as a result of a knowledge bias for known genes and their function. It is remarkable
that in the linkage analysis we detected no linkage signals for innate 11... 1p, IL-I Ra and IL­
10. Underlying to this may be the use of a patient population, where distribution of levels of
at least innate IL-l p and IL-IO might be abnormal as compared to healthy controls, as
indicated in Chapter 2.2. However, the use of Merlin_regress25

, which deals with potentially
skewed population traits, yielded similar results in our analyses. Most likely, the severe
disease status of the most severely affected CARP subjects may have biased the innate
response of the lymphocytes to the stimuli, thereby compromising the power and robustness
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of the linkage analysis. Preferably, to identify putative regulatory loci of these possibly
confounded levels healthy subjects should be used.

4.2,3 Association analysis CRP genetic variation, serum CRP levels and OA
In chapter 2.3 we explored the association of eRP haplotypes to the measured baseline
serum HsCRP levels and to OA phenotypes in the CARP study. In the GARP study,
Meulenbelt et (//. showed that higher levels of HsCRP associated to increased BMI and
knee OA26. Shortly after this publication a compelling study by Carlson et al. showed
common haplotypes of the eRP gene associated to basal serum HsCRP levels in healthy
individuals27

. This publication triggered the obvious question whether these haplotypes
underlie the association of HsCRP levels to OA as mentioned above. Upon determination
of the eRP haplotypes in the GARP study the haplotypic pattern and its association to
serum HsCRP was strikingly similar to the study by Carlson et al."l1. Overall the HsCRP
levels of the subjects of CARP study were not in the acute phase range and only subtle
differences were observed between the haplotype mean levels. We could not find an
association of any of these haplotypes to knee OA or BMI indicating that the previously
observed associations are not likely causally related, but that the high eRP levels renect
ongoing processes ofOA and/or high BMI. In the current data we cannot distinguish BMI
driven effects on the serum HsCRP levels from effects mediated through knee OA because
these are highly correlated features. However, haplotype 7/8(H7/8), which associated to
higher serum CRP levels, associated to GARP subjects within the highest quartile of
number of OA affected hand joints (frequency cases 0.096 whereas control frequency was
0.046). The association of the eRP haplotype to both high serum HsCRP level and severe
hand OA may indicate that H7/8 may causally contribute to OA etiology in hand joints. A
lifelong exposure to subtle increased circulating CRP levels may have tipped the balance to
pro-intlammatory responses ulXln damage, affected the integrity of the cartilage with age
and ultimately leading to the onset of the OA process. It should be noted that the frequency
of H7/8 was relatively low (frequency overall in the GARP study 0.06) and in the GARP
study no direct association of serum HsCRP to hand OA was shown. The fact that we do
not observe higher circulating serum HsCRP levels among subjects with hand OA might be
attributable to the intluence of confounding factors such as the effects of BMI and/or knee
OA among subjects of the CARP study2t" that easily affect the HsCRP levels and obscure
possible OA subtype associations to circulatory levels. In a study of erosive hand OA
patients Punzi et al. have shown increased levels of serum HsCRP28

, however, this study
has no genotype information available which could help to elucidate whether the haplotype
association is observed in these subjects as well. In the CARP study 42 individuals scored
positive for signs of erosive hand OA out of 260 individuals scored. In the GARP subjects,
no association of the high serum HsCRP haplotype H7/8 was observed 10 the erosive hand
OA phenotype (personal communication, Dr. Kloppenburg et (//., department of
Rheumatology, LUMC). Alternatively, serum HsCRP levels may act in OA through flares
of disease activity, which can explain why we do not consistently observe increased serum
HsCRP associations to hand OA in this cross sectional study design. It is remarkable that
only the hand joints appear to be affected by the eR? haplotype in OA, the smaller joints of
the hand might be more susceptible to subtle changes of circulatory serum levels of
immunity signaling proteins, whereas the bigger joints have a more stable synovial level of
inflammatory markers through a smaller surface to volume ratio. The reported associations
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between the CRP haplotypes, levels and OA would benefit from confirmation in other
larger study populations with severe hand OA as defined by ?:.7 of 20 scored joint sites
affected.

4.2.4 Association analysis of SELS genetic variation, baseline inflammatory mediators
and OA subtypes
To further explore the role of circulating levels of inflammatory mediators we measured 17
multiplexed cytokines and chemokines in plasma obtained from GARP subjects.
Simultaneously, Curran et al. reported a promoter polymorphism -105 G/A of the SELS
gene which was associated to higher levels of circulating pro-inflammatory cytokines29

• In
line with the working hypothesis this might increase susceptibility to OA. In addition to this
promoter polymorphism, we genotyped 2 SNPs in the gene to increase the coverage of
genetic variation present within the SELS gene. In this study we aimed to identify plasma
markers of the ongoing OA process, as well as to characterize the subjects of GARP for
possible predisposition to OA through genetic variation of the SELS gene. We observed no
large scale up regulation of any of the measured cytokines and chemokines in relation to
total ROA score or OA subtypes, indicating that none of the measured cytokines or
chemokines is suitable as a marker for OA severity in the OA stages as present in the
GARP study. The reported -105G/A promoter polymorphism association to higher
circulating levels of IL-6, IL-I~ and TNFa29 was not confirmed in the GARP study, nor
could we detect any association between genetic variation at the SELS gene and OA.
Since some of the 17 measured serum levels of cytokines and chemokines were highly
correlated we performed a principal comlXlnent analysis on 9 of these levels and included
serum HsCRP levels in this analysis. We extracted 3 components representing 61.4% of the
total variation in these markers. One haplotype CGAG' frequency 0.(4) of the SELS gene
associated to 2 components, one of which depended mainly on serum IL-1O levels, whereas
the other was mainly driven by serum HsCRP levels, indicating that genetic variation at
SELS may indeed influence baseline inflammatory mediators. A third comlXlnent which
mainly represented variation of chemokines MTP-I~, MCP-I and TL-8, was significantly
associated to hand OA and disc degeneration. Contrary to expectation of increased pro­
inflammatory signaling, low levels of these chemokines captured in this comlXlnent were
associated to higher ROA scores. In the interpretation of this, it should be noted that
subjects of the GARP study are selected on OA at multiple joint sites meaning that subjects
with no hand OA had OA at other joint sites, however, we could not assess positive
association between the chemokine levels and OA at other joint sites among GARP
subjects. Previously, synovial chemokine levels were shown to be upregulated in OA
affected joints as compared to controls30.3l, our study shows that this up regulation might
not be reflected in circulating serum levels, or this up regulation may be less pronounced in
hand OA and disc degeneration as compared to hip OA and knee OA. Alternatively, the
observed association is spurious, which calls for confirmation in other cohorts which have
both data on hand OA and circulating chemokine levels available. Given the current results,
it might be that the underlying pathophysiological processes of hand and spine OA as
opposed to knee and hip OA are different, reflected in the associations found for the
individual joint sites studied in the GARP subjects.
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4.2.5 Inflammatory mcdiators' IC\'cls and gcnes in OA
In summary, our studies on mediators of inflammation and candidate genes in the
inflammatory pathways, in addition to earlier publications on this subject, show that
although significant associations were found between inflammatory mediators and OA, the
underlying mechanism is highly complex and cannot be easily elucidated. The relation
between cause and effect may be obscured once the process of cartilage damage is initiated
and causal factors may inversely become markers of the ongoing disease processes. The
identification of loci coding important immune modulating genes in healthy individuals
may assist in the identification of cause and effect in OA research. Once the OA process is
initiated a redundant cycle of cartilage damage and mainly catabolic activity in response to
the damage may occur (Figure 1), which would be amplified through genetic predisposition
towards pro-inflammatory states. The presence of these OA predisposing alleles may be a
result of an advantageous effect in early development and life, where a fast chondrocyte
cycle may be preferable in growth and repair of minor cartilage defects, however, may
underlie OA onset and progression later in life after the reproductive phase.
Individuals with OA in the GARP study show higher innate levels of IL-I~ as compared to
controls, however, the only observed genetic predisposition present in our data is to a low
IL-lp bio-availability haplotype. This contrast illustrates the complexity of interactions of
levels with disease status and predisposition through genetic variation reflected in levels.
We aimed to find additional candidate genes for association analysis to OA and by a
genome wide linkage scan we identified a CD53 SNP which associated to innate TNFa
levels, however, we were unable to detect association of this SNP to either OA or RA. The
estimates of the innate immunity were obtained through a stimulation using LPS which acts
on the Toll-like receptor 4 (TLR4). It can be argued that for a better or more complete
overview of innate immunity in relation to osteoarthritis stimulation through the TLR2
pathway may provide additional infonnation. Both TLR pathways are implicated in
autoimmunity, however, TLR4 is more intimately involved in the pathogen response
whereas TLR2 is more involved in allergies and autoimmunity protection. In addition to
innate immunity estimates, we investigated circulating levels of immune signaling proteins
aiming to identify mediators or markers of the disease process. We showed that a CRP
haplotype H7/8 associated to high serum HsCRP levels as well as to OA at multiple sites of
the hand. In this case we were not able to show higher serum HsCRP levels for individuals
of GARP who had OA of the hand as compared to subjects without involvement of the
hand, nor did we find evidence for association of this haplotype to erosive hand OA, which
is reported to associate to higher serum HsCRP levels. In this respect, confounding by other
joint sites and traits might obscure possible associations of serum HsCRP levels to OA, as
is shown especially in the case of knee OA which is confounded by the correlation of BMI
and knee OA26. We were unable to show any relation between SELS haplotypes associated
to specific inflammatory components and features of OA. By use of prospective or early
OA cohorts, such as the Cohort Hip and Cohort Knee (CHECK) study, which is currently at
a 10 year follow up of a thousand subjects with early clinical signs putatively caused by
OA, the causal role of levels of inflammatory mediators in the onset of OA might be better
studied since the disease status may not yet evoke a strong reaction of these inflammatory
system.
Altogether, our investigation of patterns between genetic variation of markers, the levels of
the markers and disease status has not revealed a clear relationship between inflammatory
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mediators, genetic variation and OA. None of the associations found for genetic or
circulatory levels was present in all subjects of the CARP study, underlining that OA is a
multifactorial disorder, in which several aspects influence the disease onset and
progression. Identifying each of the associating genetic and circulating factors might
together comprise a risk profile for OA and can help to better identify early OA and provide
patient prognosis. For bener pattern recognition analyses may benefit from an approach
using the Mendelian randomization mooel6

• In this approach, a sufficiently large sample of
healthy individuals is used to identify which genetic variants influence which levels.
Subsequently, these patterns can re investigated in diseased cohorts to identify possible
associations of variants to the disease, or whether levels are confounded by the disease
process itself. In particular for diseases in which the marker levels may not be independent
from the disease status this approach may be very beneficial. Furthermore, the OA process
mainly acts in the synovial compartment, which may not necessarily be reflected in the
circulating levels of inflammatory mediators. More insights in the relation between
circulating levels of inflammatory mediators and local signaling in the joints are needed to
reliably identify putative disease monitoring markers. In addition, our analyses were aimed
at specific intlammatory mediators, whereas the immune system is highly complex with
more factors involved. In our analysis we may have omitted markers which are intimately
involved in the disease process, however, not identified as OA markers.

4.3 De\'clopmental charactcristics or OA
In addition to genes of the inflammatory pathway, recent candidate gene studies and
genome wide linkage and association scans indicate that genes which act during the early
stages of osteogenesis and chondrogenesis should be considered as regulators of an
important pathway in the etiology of OA 1,3,32.3\see Chapter I for a complete overview).
Variants of developmental genes may affect joint morphology of the bone during early
development, where subtle changes in shape might create a lifelong eXlXlsure to aberrant
joint loading, ultimately wearing out the cartilage and initiating OA. Currently, in
collaboration with the Erasmus University of Rotterdam (Prof. Dr. H. Weinans and Dr. J.H.
Waarsing et al. department of Orthopedics, Erasmus MC), the shape of hips is being
characterized using statistical shape mOOels. These can subsequently be used to identify
putative predisposing shape aspects, as well as identify whether genes influence the shape
of joints, possibly contributing to the OA etiology through these shape aspects. Secondly,
loss of maturational arrest in articular chondrocytes and initiation of chondrocyte
hypertrophy might be one of the events which set off a cycle of processes where the
chondrocytes follow a path resembling that observed in the growth plate which is
debilitating for the articular cartilage21,34.35. Genetic variation at the genes which regulate
these processes might exert their effects later in life when the cartilage matrix ages and age
related expression changes in cells OCCU~6-38. DI02 is one of the genes which is active in
the growth plate during endochondral ossification, and was identified in the GARP study as
candidate OA susceptibility gene and confirmed by several additional OA cohortss. D!02
cooes for type 11 deiodinase (D2) which regulates the availability of active thyroid hormone
T3 in the growth plate during endochondral ossification39. Active T3 signals in the growth
plate direct the chondrocytes towards terminal differentiation, eventually resulting in the
formation of bone. Recent findings using mouse models show the reactivation of
endochondral ossification genes in a mouse model of mechanically induced OA, supporting
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the possibility that reactivation of these genes plays a role in OA etiolog/SAO
• In addition to

these data, chondrocytes from aged donors are less responsive to anabolic signaling and
have decreased mitotic ability, thereby increasing the susceptibility to OA onset41

.42. In the
growth plate. developmental genes are known to regulate the ongoing process of
endochondral ossification; the breakdown of cartilage and formation of bone. These
features are also major characteristics of the ongoing OA process. This hypothesis was
recently reviewed by us. where DIOl, GDF5 and FRZB in particular were discussed l

. In
this thesis we performed two studies further characterizing 02 in OA cartilage as compared
to healthy cartilage and characterizing the DJ02 risk allele of rs225014 in OA cartilage.
These studies can be considered the first efforts to follow up a gene identified through a
genome wide approach in OA. Depending on the genes and IXllymorphisms identified in
several ongoing genome wide association studies and meta analyses of these, a similar path
of follow up experiments can be expected to further investigate the involvement in OA
etiology of these and other discovered OA susceptibility genes.
In Chapter 3 we showed that the OA risk allele of DI02 SNP rs225014 is more abundantly
transcribed in OA cartilage at the mRNA level as compared to the reference allele. Though
a higher rate of transcription of the risk allele a subtle imbalance of U2 protein production
may be present which in turn activates more thyroid hormone T3 during life. The fact that
this SNP resides in an exon, which generally do not harbor the majority of the regulatory
elements of genes. may indicate that this SNP is merely a marker for variation in eis-acting
regulatory elements such as putative methylation sites or promoter variation which form the
true underlying cause. Moreover. it should be noted that the polymorphism is very close to
a CTCF binding site. which are known to be involved in gene activity regulation through
DNA methylation. possibly, the methylation status of this site is altered under the influence
of the OA risk allele. The identified risk SNP rs225014 codes for an amino acid change in
the 02 protein. however. no conclusive evidence is found that this amino acid change has
major effects on the enzyme efficacy and stability43. The absence of changes in enzyme
activity or stabili ty44 further points towards a regulatory eis-acting element underlying the
observed association.
Furthermore. in the IHC analyses the observation that in OA cartilage as compared to non
OA cartilage 02 is both more abundantly expressed throughout all the cartilage layers as
well as at higher staining intensity, together with similar pattern of expression differences
of the thyroid hormone receptor beta and 0103 indicates that in OA cartilage increased
thyroid signaling is present. Possibly, the OA risk allele may contribute to this higher
expression of 02 through the described allelic imbalance. Overall, it is unclear whether age
related dedifferentiation of the chondrocytes contribute to the observed increase in
expression of thyroid signaling proteins or whether the differences observed in expression
level is merely a marker of the ongoing disease process. To overcome this a study cohort
which allows investigation of the influence of aging on the expression of these proteins in
healthy cartilage is needed.

4.4 Future perspectives
Recently, candidate gene and genome wide approaches have shown consistent associations
for several genes in osteoarthritis. In a follow up of these initial findings. these genes now
need to be characterized in relevant tissues and through in vitro and in vil'o models in order
to further elucidate the mechanisms behind the associations. In designing new experiments,
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researchers should take into consideration that focus should be on identifying common
genetic variation which cumulatively add up to a composite risk for OA development, as
well as on the identification of rare, large effect genetic variation which has in itself a
stronger effect on the OA predisposition. International collaborative GWAS and linkage
approaches significantly increase the power of studies into OA, however, also bring about a
new challenge regarding the phenotypic heterogeneity of the combined cohorts. In order to
cope with these challenges, additional research will be needed to further homogenize the
OA phenotyping of already assessed cohorts and new OA research initiatives. Through
collaborations researchers in the genetics of OA may lay down a path towards new
therapeutic approaches for disease modification and treatment45

. Once genetic variation
contributing to OA is identified, the research enters a new phase of characterizing the
specific variation identified. Through promoter activity assays, sequencing, animal models,
expression analysis and many other emerging genomics and proteomics techniques a more
detailed insight can be gained, where each specific gene may have an obvious next step to
take. One of these arising genomics fields allows high throughput assessment of epigenetic
configuration of genes as detennined by methylation status. Especially in silencing of e.g.
developmental and catabolic genes, methylation is a potent genetic regulatory mechanism,
which may play a role in OA etiology. Use of DNA extracted from OA and healthy joints
can readily test hypothesis regarding methylation of specific genetic areas and is currently
ongoing. Furthermore, as no functional roles for the 0102 OA risk polymorph isms are
identified we aim to use high throughput sequencing techniques to find putative new rare
variants with large impact, which may give us more insight in the molecular mechanisms
behind the associations. The possible link between the processes of the endochondral
ossification and osteoarthritis calls for a new range of experiments where this link can be
further characterized. By challenging cartilage explants of donors of different ages with
signaling similar to that found in the growth plate during endochondral ossification we may
better understand the observed similarities between OA and endochondral ossification and
the relation of the disease to aging. Characterizing the differentiation processes of
mesenchymal stem cells or pluripotent cells derived from (more easily obtainable)
fibroblasts using donors of different genotypes under similar conditions may tell us more
about why associations of these alleles occur. Furthermore, allelic imbalance of transcripts
may be mediated through copy number variation, which is one of the advantages in the next
generation sequencing techniques, which are highly reliable in identifying copy number
variations. Further experiments using healthy cartilage to determine the reported rs225014
allelic imbalance might show whether in OA cartilage aberrant signaling as compared to
healthy samples occurs at the level of ongoing thyroid signaling. Such differences might
indicate presence of transcription factors not normally active in the cartilage, or differential
epigenetic regulation of eis-regulatory elements in OA etiology.
Ultimately, new techniques and insights will allow better distinction of ongoing disease
processes, thereby creating more understanding of the origin of the observed disease
heterogeneity. Osteoarthritis may be the end stage of several distinct pathways; through
identification of markers renecting the ongoing processes possibly these pathways are
better understood, monitored and targeted. Furthermore, to provide clinicians with effective
disease modifying drugs, these experiments may unravel the complex mechanisms
involved, thereby identifying potent drugable targets in OA.

116 DiIcu.uioll



References

I. Bos,S.O., Slagboom,P.E., & Meulenbelt,I. New insights into osteoarthritis: early
developmental features of an ageing-related disease. Curr. Opin. Rhellll/(l/ol. 20,
553-559 (2008).

2. Kerkhof,HJ. et al. A genome-wide association study identifies an osteoanhritis
susceptibility locus on chromosome 7q22. Arthritis Rheum. 62,499-510 (2010).

3. Chapman,K. et al. A meta-analysis of European and Asian cohorts reveals a global
role of a functional SNP in the 5' UTR of GDF5 with osteoarthritis susceptibility.
HUII/. Mol. Gel/et. 17, 1497-1504 (2008).

4. Valdes,A.M. & Spector,T.D. The contribution of genes 10 osteoarthritis. Med Clil/.
North All/ 93, 45-66, x (2009).

5. Meulenbelt,L et al. Identification of 0102 as new susceptibility locus for
symptomatic Osteoarthritis. HUII/. Mol. Genet. 17, 1867-1875 (2008).

6. Davey,S.G. & Ebrahim,S. 'Mendelian randomization': can genetic epidemiology
contribute to understanding environmental determinants of disease? 111/. 1.
c·pidemiol. 32,1-22 (2003).

7. Riyazi.N. et al. Association of the risk of osteoarthritis with high innate production
of interleukin-lbeta and low innate production of interleukin-IO ex vil'o. upon
lipopolysaccharide stimulation. Arthritis Rheum. 52, 1443-1450 (2005).

8. Vamvakopoulos,J., Green,c., & Metcalfe,S. Genetic control of IL-lbeta
bioactivity through differential regulation of the IL-l receptor antagonist. Ellr. 1.
Immunol. 32. 2988-2996 (2002).

9. Haukim.N. et al. Cytokine gene polymorphism in human disease: on-line
databases, supplement 2. Genes Immull. 3.313-330 (2002).

10. Hall,S.K. et (11. Correlation of polymorphic variation in the promoter region of the
interleukin-l beta gene with secretion of interleukin-l beta protein. Arthritis
Rheum. 50, 1976-1983 (2004)

11. Smith,AJ .. Elson.C.J., Perry,MJ.. & BidwellJ.L. Accuracy of haplotype
association studies is enhanced by increasing number of polymorphic loci
examined: comment on the article by Meulenbelt et (11. Arthritis Rhellm. 52, 675­
676 (2005).

12. Limer,KL et al. Attempt to replicate published genetic associations in a large,
well-defined osteoarthritis case-control population (the GOAL study).
Osteoarthritis. Cartilage. 17, 782-789 (2009).

13. Meulenbelt,L et al. Association of the interleukin-I gene cluster with radiographic
signs of osteoarthritis of the hip. Arthritis Rheum. 50, 1179-1186 (2004).

14. Stem,A.G. et al. Association of erosive hand osteoanhritis with a single nucleotide
polymorphism on the gene encoding inter1eukin-1 beta. Osteoarthritis. Cartilage.
11, 394-402 (2003).

15. Kanoh.T. et al. Interleukin-I beta gene polymorphism associated with radiographic
signs of osteoarthritis of the knee. J Orthop. Sci 13.97-100 (2008).

16. Moxley,G.. Han,J .. Stern,A.G.. & Riley,B.P. Potential influence of IUB haplotype
and ILlA·fLlB·fLlRN extended haplotype on hand osteoarthritis risk.
Osteoarthritis. Cartilage. 15, 1106-1112 (2007).

Chapter 4 117



17. Chapman,K. & LoughlinJ. Association of the interleukin-I gene cluster with
osteoanhritis of the hip: comment on the article by Meulenbelt et al and the letter
by Smith et al. Arthritis Rhel/m 54, 3722-3723 (2006).

18. Sezgin,M. et al. Lack of association polymorphisms of the ILl RN. ILIA, and ILl B
genes with knee osteoarthritis in Turkish patients. Clin. InFest Med 30, E86-E92
(2007).

19. Mollenhauer,J.A. & Erdmann,S. Introduction: molecular and biomechanical basis
of osteoarthritis. Cell Mol. Life Sci. 59, 3-4 (2002).

20. Martel-Pelletier,J., Boileau,C., PelletierJ.P., & Roughley,PJ. Cartilage in normal
and osteoarthritis conditions. Best. Pmct. Res. Clill. Rhel/malOl. 22, 351-384
(2008).

21. GOldring,M.B., Otero,M., Tsuchimochi,K., Ijiri,K., & Li,Y. Defining the roles of
innammatory and anabolic cytokines in cartilage metabolism. Alln. Rheum. Dis.
67 Suppl 3, iii75-iii82 (2008).

22. Mollinedo,F., Martin-Martin,B., Gajate,c., & Lazo,P.A. Physiological activation
of human neutrophils down-regulates C053 cell surface antigen. 1. Lel/koc. BioI.
63. 699-706 (1998).

23. Mollinedo,F., Fontan,G., Barasoain,l., & Lazo,P.A. Recurrent infectious diseases
in human CD53 deficiency. Clin. Diagll. Lilb ImmUllol. 4, 229-231 (1997).

24. Botha-Scheepers,S.A. et al. Innate production of Tumor Necrosis Factor-{alpha}
and lnterleukin-IO is associated with radiological progression of knee
osteoarthritis. Anll. Rheum. Dis. 67, 1165-1169 (2007).

25. Abecasis.G.R., Cherny,S.S .. Cookson.W.O., & Cardon.L.R. Merlin--rapid analysis
of dense genetic maps using sparse gene now trees. Nat. Gener. 30,97-101 (2002).

26. Meulenbelt,L er al. Clusters of biochemical markers are associated with
radiographic subtypes of osteoanhritis (OA) in subject with familial OA at
multiple sites. The GARP study. Osreoarthriris. Cl/rtilage. 15,379-385 (2007).

27. Carlson,C.S. er al. Polymorphisms within the C-reactive protein (CRP) promoter
region are associated with plasma CRP levels. Am. J. HI/m. Genet. 77,64-77
(2005).

28. Punzi,L. et (11. Value of C reactive protein in the assessment of erosive
osteoarthritis of the hand. Anll Rheum Vis 64,955-957 (2005).

29. Curran,J.E. et al. Genetic variation in selenoprotein S innuences inflammatory
response. Nat. Genet. 37,1234-1241 (2005).

30. Attur,M.G., Dave,M., Akamatsu,M., Katoh,M., & Amin,A.R. Osteoarthritis or
osteoarthrosis: the definition of inflammation becomes a semantic issue in the
genomic era of molecular medicine. Osreoarrhritis. Cartilage. 10, 1-4 (2002).

31. Borzi,R.M., Mazzetli,l., Marcu,K.B., & Facchini,A. Chemokines in canilage
degradation. Clill. Orrhop. Relat Res.S53-S61 (2004).

32. James,LE. er al. FrzB-2: a human secreted frizzled-related protein with a potential
role in chondrocyte apoptosis. Osreoarrhriris. Cartilage. 8,452-463 (2000).

33. Valdes,A.M. er al. Sex and ethnic differences in the association of ASPN,
CALM I, COL2A I, COMP, and FRZB with genetic susceptibility to osteoarthritis
of the knee. Arthritis Rheum. 56, 137-146 (2007).

I 18 DiICII.uioll



34. Aigner,T. et al. Large-scale gene expression profiling reveals major pathogenetic
pathways of cartilage degeneration in osteoarthritis. Arthritis Rheum 54, 3533­
3544 (2006).

35. Kawaguchi,H. Regulation of osteoarthritis development by Wnt-beta-catenin
signaling through the endochondral ossification process. J Bone Miner. Res. 24,8­
11 (2009).

36. Licastro,F. et al. Innate immunity and infiammation in ageing: a key for
understanding age-related diseases. Immull. Ageing 2, 8 (2005).

37. Mobasheri,A. Role of chondrocyte death and hypocellularity in ageing human
anicular cartilage and the pathogenesis of osteoanhritis. Med. Hypotheses 58, 193­
197 (2002).

38. Zahn,J.M. et al. AGEMAP: a gene expression database for aging in mice. PLo5.
Genet. 3, e201 (2007).

39. Adams,S.L, Cohen,AJ., & Lassova,L. Integration of signaling pathways
regulating chondrocyte differentiation during endochondral bone formation. 1.
Cell Physiol213, 635-641 (2007).

40. Kawaguchi,H. Endochondral ossification signals in cartilage degradation during
osteoarthritis progression in experimental mouse models. Mol. Cells 25, 1-6
(2008).

41. Manin,J.A. & BuckwalterJ.A. Telomere erosion and senescence in human
anicular canilage chondrocytes. J Gerontal A BioI Sci Med Sci 56, B172-8 179
(2001 ).

42. Martin,J.A. & Buckwalter,J.A. Human chondrocyte senescence and osteoarthritis.
Biorheology 39, 145-152 (2002).

43. Dayan,C.M. & Panicker,V. Novel insights into thyroid hormones from the study
of common genetic variation. Nm. Rev. Endocrinol. 5, 211-218 (2009).

44. Gereben,B., Kollar,A., Hamey,J.W., & Larsen,P.R. The mRNA structure has
potent regulatory effects on type 2 iodothyronine deiodinase expression. Mol.
Endocrinol. 16, 1667-1679 (2002).

45. Katsanis,N. From association to causality: the new frontier for complex traits.
Genome Med I, 23 (2009).

Chapter 4 119


