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General Introduction

OSTEOARTHRITIS

Osteoarthritis (OA) is a prevalent, degenerative muscoskeletal disease that affects all articular joints,
although it is most prominent among hip, knee and the phalangeal joints (1). In 2011 it was estimated
that over 1,1 million people in the Netherlands (7%) were visiting a general practitioner due to OA
related complaints (2). While present across the entire population, OA predominantly affects the
elderly, which is reflected by a disease prevalence under 65 years of age of 3.6% and 3.9% for men
and women, whereas above 65 years of age these numbers increase to 20.9% and 36.2%, respecti-
vely (Figure 1) (2). Hence, in light of the increasing proportion of elderly in western civilization, OA’s

burden on our society is advancing and will likely keep doing so in the near future.

600 -

@
400
é sex
‘_>“ —+- Female
3 - Male
& 200
0 . - - - e
™ > >
A o v
S 2 5
K &
300 - 300 -
@ @ @
2200 sex o sex £200] sex
2 - Female 2 = Female 2 - Female
3 + Male 3 Male 3
& 100 i & 100

/ o
0 -seosoooes”

/////// P B I B B B
8 q/Q ,50 >Q<00 »“Q ,\Q Q)Q N (,VQ “Oh ’.Q(,)Q @Q «Q %Q
Age group Age group Age group

0-seeosoeset”

Figure 1. Estimated osteoarthritis prevalence per 1000 inhabitants among the Dutch population in 2011,
stratified by gender. (A) Overall prevalence of osteoarthritis, measured in all joints. (B) Prevalence of hip
osteoarthritis. (C) Prevalence of knee osteoarthritis. (D) Prevalence of hand osteoarthritis. Data from Nationaal
Kompas Volksgezondheid 2011 (2).

The disease is principally portrayed by gradual degeneration of cartilage in articular joints, although,
in recent years it has become apparent that multiple joint tissues, such as the subchondral bone and
synovial membrane, are involved as well (3). Multiple risk factors have been described, and encompass,
but are not limited to age, gender (4), body mass index (BMI) (5), joint injuries (6) and genetic predis-
position with heritability estimates ranging from 40% to 60% (7). It manifests itself as stiff and painful
joints due to joint space narrowing (8), calcified articular cartilage (9), formation of bony outgrowths
called osteophytes (10) and remodelling of subchondral bone (11). Presently, no treatment other than
pain relief exists and patients are ultimately required to undergo total joint replacement (TJR) surgery
to guarantee proper functioning of the joint. While TJR is an effective treatment for end-stage patients,
gaining a deeper understanding of the actual biological mechanisms that underlie and/or accompany

OA pathophysiology will arguably aid future efforts in developing disease modifying treatments.
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Chapter 1

Although multiple joint tissues have been implicated in OA pathophysiology (12—14), articular car-
tilage is allegedly the pivotal tissue affected by the disease. While wear and tear plays a substantial
role in cartilage breakdown and thus OA progression, degradation and calcification of the tissue is
additionally actively mediated by chondrocytes (15). Chondrocytes, which are thought of to be the
single cell type residing in articular cartilage (16), are responsible for maintenance of the extracellular
matrix (ECM) and do so by actively breaking down, remodelling and repairing the ECM using a wide
variety of both catabolic as well as anabolic proteins and enzymes when they are required to do so
(17-21). In order to do so properly throughout life, it is crucial for chondrocytes that after tissue
homeostasis is restored upon physical stresses and consequent microtrauma’s, they return to their
resting state to await reactivation when required. However, chondrocytes residing in OA affected
articular cartilage seem to have escaped this perpetual but appropriate cycle of reactivation and
resting (15,21,22). Specifically, as OA chondrocytes dedifferentiate, start dividing, form columnar
structures and actively start calcifying the ECM. They appear to have lost their articular phenotype
and have entered a process that, interestingly, resembles endochondral ossification during fetal

development (15,21-26).

OSTEOARTHRITIS ASSOCIATED GENETIC VARIATION

Due to the substantial genetic component of OA, marked by high heritability estimates (7), in recent
years, significant efforts have been made to elucidate the complex genetic architecture of the disease
(27-46). However, the search for putative genetic variation that might predispose for or protect
against the disease has emerged as a considerable challenge. The hereditary nature of OA is there-
for still incompletely understood. Association analysis of genetic variation, traditionally performed
among candidate genes and more recently by linkage analysis and genome wide association (GWA)
studies, has identified a multitude of loci that are involved in OA pathophysiology. Specifically, the
presence of common point mutations or single nucleotide polymorphisms (SNPs) in genes such as
GDF5 (31,39,41-43), FRZB (39,44,45), ALDH1A2 (36), DOTIL (40,46), GNL3 (47) and DIO2 (32) has
been associated with in- or decreased prevalence of OA among carriers. As a result, OA is designated
a so-called genetically complex disease, i.e. there is no single, common genetic variant that determi-
nes whether respective carriers develop generalized OA (48-50). In that regard, uncommon genetic
variants, often segregating by Mendelian nature within affected families, have been linked directly
with the development of specific OA subtypes (e.g. chondrocalcinosic OA caused by a read-through
mutation in the TNFRSF11B gene (51)). Whereas these monogenetic forms of OA are generally due
to high-impact mutations, the associated effect sizes of SNPs associated with generalized forms of

OA are relatively small (50), and as such leading to missed heritability for OA in general.
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General Introduction

The nature by which these relatively small genetic effects arise seems to be due modest downstream
effects of the associated genes. While these OA associated genetic variations rarely induce structural
differences in the resulting protein product, alleles of common OA susceptibility SNPs do frequently
mark transcriptional differences of genes in close proximity. Traditionally, SNPs that affect gene
expression levels have been addressed by so-called expression quantitative trait locus (eQTL) analysis
(52-54), which identified a magnitude of SNPs that affect gene expression of proximal genes marked
by allele correlated expression levels. Albeit successful in doing so, eQTL studies require substantial
sample sizes to reach statistical significance. In that regard, it has been shown that assessing the
extent of imbalance of expressed alleles within heterozygous individuals was shown to be an effective
alternative to identify genetic variation that affects gene expression levels using significantly less
samples (36,42,55-59). Imbalanced expression of alleles of heterozygous carriers, generally referred
to as an allelic imbalance (Al), allele specific expression (ASE) and/or allelic expression (AE), occurs
when two alleles of a certain SNP are not expressed to equal extent. Because eQTLs frequently are
tissue specific (60—-62) and the fact that articular cartilage biobanks are generally of limited size,
measuring Al of OA susceptibility SNPs in articular cartilage has gained increasing interest in recent
years (36,42,55-59). Multiple common SNP alleles associated with OA have been reported to mark Al
in articular cartilage and as such provided mechanistic insight into the putative biological mechanism
that underlies the statistical genetic association. For example, it was shown that the risk allele C of
rs225014, located in exon 3 of OA susceptibility gene D/IO2, is expressed to higher extent compared
to the wild type allele T in articular cartilage of heterozygous carriers of the SNP (57). Similar results
have been reported for other robust OA susceptibility genes such as GDF5 (42,56) and ALDH1A2 (36),
as well as for genes proximal to SNPs of which it is currently not completely certain which genes are

respectively affected (SPCS1 (55), GNL3 (55), COL11A1 (58)).

Nonetheless, as a consequence of these relative small effects governed by generalized OA associ-
ated SNPs, attempts to reduce missing heritability for OA is to some extent obstructed in even the
largest GWA studies. In parallel, generalized OA arguably comprises a spectrum of subtypes (e.g.
affected joint, osteophyte formation and/or presence of joint space narrowing) which might have just
partly overlapping genetic determinants. As subtypes are generally combined in GWA studies, true
association signals will be diluted into the noisy background. And although testing millions of alleles
for association with larger sample sizes and/or deeper phenotypes will presumably yield novel OA
associated loci, another worthwhile approach might be reducing the vast number of statistical tests,
and thus lowering the multiple testing correction penalty. Selecting for SNPs that are more likely to
confer susceptibility, for example by exclusion of SNPs that do not reside in proximity of genes that

are involved in articular joint tissue homeostasis, might prove beneficial in this sense.
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DISEASE ASSOCIATED GENE EXPRESSION LEVELS

A well described hallmark of ongoing OA is the substantial amount of differentially expressed genes
in OA affected cartilage when compared to control cartilage (18,63—72). And while identification
of these has traditionally been performed in a gene targeted fashion, advances in transcriptome
wide measurements, such as microarray and sequencing technologies, have markedly extended
the number of genes that seem to partake in OA pathophysiology. For example, genes involved in
extra cellular matrix (ECM) anabolism (e.g. COL11, AGC, CILP, PRG4) (17,18), catabolism (e.g. MMP3,
MMP9, ADAMTS5) (73), inflammation (e.g. IL11, IL1, TREM1) (73) and development (e.g. DKK3,
DIO2, GDF5, FRZB) (73,74) have repeatedly been observed to be expressed at different levels in OA
affected cartilage. Dynamic expression and subsequent silencing of these genes is arguably required
during normal life to cope with everyday physical stresses, consequent microtraumas and to main-
tain articular cartilage homeostasis in general. Seen with OA pathophysiology, however, it seems as
if gene transcription is no longer balanced and tends to favour cartilage catabolism, consequently
leading to gradual degradation and calcification of the tissue. In his regard, chondrocytes residing
in OA affected articular cartilage appear to be constituently active and no longer able to return to
their proposed resting state. Worth mentioning in this context, are the apparent differences between
gene expression profiles of distinct joints. Nonetheless, irrespective of the joint of interest, from a
pathway point of view OA associated expression profiles reflect the aforementioned shift towards

catabolism when compared to unaffected cartilage.

Nevertheless, despite the valuable observations that have resulted from (semi) transcriptome wide
profiling of OA affected articular cartilage, it is at the current time not possible to designate the appa-
rent transcriptomic disbalance as either pathologically causal and putatively driving the disease, or
consequential and merely constituting a biomarker. While it is eminent that changes in gene expres-
sion are compulsory to effectuate degradative remodelling of the ECM, it can be expected that the
resulting consequences will in turn affect gene transcription rates in the respective chondrocytes.
In human OA research this proposed feedback mechanism opposes a challenge when interpre-
ting results generated from transcriptomic experiments, whereas it is not encountered as such in
the context of genetic association analyses. In an attempt to bridge this gap (and while doing so
refrain from complex clinical translation of animal and in-vitro experiments), studying the underlying
mechanisms that might regulate gene expression in human articular cartilage in-vivo might just help

us in understanding the complexity at hand.
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EPIGENETICS IN OSTEOARTHRITIS

Epigenetic mechanisms are traditionally described as heritable modifications of the genome without
affecting the actual nucleotide sequence (75,76), although in recent years they have emerged as
cellular mechanisms that serve as dynamic regulators of gene expression (77-79). Nonetheless, des-
pite the ambiguous inheritance of epigenetic modifications, its strong correlation with the proximal
nucleotide sequence, gene expression levels as well as tissue specificity (80) make it highly applicable
for OA research. While a broad spectrum of epigenetic modifiers and levels exist, such as histone
modifications (81) and small non-coding RNA expression (82—84), DNA methylation appears studied
most intensively (68,85-89). Addition of a methyl group to the 5th carbon atom of cytosines in
cytosine-guanine residues (CpGs) within the genomic DNA is known to correlate with gene expression
levels, likely due to interference with binding of DNA binding proteins (DBPs) to the genomic DNA
(79). Although gene expression is regulated by a vast number of mechanisms, binding of DBPs such as
transcription factors is pivotal herein. Additionally, DNA methylation levels at specific positions along
the genome are known to be highly tissue specific, partly due to mitotic inheritance of the respec-
tive somatic layers during development, but presumably also to maintain cellular differentiation in
adult tissues (80). Hence, in light of the strong relation with gene expression as well as constituting
distinct tissue profiles, studying DNA methylation seems an appealing endeavour to further dissect

the molecular genetic facets of OA (3,90).

Early studies assessing DNA methylation in OA affected articular cartilage have revealed that DNA
methylation levels of specific CpGs in or near known OA associated genes often reflect the disease
status of the respective tissue. For example, DNA methylation levels of CpGs near multiple matrix
metalloproteinases (MMP3, MMP9 and MMP13) (91-93), GDF5 (86,87), SOX9 (94,95), IL1 (93,96),
NOS2 (97) and COL9 (98) were shown to be significantly different between OA affected and unaf-
fected articular cartilage. Notably, these differences in methylation levels coincided with a significant
difference in expression levels of the respective genes as well. More recently, multiple studies have
reported on (semi-)genome wide DNA methylation profiles of articular cartilage in the context of
OA, in part due to the development of affordable genome wide DNA methylation arrays (85,88). By
comparing DNA methylation at the methylome level between OA affected and unaffected articu-
lar cartilage, numerous differentially methylated CpGs have been reported and confirmed (85,88).
However, it is presently still unclear if, and to what extent these CpGs correlate with gene expression
levels in articular cartilage. While it was generally accepted that increased methylation or hyperme-
thylation marks decreased transcription of respective genes, an increasing number of CpGs have
been reported of which hypermethylation correlates with increased expression. Interestingly, the
canonical view of transcriptional downregulation alongside hypermethylation is often observed for

CpGs that reside in transcriptional promotors or enhancers, whereas CpGs that do so in opposite
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direction are generally located between the transcription start and ending sites of genes (77,79,81).
Consequently, given that interpreting cross-sectional DNA methylation differences is challenging on
its own, doing so without simultaneous and quantitative knowledge of the transcriptome appears

to considerably impede our ability to do so accurately.

SUPERIMPOSING CAUSALITY AND/OR DIRECTIONAL EFFECT

In light of the descriptive nature of the aforementioned transcriptomic and methylomic experi-
ments (i.e. cross-sectional data points), we are inherently refrained from implying causality. This
statistical impediment affects in-vivo human OA research in multiple ways. Firstly, when we study
OA transcriptomic and/or methylomic profiles as described earlier, we cannot differentiate between
drivers and markers of the ongoing pathophysiological processes. Secondly, if our interest goes out
to understanding the relationship between DNA methylation and gene expression in articular carti-
lage, we encounter a proposed regulatory feedback loop that prevents us from stating a directional
relationship between the two. Within these boundaries, however, identification of CpGs for which
their methylation levels quantitatively correlate both with the presence of particular alleles as well
as with proximal gene expression, would be indicative of a regulatory relation that propagates from

genome to methylome to transcriptome.

AIM AND CONTENT OF THIS THESIS
The here presented thesis aims to address some of the challenges and concerns outlined in the
previous sections. As such, the following chapters will elaborate on a number of specific scientific

challenges to which the OA research field is currently opposed to.

As candidate gene approaches have resulted in the successful identification of multiple OA predis-
posing SNPs that exert their disease association through Al in articular cartilage, we have assessed
Al on a genome wide scale in articular cartilage. By simultaneously utilizing both transcript sequence
as well as abundancy information derived in RNA sequencing data generated from human articular
cartilage, chapter 2 describes a transcriptome wide approach to detect novel SNPs that mark Al
in articular cartilage. Subsequently in chapter 3, we reveal that the generated data and results in

chapter 2 can be used to support ongoing OA GWA studies.

Multiple reports on OA susceptibility SNPs that mark imbalanced expression in articular cartilage of
their respective genes have been published, as our group has done so for rs225014 (DI02). Given
these observations, we were interested in the regulatory mechanisms that might underlie the repor-
ted Al and investigated the role of epigenetic regulation of DIO2 expression by DNA methylation in

knee and hip articular cartilage. Chapter 4 describes the relation between the alleles of rs225014,
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General Introduction

proximal DNA methylation and expression of D/IO2 in articular cartilage. Given the insightful results
obtained in chapter 4, we next addressed DNA methylation in articular on a semi-methylome wide
scale. In chapter 5 we integrate methylomic and transcriptomic data derived from preserved and
paired OA lesioned articular cartilage and discuss the associations in the context of the genetic
background. As part of quality control we observed, to some extent by serendipity, distinct clus-
tering of samples upon dimension reduction of the DNA methylation data described in chapter 5,
independent of gender and affection status. Chapter 6 expands hereon and describes apparent joint
specific epigenomic profiles. Consequently, motivated by both the increasing body of literature on
DNA methylation research in OA, as well as our own efforts, chapter 7 summarizes the current status

and the putative future perspectives of DNA methylation research in OA.
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Chapter 2

ABSTRACT

Multiple osteoarthritis (OA) susceptibility single nucleotide polymorphisms (SNPs) mark imbalanced
expression of positional genes in articular cartilage, reflected by unequally expressed alleles among
heterozygotes (allelic imbalance, Al). Here, we explored the articular cartilage transcriptome from
OA patients for Al events to identify putative disease driving genetic variation by RNA sequencing.
We observed 2070 SNPs that consistently marked Al of 1031 unique genes in articular cartilage,
of which 32 were additionally significantly differentially expressed (0.5>FC>2, FDR<0.05) between
preserved and paired lesioned cartilage. Among those was CRLF1 (FC=3.17, FDR=7.86*10°), which
appeared subject to Al, marked by lower expression of the rs7256319 alternative allele T com-
pared to the reference allele C. Additionally, the T allele harbored a protective signal in a combined
genetic association meta-analysis (OR=0.881, Cl,,=0.781-0.994, P=0.0393). Finally, we show that
increased CRLF1 signaling markedly affects expression of anabolic genes in-vitro, while catabolic

markers remain unaffected.
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INTRODUCTION

Due to the increased proportion of elderly in the human population, osteoarthritis (OA) has become
one of the major musculoskeletal diseases (1). While all joint tissues have been implicated in OA
pathology, the disease is characterized primarily by progressive degradation and calcification of
articular cartilage (2). Both gene targeted (3-5), as well as genome-wide research (6-9) showed that
a multitude of genes are involved in the currently irreversible destruction of articular cartilage that
precedes total joint replacement surgery; presently the only effective treatment for end-stage OA. In
this regard, numerous studies have reported on altered regulation of gene expression that reflects,
attenuates and/or stimulates OA-mediated cartilage degradation (10-13). Moreover, multiple OA
risk alleles of single nucleotide polymorphisms (SNPs) were shown to consistently modulate OA
pathology due to altered transcription of the respective genes in articular cartilage (14-18). Hence, it
is clear that in-cis genetic regulation of transcription plays a substantial role in cartilage homeostasis

and, therefore, in OA pathophysiology.

SNPs that confer risk for OA frequently act via allele-specific gene regulation as reflected by unequally
expressed alleles among heterozygous carriers, commonly referred to as an allelic imbalance (Al)
(15, 19-22). Notable examples are D/O2 (19) and GDF5 (15), genes of which the OA-associated risk
allele affects transcription in articular cartilage. Additionally, Al among OA risk SNPs that are not
situated within gene bodies have been addressed by measuring Al among SNPs in strong linkage
disequilibrium (LD), as shown for ALDH1A2 (22). Despite the evidence for in-cis genetic regulation
of transcription in OA susceptibility, genome-wide association studies (GWAS) have thus far failed
to explain the larger part of the hereditary component of OA (23). In this regard, a large number of
the tested SNPs in GWAS likely bear no biological function in relation to the addressed phenotype
or disease relevant tissues (24), resulting in massive inflation of, possibly biologically irrelevant, sta-
tistical tests and thus the multiple testing correction penalty. Consequently, large numbers of SNPs
that do bear biological functionality in the context of OA are missed. Furthermore, SNPs that reside
within LD blocks are hard to interpret, as association analysis is inherently unable to distinguish

disease-relevant alleles from mere statistically associated alleles.

In previous studies, we and others have used targeted approaches to address Al events of putative, as
well as established OA susceptibility genes (19-22, 25, 26). Given the successful identification of the
transcriptional consequences of multiple OA-associated SNPs, we have here aimed to characterize, on
a transcriptome-wide scale, novel SNPs that tag Al of genes expressed in articular cartilage. By means
of RNA sequencing we addressed Al events and combined them with differential expression between
preserved and lesioned articular cartilage, from the RAAK study (12), of the respective genes. Finally,

we applied association analyses and functional experiments to reveal a novel OA susceptibility gene.
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RESULTS

TRANSCRIPTOME-WIDE DISCOVERY OF ARTICULAR CARTILAGE ALLELICIMBALANCE EVENTS.
To understand how genetic variation contributes in-cis to transcriptional regulation in articular
cartilage on a transcriptome-wide scale, we first called heterozygous SNPs (dbSNP144) using RNA
sequencing data from articular cartilage derived from patients who underwent total joint replace-
ment surgery of either the hip (N=22) or knee (N=25) joint due to primary OA (Supplementary
>10, R >10 and

alternative

Table S1). After filtering by the number of read counts per position (R,

reference

R, ..>25), selecting for heterozygous SNPs present in at least 2 individuals, removing SNPs present

in multiple distinct transcripts and discarding the HLA locus, we defined ¢ for 13853 SNPs as the

measure of imbalance (Figure 1A), which denotes the fraction of R among R, . . Possibly due

alternative total"

to reference bias, a considerable number of SNPs marked Al by ¢<0.1 or ¢>0.9 (N=418) and were
subsequently removed prior to further analyses. A meta-analysis per SNP (null hypothesis: median
@=0.49) and subsequent multiple testing correction (FDR) revealed 2070 SNPs that significantly
marked Al among respectively 1031 genes (Figure 1B, Supplementary Table S2). We assessed five
SNPs that have been reported to mark Al in articular cartilage (Supplementary Figure S1). As such,
we were able to replicate Al of ALDH1A2, marked by the alleles of rs3204689 (¢=0.42, FDR=0.003)
(22), and, additionally, report on multiple other SNPs at the ALDH1A2 locus that do so. These SNPs
were, expectedly, in high LD and thus suggest that the observed SNP marking Al might not be the
actual regulatory SNP. In that regard, we were unable to detect significant Al reports for rs225014
(¢=0.49, FDR=0.98, DIO2) (19), rs1676486 (=0.51, FDR=0.49, COL11A1) (21), rs11177 (¢=0.47,
FDR=0.59, GNL3) (20) or rs6617 (¢=0.51, FDR=0.63, SPCS1) (20). This observation may be due to lack
of power in our dataset (insufficient heterozygous individuals), insufficient positional read depth, or
may imply that the actual regulatory SNPs for these genes are in incomplete LD with the SNPs that

mark Al reported by us and others. Finally, it could be that targeted assays are simply more sensitive.

DIFFERENTIAL GENE EXPRESSION BETWEEN PRESERVED AND PAIRED OA LESIONED CAR-
TILAGE.

While SNPs marking Al in articular cartilage could contribute to OA pathophysiology in various ways,
e.g. in cartilage development or homeostasis, it can be expected that those located in genes which
additionally mark the articular cartilage’s disease state are more likely to contribute to or attenuate
disease progression. Therefore, we went back to the original expression data and determined differ-
ential expression, using the edgeR R package, in patients for which paired RNA sequencing data of
both preserved and OA-lesioned articular cartilage was generated (6 hip joints, 15 knee joints). Of the
10468 Ensembl gene identifiers with at least 5 counts per million, 118 and 48 were observed to be

respectively significantly (FDR<0.05) down- (FC<0.5) and upregulated (FC>2) in lesioned compared to
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preserved cartilage (Figure 2A, Supplementary Table S3). As has been reported by microarray studies
that have utilized a similar design, Gene Ontology (GO) term enrichment analysis (Supplementary
Table S4) revealed significant enrichment for inflammatory (e.g. SCUBE1, CFH and CXCL14, Figure
2B-D), response to wound healing (e.g. NOTCH3, BMP5 and SERPINE1, Figure 2E-G) and joint deve-
lopment associated pathways (e.g. SPP1, MMP3 and COL9A1, Figure 2H-J). Of the 166 differentially
expressed genes, 32 were additionally subject to Al, marked by 74 SNPs (Supplementary Table S5).
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Figure 1. Distribution of Al events in articular cartilage. (A) All 13435 called variants after selecting for at least 2
heterozygotes, selecting SNPs present in only single genes and removing low counts. (B) After filtering by allelic
fraction (0.1<$<0.9) and FDR<0.05 for all heterozygotes in the same direction per SNP, 352 SNPs remained
that marked consistent Al of 219 unique genes.

GENETIC ASSOCIATION ANALYSIS OF Al SNPS IN DISEASE MODULATED GENES.

As a proof of principle, we performed genetic association analysis among participants of the Genetics
osteoARthritis and Progression study (GARP, N=380) and healthy controls from the Leiden Longevity
Study (LLS, N=2315) with the top 10 Al SNPs (single most significant SNP per gene) among differ-
entially expressed genes (Supplementary Table S6). After adjustment for age, sex and BMI, we
observed a significant protective association for the alternative allele T of rs7256319 (C>T, MAF=0.39,
OR=0.803, CI,,=0.681-0.946, P=0.009), located in the cytokine receptor-like factor 1 gene (CRLF1)
encoding a member of the cytokine type | receptor family (CLF1). The CLF1 protein is reported to
signal via the ciliary neurotrophic factor receptor (CNTFR) gene (CNTFR) after heterodimerization
with cardiotrophin-like cytokine factor 1 (CLCF1) gene (CLCF1) (27). We were able to replicate the
protective signal by meta-analysis, having additionally included three independent cohorts from the
Rotterdam Study (RS1: 188 cases, 1903 controls, RS2: 57 cases, 742 controls RS3: 36 cases, 1185
controls), among which cases were defined as having underwent a total joint replacement surgery.
This analyses confirmed the direction of effect and provided a significant association in the combined
meta-analysis (OR=0.881, Cl,.=0.781-0.994, P=0.0393, | (2)= 0%, P
Figure S2).

=0.417, Supplemental

heterogeneity
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Figure 2. Paired differential gene expression between preserved and lesioned articular cartilage. (A) Volcano
plot, showing FDR cutoff (0.05) and foldchange cutoff (0.5>FC>2.0) indicated in red. (B-D) Differential expres-
sion of selected genes from inflammatory pathways. (E-G) Differential expression of selected genes from
developmental pathways. (H-J) Differential expression of selected genes from developmental related pathways.
Hip and knee joints are depicted by triangles and circles, respectively. Preserved and lesioned samples are
depicted by blue and red, respectively.

CRLF1 SIGNALING PLAYS AN ACTIVE ROLE IN END-STAGE OA ASSOCIATED CARTILAGE DEG-
RADATION.

The protective T allele marked consistent lower CRLF1 expression (¢=0.29, FDR=4.02*107%', Figure 3A,
Supplementary Table 2) compared to the reference allele C, which was confirmed by custom TagMan
assay performed in respectively 5 preserved and 5 lesioned articular cartilage samples, originating from
6 independent patients that underwent total knee replacement surgery (Figure 3B). In parallel, and sim-

ilar to distinct publically available microarray datasets, expression of the three genes (CRLF1, CNTFR and

30



Exploration of the articular cartilage transcriptome reveals CRLF1
as novel osteoarthritis susceptibility gene

CLCF1) in the current dataset was significantly different between preserved and OA-lesioned cartilage
(Supplementary Table S3) with a significant upregulation in OA affected cartilage for CRLF1 (FC=3.17,
FDR=7.86*10", Figure 3C) as well as for CLCF1 (FC=1.56, FDR=0.01, Figure 3D), while the receptor
for the complex (CNTFR) revealed significant downregulation (FC=0.31, FDR=3.43*10°, Figure 3E).
Together, these data demonstrated that the protective effect of the alternative allele T of rs7256319
likely acts via mitigation of CRLF1/CLCF1 signaling with ongoing OA pathophysiology.
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Figure 3. CRLF1 signaling is modulated in articular cartilage during OA progression. (A) CRLF1 expression is
subject to Al, marked by lower expression of the alternative allele T of rs7256319 ($=0.29, FDR=1.26*10).
(B) Replication of the observed Al tagged by rs7256319 by TagMan genotyping in 6 additional knee samples
ratified the observed lower expression of the alternative allele T. Genomic DNA (grey) was used as reference
ratio. (C) CRLF1 expression was significantly upregulated in OA lesioned articular cartilage compared with paired
preserved articular cartilage (FC=3.17, P_,=4.06%10*). (D) CLCF1 expression was significantly upregulated in
OA lesioned articular cartilage compared with paired preserved articular cartilage (FC=1.57, P, =0.02). (E)
The CLF1/CLC complex receptor gene CNTFR was significantly downregulated in OA lesioned articular cartilage
compared with paired preserved articular cartilage (FC=0.32, P, =5.26*10"). (F) Expression of catabolic mark-
ers ADAMTS5, MMP13 and COL10A1 were not affected by addition of either 10 (+) or 50 (++) ng mL*CLF1/
CLC protein complex to the culture medium of primary chondrocytes isolated from 4 individual knee cartilage
samples. Expression of anabolic markers COL2A1, AGC, COL1A1, COL6A3, FN1 and COMP were significantly
affected as reflected by a dose response curve upon addition of the protein complex. Preserved samples are
indicated in blue, lesioned samples in red, knees as circles and hips as triangles.
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CLF1/CLCF1 MODULATES ARTICULAR CARTILAGE ANABOLISM IN-VITRO.

Finally, we studied downstream effects of increased CRLF1 signaling in cartilage micro-masses derived
from primary human chondrocytes isolated from 4 patients who underwent a total joint replacement
of the knee due to primary OA. After proliferation and formation of the extracellular matrix (ECM) on
day 3, micro-masses were treated with 10 or 50 ng mL* of human recombinant CLF1/CLCF1 protein
complex for 4 consecutive days and RNA was isolated to assess transcriptional differences. We did
not observe a difference in expression of the catabolic genes ADAMTS5, MMP13 and COL10A1 with
either concentration of added CLF1/CLCF1 protein complex compared to control cultures. However,
a marked dose response upregulation was observed for multiple anabolic genes, such as COL2A1,

AGC, COL1A1, COL6A3, FN1 and COMP (Figure 3F).

DISCUSSION

Our approach in the current paper comprises a concept framework for complex traits to identify
disease-relevant genetic variation, as reflected by allele associated transcription levels in the dis-
ease’s pivotal tissue. We aim to present the reported observations as a legacy dataset for researchers
from the field to probe for their gene or SNP of interest and have described by proof of concept how

the CRLF1 locus seems causally involved in the progression of OA-associated cartilage degradation.

CRLF1, the gene encoding for the CLF1 protein, harbors the rs7256319 C>T SNP, which marked
imbalanced expression of its respective alleles in articular cartilage, reflected by consistent lower
expression of the alternative allele T in comparison with the reference allele Camong heterozygotes.
As has been reported previously (12, 27), CRLF1 was significantly upregulated in OA-affected com-
pared to preserved articular cartilage, as was its signaling partner CLCF1, while the protein complex
signaling receptor gene CNTFR was downregulated. The decreased expression of the alternative
allele of rs7256319 in heterozygotes, significant upregulation of CRLF1 in lesioned cartilage and the
respective protective genetic association seem to indicate that mitigating CRLF1/CLCF1 signaling will

be beneficial towards ongoing cartilage degradation due to primary OA.

Less straightforward, however, may be the subsequent observation that increasing concentrations
of CLF1/CLC protein complex, applied to primary chondrocytes derived cartilage constructs, resulted
in a significant dose responsive upregulation of multiple anabolic cartilage genes, while catabolic genes
remained unaffected. This, as well as upregulation of catabolic genes and downregulation of anabolic
genes are generally considered relevant determinants in OA. We propose that increased expression

of anabolic markers reflect the incapability of chondrocytes to return to a steady-state upon disease

32



Exploration of the articular cartilage transcriptome reveals CRLF1
as novel osteoarthritis susceptibility gene

associated CLF1/CLC-CNTFR signalling, likely required for adapting to mechanical stress and subsequent
articular cartilage micro trauma. Alternatively, increased expression of these anabolic genes might
influence the stiffness of the ECM and thereby affect mechanical resilience of articular cartilage. In any
way, our data suggest that consistent innate increased expression of CRLF1, either during development
of the cartilage anlagen and/or with ongoing pathology, affects the propensity of articular cartilage to
engage an OA phenotype. Paradoxically, treatment of 2D cultured mouse ATDCS5 cells with human CLF1/
CLC complex was shown to induce downregulation of Acan and Col2a1, while catabolic genes remained
unaffected (28). Aside from this apparent species-specific and/or difference in culture protocol (3D vs
2D) response, the role of the CLF1/CLC complex in OA seems depicted by the inability to accordingly

regulate articular cartilage anabolism, as opposed to affect degradation.

Up for speculation remains how rs7256319 marks allelic CRLF1 expression mechanistically, espe-
cially due to its location within an intron, suggesting intron retention and/or alternatively spliced
transcripts, which we were, however, unable to detect consistently (data not shown). A number of
transcription factors is predicted to bind at the rs7256319 locus (e.g. JUN, REST and SP1, (based on
HaploReg 4.1)) and regulation might thus be affected by altered binding motifs. Possibly, regulation
by SNPs in high LD with rs7256319 that are situated in other regulatory elements, such as rs3170474,
which disrupts another set of transcription factor binding sets (e.g. HEY1, INSM1 and PAX5), is located
in the 3" UTR of C190rf60 and was shown to be an expression quantitative trait locus (eQTL) in brain

tissues, are responsible for the marked allelic imbalance.

Although outside the scope of our current efforts, we believe that alongside rs7256319, the 2070
SNPs that mark Al in articular cartilage are likely to contain multiple compelling association signals.
While in canonical GWAS a strict genome-wide significance level of 5 x 10®is imposed due to the vast
amount of SNPs that is tested for, we here postulate that selecting for SNPs that are more likely to
contribute to the disease a priori, by means of marking Al in articular cartilage, could aid the search
for OA susceptibility loci substantially. Further downstream selection criteria, such as, but not limited
to, significant differential expression between preserved and OA lesioned cartilage, will help tailor
genetic association analyses even more and might attribute SNPs to specific disease facets, such as
progression of cartilage degradation, as we have shown here. Of note, in this regard, it deserves
mention that inherent to our study design, we have potentially missed genes that affect joint mor-

phology, cartilage integrity during development and/or change expression during early stage OA.
A number of SNPs is known to mark Al in articular cartilage, as has been shown by gene-targeted

approaches. We were able to replicate the earlier observed Al of ALDH1A2 and to lesser extent of

DIO2, marked by rs3204689 (22) and rs225014 (19) respectively, while rs1676486 (COL11A1) (21),
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rs11177 (GNL3) (20) and rs6617 (SPCS1) (20) did not mark consistent Al in our dataset. Additionally,
we did not observe heterozygotes for rs143383 (GDF5) (25) or rs3815148 (HBP1) (26). These find-
ings indicate first and foremost that additional replication, preferably using a different technique,
is required to increase confidence in the observed Al, as we have done for rs7256319. Secondly, it
stresses the fact that observed Al reflects regulatory properties of the respective LD block and does
not per se identify genetic variation that affects respective gene expression levels mechanistically.
Furthermore, despite the applied filtering steps and statistics, the list of significant Al SNPs poten-
tially contains a number of false positives, of which some could have originated from alignment bias.
While future novel alignment and other bioinformatic approaches (29) might address these issues
from a more fundamental perspective, we have here aimed to reduce them by inclusion of multiple

filtering steps (0.1<¢<0.9, present in at least two heterozygotes and null hypothesis adjustment).

In summary, we present a framework and resulting dataset for researchers in the OA research field
to probe for disease relevant genetic variation that affects respective gene expression in the disease’s
pivotal affected tissue. Furthermore, conceptual downstream analyses and experiments revealed
CRLF1 to be actively involved in OA associated articular cartilage degradation, as reflected by lower
expression of the rs7256319 protective allele T among heterozygous carriers and aberrant tissue

homeostasis upon increased CLF1/CLCF1 signalling in-vitro.

MATERIALS AND METHODS

COHORTS

Ethical approval for the RAAK study was obtained from the medical ethics committee of the LUMC
(P08.239) and informed consent was obtained from 68 participants. From 21 patients preserved
as well as lesioned cartilage was sampled (6 hip patients, 15 knee patients), complemented by an
additional 21 preserved (14 hip patients, 7 knee patients) and 5 lesioned (2 hip, 3 knee patients)
samples (Supplementary Table S1). For cartilage sampling details see (12, 14). The GARP study
consists of 380 siblings with symptomatic OA at multiple joint sites. BMI, age and sex was available
in 378 subjects with mean BMI = 27.03, age range 50-75 years, 82.0% female) (9, 30). The LLS study
consists of 2415 individuals of whom genetic data is available for 1583 offspring of long-lived indi-
viduals and 732 of their partners. BMI, age and sex was available in 1976 subjects with mean BMI =
25.41, age range 30-80 years, 54.9% female. (31) Genotyping and quality control of the data from
GARP and LLS participants was done as described previously (11). In the current paper, to select for
symptomatic OA patients, we performed in silico association of rs7256319 to those patients of the

Rotterdam studies that underwent a joint replacement surgery as result of their OA.
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RNA-SEQUENCING DATA.
Post RNA isolation (Qiagen RNeasy Mini Kit, RIN>7), paired-end 100 bp RNA library sequencing
(Hlumina TruSeq RNA Library Prep Kit, lllumina HiSeq 2000) resulted in an average of 10 million
clusters. Reads were aligned using GSNAP against the hg19 reference genome, while known Dutch
SNPs (GoNL) were masked to aid with potential reference alignment bias. Al events were assessed
on SNPs called using SNVMix2 with default settings (32) with minimum coverage of 25 and at least
10 reads (R) per allele. Al is reported by the average fraction (¢) of the alternative allele reads
(R R +R

among the total number of reads (R,,, =R _....cove ,Efmm)
genetic variation per sample (i):

at the position of the respective

alternative)

_ 1 Ri,alternative
(p — — —

n = Ri,reference

To detect SNPs that robustly mark imbalance two binomial tests were performed per heterozygote
and per SNP under the null hypothesis that the amount of imbalance is either greater or smaller
than 0.49. Subsequently, P-values per SNP were corrected for multiple testing (FDR) by the number
of heterozygotes of the respective SNP and considered significant if all FDR corrected P-values were
<0.05 and in the same direction among all heterozygotes. Using the edgeR package, fragments
per gene were used to assess the dispersion by quantile-adjusted conditional maximum likelihood
(gCML) (33). Subsequently, differential gene expression analysis was performed pairwise between
preserved and lesioned samples for which we had RNA of both (N=21, Supplementary Table S1)
followed by FDR correction. GO term enrichment analysis was performed using the online available

tool DAVID (34).

TAQMAN ASSAY

Conventional TagMan genotyping was performed on both genomic DNA and articular cartilage cDNA
(35) from 6 (2 female, 4 male) patients who underwent total joint replacement surgery of the knee
due to primary OA. An allele-specific custom TagMan assay for rs7256319 (Thermo Fisher Scientific)
was used to quantify the allele ratio in cDNA samples and were normalized against the gDNA ratio,

which was used as a 1:1 allele ratio reference.

CELL CULTURE AND RT-QPCR

Within the ongoing RAAK study human primary chondrocytes were isolated from macroscopically
intact cartilage of OA patients (4 females) undergoing total knee arthroplasty, as described previously
(19). In short, cartilage was rinsed with phosphate buffered saline (PBS), cut into small pieces, and

incubated overnight with 3 mg mL? collagenase | (Worthington Biochemical Corporation, USA) in
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Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) containing antibiotics, 10% fetal bovine serum
(Gibco) and 0.5 ng mL* recombinant human basic FGF (PeproTech). Next day, cells were filtered
through a 100 um mesh to remove undigested cartilage fragments and debris. Chondrocytes were
passaged twice before harvest and incubation in 3D-pellets (2.5 x 10° cells/pellet) in serum-free
chondrogenic medium in the absence or presence of 10 or 50 ng mL* recombinant human CRLF1/CLC
complex (R&D Systems). Chondrogenic medium with or without recombinant proteins was refreshed
at day 2 and day 6, and pellets were harvested for RNA isolation at day 7 (Qiagen RNeasy Mini Kit).
Gene expression was determined with RT-gPCR using FastStart SYBR Green Master reaction mix
(Roche Applied Science) according to the manufacturer’s protocol and corrected for ADP-ribosylation

factor related protein 1 (ARFRP1; primer sequences are shown in Supplementary Table S7).
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Supplementary Figure S1. The extent of Al plotted for SNPs that have been reported to mark Al in known OA
susceptibility genes.
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Supplementary Figure S2. Forest plot of meta-analysis performed in GARP and RS for rs7256319.

Supplementary tables upon request.

Supplementary Table S1.

Sample characteristics.

Supplementary Table S2.

All observed SNPs in at least two heterozygotes.
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Primer sequences used for RT-qPCR analysis.

Supplementary Table S6.

Overview of differentially expressed genes (0.5>FC>2) between preserved and paired OA lesioned

articular cartilage that are additionally influenced by in-cis genetic regulation as reflected by Al.

FC=Foldchange. FDR=Benjamini-Hochberg corrected P-value.

Supplementary Table S7.

gPCR primer sequences.
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Chapter 3

ABSTRACT

Objective Osteoarthritis (OA) is the most common form of arthritis and the leading cause of disability
in the elderly. Of all the joints, genetic predisposition is strongest for OA of the hand, however only
few genetic risk loci for hand OA have been identified. Our aim was to identify novel genes associated

with hand OA and examine the underlying mechanism.

Methods We performed a genome-wide association study of a quantitative measure of hand OA
in 12,784 individuals (discovery: 8,743, replication: 4,011). Genome-wide significant signals were
followed up by analysing gene and allele specific expression in a RNA-sequencing dataset (n=96) of

human articular cartilage

Results We found two significantly associated loci in the discovery set: at chr12 (P=3.5 x 10"°) near
the MGP gene and at chr12 (P=6.1x 10°)near the CCDC91 gene. The DNA variant near the MGP-gene
was validated in three additional studies, which resulted in a highly significant association between
the MGP-variant and hand OA (rs4764133, Beta__ =0.83,P _ =1.8*10"). This variant is high linkage
disequilibrium with a coding variant in Matrix Gla-Protein (MGP), a vitamin K-dependent inhibitor
of cartilage calcification. Using RNA-sequencing data from human primary cartilage tissue (n=96),
we observed that the hand OA MGP-risk allele was significantly lower expressed compared to the

reference allele (40.7%, P<5*10%).
Conclusions Our results indicate that the association between the MGP-variant and increased risk

for hand OA is caused by a lower expression of MGP, which may increase the burden of hand OA by

decreased inhibition of cartilage calcification.
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INTRODUCTION

Osteoarthritis (OA) is the most frequent joint disorder worldwide. An estimated 22% of the adult
population has a joint affected by OA and this incidence increases to 49% in individuals over 65 years
of age (1). All synovial joints can be affected by OA, with hand OA as one of the most common forms
of OA. Hand OA is characterized by osteophyte formation, bony enlargements of finger joints and
cartilage degradation in the joints. One of the factors contributing to cartilage degradation is the
increase of calcified cartilage in the joint (2,3). In addition, hand OA is related to the occurrence of
OA at other sites, most notably with knee OA (4,5). Patients affected by hand OA suffer from pain and
disability, impacting their quality of life. OA is a leading cause of chronic disability (6), yet currently
no effective therapeutic treatments against osteoarthritis are known. It is therefore imperative to
dissect the underlying mechanism of disease aetiology as this may enhance effective and targeted

drug development.

OA has a strong genetic component. Depending on the joint affected, the heritability of OA is esti-
mated in the range of 40-60% (7,8), with hand OA having the largest heritability, i.e. ~60% (9, 10).
Therefore, in recent years, several large-scale genetic studies have been performed to identify the
underlying genes and pathways leading to OA. Multiple significant associated loci for OA of the hip
and knee have been identified through genome-wide association studies (GWAS) (11-18). However,
thus far, only one report has described a robust association with OA of the hand (19). In this previous
report, common variants in the ALDH1A2 and rare variants in chromosome 1p31 were genome-wide

significantly associated with hand OA using a discovery cohort of 837 cases and 77,325 controls.

In this study, we aimed to identify novel genes and pathways involved in the aetiology of OA of
the hand by performing a large-scale GWAS. We used a semi- quantitative measure for OA of the
hand in order to increase statistical power. We gathered a large sample size of 12,754 individuals
for analysis, by combining data from three studies in the discovery phase and an additional three
cohorts for replication. Next, we conducted functional follow-up of our top finding to investigate

the underlying mechanism.
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METHODS

DISCOVERY GWAS, REPLICATION AND META-ANALYSIS
For a detailed description on the GWAS methods, participating studies, quality control procedures

for genotyping and imputation, see Supplementary Text S1 and Supplementary Table S1.

DETAILED PHENOTYPE DESCRIPTION OF KL SUM-SCORE

We have used a semi-quantitative bilateral measure of osteoarthritis of the hand based on the radio-
graphic Kellgren and Lawrence score (KL-score) (20). Using radiographs of both hands, the KL-score
was determined for each joint in the hand. Using these KL-scores we defined the KLsum-score: the
total KL-score, the sum, of the following hand joints for both hands (left and right): all Distal Interp-
halangeal (DIP) joints, all Proximial Interphalangeal (PIP) joints, all Metacarpophalangeal (MCP) joints,
the Interphalangeal (IP) joint and the first Carpometacarpal (CMC1) joint. Which gives the sum of 15
joints on each hand, and in total 30 joints for both hands together, resulting in a minimum score of 0
and a maximum score of 120. The Leiden Studies cohort no Kellgren-Lawrence scoring was done of
the MCP joints, resulting in a KLsum-score of maximum 88. Individuals lacking KL-grading for both or
one hands and individuals with missing age or gender information were excluded from all analyses
in all cohorts. As the KL-sum score has a skewed distribution the top finding of the meta-analysis

was repeated in the discovery cohorts using a Poisson regression.

VISUALIZATION OF THE ASSOCIATED LOCI AND THE REGULATORY LANDSCAPE

For the top GWAS associated SNP, the LD region (r>>0.8) was determined using the 1000G Phase-1
population using the HaploReg V3 tool (21). Using the ROADMAP generated reference epigenomes
we determined if any of the variants in high LD were located in potential gene regulatory regions
in primary osteoblasts (generated by ENCODE) and bone marrow derived chondrocytes (ROAD-
MAP) (22,23). The 18-state chromatin reference epigenomes were downloaded from the ROADMAP
epigenomes data portal (23). SNPs and regulatory annotations were visualized busing the UCSC
genome-browser on GRCh37/hgl19 (24). For each variant it was also determined if the alternative

allele would disrupt a protein binding motif, this was done using the HaploReg V3 tool (21).

RNA-SEQUENCING DATA

Post RNA isolation (Qiagen RNeasy Mini Kit, RIN>7) of 40 knee (15 paired preserved (P) and OA
lesioned (OAL), 7 P only, 3 OAL only) and 28 hip (6 paired P and OAL, 14 P only, 2 OAL only) car-
tilage samples (Supplementary Table S2), paired-end 2x100bp RNA library sequencing (lllumina
TruSeq RNA-Library Prep Kit, lllumina HiSeq2000) resulted in an average of 10 million fragments per
sample. Reads were aligned using GSNAP against GRCh37/hg19, in which SNPs from the Genome
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of the Netherlands consortium with MAF>1% were masked to prevent alignment bias. Number of
fragments per gene were used to assess quantile-adjusted conditional maximum likelihood (qCML)
(edgeR, R-package).Subsequently, differential gene expression analysis was performed pairwise
between P and OAL samples for which we had RNA of both (n=21). ASE was assessed using SNVMix2
(25) with default settings (min coverage=25, 10 reads per allele). The extent of allele specific expres-
sion (ASE) was defined as the fraction of risk allele among all counts at the respective location.
Meta-analysis was done only across P samples or OAL when no P counterpart sample was present.

P-values were calculated using canonical binominal test (metagen R-package).

TAQMAN ASSAY

Conventional TagMan genotyping was performed on both genomic-DNA (gDNA), articular cartilage
and Subchondral bone cDNA. An allele-specific custom TagMan assay for rs1800801 (Thermo Fisher
Scientific) was used to quantify the allele ratio in cDNA samples and were normalized against the
gDNA ratio, which was used as an 1:1 allele ratio reference. Each sample has been measured in four
(cartilage) or eight (subchondral bone) times, while calculations and statistics were performed as
described previously (19,26). Cartilage samples which yielded fewer than four measurements (N=2)
were discarded prior to further analyses. All subchondral bone samples were assessed by eight

technical replicates.

RESULTS

GWAS OF KLSUM-SCORE

We conducted a genome-wide association study (GWAS) of a semi-quantitative measure of hand
OA, a bilateral summed score of Kellgren- and Lawrence scores (20), that grades radiographic OA
severity, across all hand joints (KLsum-score, range of 0 to 120). The discovery set consisted of three
Rotterdam Study cohorts (RSI, RSII and, RSIII) and included 8,743 participants with KLsum-scores.
Replication was done in another 4,011 individuals from three different cohorts; Leiden studies(LS),
Framingham heart study(FHS), and Twins-UK (TUK). General characteristics of the discovery cohorts

and replication cohorts can be found in Supplementary Table S3 and in Supplementary Text S1.

The discovery analysis yielded two novel independent genome-wide significant loci (P<5*10°%) on
chromosome 12, an intergenic region between MGP and ERP27 and an intronic region in CCDC91.
We also identified seven other novel loci with suggestive significance (P<5*10°) (Figure 1). In total,
nine loci were selected for replication in 4,011 individuals from three different cohorts (LS, FHS, and

TUK). Using a Bonferroni corrected P-value<5.56*1073, we significantly replicated one of nine loci,
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rs4764133 (Beta ,=0.83,SE__ =0.10, P-value

direction of effect as identified in the discovery analysis (Table 1, and Supplementary Figure S1).

=3.4*107, P-value__ =1.8*10") with the same

et: t; replication

This locus maintained genome-wide significance and another locus near ENPP3 reached near

genome-wide significance (chr6:132063842:D, Beta _ =0.58, SE__ =0.11, P-value _ =3.8*107) in

et: et

the combined discovery and replication joint meta-analysis (Table 1). Since the KLsum-score has a
skewed distribution the top hit was also re-analysed in the discovery set using a Poisson regression
(rs4764133, Betap =0.12, SE__=0.02, P-value =1.98*%10").

0isson poisson poisson

Our top replicated and genome-wide significant finding, rs4764133 [T] (P__ =1.80*10", Beta=0.83,
MAF=0.39) is located in a non-coding intergenic region between MGP (Matrix Gla-protein) and
ERP27 (Endoplasmic Reticulum Protein 27). However, variants in high linkage disequilibrium (LD)
with rs4764133 (r’>0.8) span a ~80Kb region encompassing multiple genes, including MGP and
an open-reading frame C120rf60 (Figure 2A). Moreover, several of these variants are located in an
mRNA transcript, including a nonsynonymous variant in MGP, and variants in 3’ and 5’"UTR of MGP
and C12orf60 (Table 2, Figure 2B). The nonsynonymous variant in MGP, rs4236, is predicted to be
non-damaging (STIFT=1, tolerated; PolyPhen=0, benign) causing a threonine to alanine amino acid
substitution. Two variants are located in predicted active promoter region of MGP (rs1800801) and

C120rf60 (rs9668569) in chondrogenic cells and primary osteoblasts (Table 2).

104 MGP--[]-ERP27
|
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Figure 1. GWAS results for association with the KLsum score in the discovery phase. Manhattan plot for
association with the KLsum-score, adjusted for age and sex, in the discovery cohorts of RSI, RSIl and RSIII. The
-log10 P-values, for each of the ~11 million SNPs analyzed (remaining after EASYQC quality control) as part of
the genome wide association with the KLsum-score, plotted against their position per chromosome. The red
dotted horizontal line corresponds to the genome-wide significant threshold (P = 5x10°%). The dotted grey line
corresponds to the selection for replication threshold (P = 5x10°). SNP location represented by [], if the SNP
is localized intergenic the dashes denotes the distance,-<10 kb,--<100kb,---<1000kb,----<1Mkb,----->1Mkb.
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Figure 2. Locus zoom plot for rs4764133. locus zoom plot for rs4764133, 150 kb upstream and downstream
of rs4764133 has been taken as plotted region (A). Zoom in on MGP and three SNPs in high LD with top SNP
that are located in the MGP mRNA transcript (B). Also represented is ROADMAP chromatin 18-state data of
two tissue types: human Mesenchymal Stem Cell (hMSC) derived cultured chondrogenic cells and primary
osteoblasts. In both these cell types the chromatin contains active marks surrounding the MGP promoter.
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Table 2. rs4764133 LD block (r?>0.8) annotation of potential functional elements in osteoblasts and chon-
drogenic cells, X marks no potential functional annotation i.e. enhancer region, promoter region or altered
protein binding motifs.

Regulatory Chromatin Marks**

Altered Protein

P-value Chondrogenic Binding Motifs
SNP Discovery r? Annotation*  cells Osteoblasts (Haploreg V3)
rs1049897 3.48E-09 0.88 MGP3-UTR  Transcription X X
rs4236 4.16E-09 0.86 MGP non- Enhancer region X HNF4, PLAG1
synonymous
rs1800801 1.12E-09 0.95 MGP5'UTR Promoter region  Promoter region  Zfp410
rs7310951 4.04E-09 0.86 C12orf60 Enhancer region X DMRT7, Gfil,
Pax-5
rs12320004  4.04E-09 0.86 C12orf60 Enhancer region X BHLHE40, P300,
HEN1, LBP-1,
RAD21,TATA, Zfx
rs10772814  3.76E-09 0.88 Cl2orf60 Enhancer region X HNF4
rs10492151  1.21E-09 0.95 Cl2orf60 Enhancer region X AIRE, Hoxal3
rs725445 3.58E-08 0.82 Cl2orf60 Enhancer region X Hand1
rs725444 3.92E-09 0.87 Cl12orf60 Enhancer region X Foxf1, Foxil,
Foxo, Foxql,
Mef2
rs4764131 6.31E-10 0.97 Cl12orf60 Enhancer region  Enhancer region = Myc
rs9668569 5.91E-10 0.97 Cl2orf60 Promoter region  Promoter region X
rs2430687 2.44E-09 0.89 Cl12orf60 Enhancer region  Enhancer region ~ BHLHE40
rs12311463  6.91E-10 0.97 Cl12orf60 Enhancer region  Enhancer region  Poulfl, Pou2f2,
TATA
rs67482087  4.61E-10 0.95 Cl12orf60 Enhancer region  Enhancer region  Foxpl, Irx,
Poulfl, Pou2f2,
Pou3f3, TATA
rs67436073  6.76E-10 0.97 Cl2orf60 Enhancer region  Enhancer region  Foxj2, Foxk1,
Foxo, GATA,
Mef2, Pou2f2,
Pou3f2, Poubfl,
TATA, Zfp
rs11276 8.05E-09 0.96 C12orf60 X X SPIB,NF-AT
non-synony-
mous
rs3088189 9.46E-09 0.96 Cl2orf60 X X SPIB
synonymous
rs1861698 3.56E-09 0.96 C12orf60 X X Bbx, Poulfl,
synonymous TATA

*Gene annotation based on the hg19 release of the UCSC Genome Browser
** Regulatory chromatin marks taken from the ROADMAP Epigenomes project chromatin state learning core

18-state model
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Next, we investigated the association of rs4764133 with bilateral severe hand OA and bila-
teral finger OA using the discovery set (RS-I, RS-l and RS-1Il). We found a strong association with
finger OA (P-value=3.09*10%, OR=1.25) and nominal significant association with severe hand OA
(p-value=2.80*10?, OR=1.36), which has a low frequency in the population (Supplementary Table S4),
we also see a nominal significant association with cartilage thickness in the hip joint (minimal joint
space width (mJSW)). To see if rs4764133 also confers risk for other forms of osteoarthritis, i.e.
osteoarthritis of the hip and knee, we used the GWAS summary data of the TreatOA consortium (27)
and the recently published mJSW meta-analysis (18). No association was found between rs4764133
and hip or knee OA (Supplementary Table S4). However, we did find a nominal significant association

for rs1049897 (r?= 0.98 with rs4764133)(P-value=1.28*107?, Beta=-0.398).

GENE EXPRESSION ANALYSES

In order to identify potential causal genes located in the LD block surrounding rs4764133, we
assessed gene expression of MGP, ERP27, ART4, SMOC3 (C120rf69) and C120rf60 in articular car-
tilage, the primary OA affected tissue. RNA sequencing was obtained on articular cartilage from
primary OA patients who had total joint replacement surgeries of either the knee (n=25) or hip
(n=22) joint. Expression levels of ERP27, C120rf60, ART4 and SMOC3 were substantially lower than
MGP expression levels in articular cartilage (Supplementary Figure S2A). Nonetheless, neither MGP,
ERP27, ART4 nor SMOC3 and C120rf60 showed significant difference in gene expression between
paired preserved(P) and OA lesioned(OAL) articular cartilage. However, while these genes are not
differentially expressed in OA affected cartilage, it is possible that the identified GWAS SNPs affect
gene transcription. When we analysed the relationship between the top SNP and expression ana-
lysis in a classical eQTL (expression Quantitative Trait Loci) analysis, we did not to detect significant
correlations between rs1049897, rs4236 or rs1800801 and absolute MGP, ERP27, ART4, SMOC3 or
C120rf60 expression levels (Supplementary Figure S2B). However, we did observe several variants
in high LD located in the mRNA transcript of MGP and C120rf60, allowing us to assess allele specific
expression (ASE) for these genes. We were unable to study ASE for ART4, SMOC3 and ERP27, since no
SNP in high LD with rs4764133 is present in the coding region. In ASE the influence of exonic alleles
on gene expression in-cis is measured within heterozygote subjects, circumventing strong effects
from environmental or trans-acting influences. This property results in ASE analysis to be a more sta-
tistically powerful approach, when compared to classical eQTL analysis (28). Subsequently, we found
that the OA risk alleles for three coding variants in high LD with the lead variant, rs4236 (Supplemen-
tary Figure 3SA, 39.6% C allele, P<5*107°), rs1049897 (Supplementary Figure S3B, 44.4% A allele,
P<5*1079), and rs1800801 (Figure 3A, 40.7% T allele, P<5*107°), were significantly correlated with
lower expression of MGP, marking imbalanced expression among heterozygotes, independent of the

disease status of the articular cartilage. No allele specific expression was observed between SNPs
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rs11276, rs3088189 and rs1861698 (residing in C120rf60 and in high LD with the lead SNP, r>>0.8,
Table 2). Technical and biological replication was performed using a custom allele specific TagMan
assay for rs1800801 in eight additional heterozygous individuals for which we isolated RNA from P
cartilage (n=2), OAL (n=2) or both (n=4) from primary knee OA patients and confirmed the observed
imbalance in preserved articular cartilage (Figure 3B, relative allelic difference=0.92, P<1*10°), as

well as in 8 knee subchondral bone samples (Figure 3C, relative allelic difference=0.78, P<1*10*).

A 100 Allele specific expression Raak Cartilage Samples
)
]
S -
o
n
., S O I O A ol liew 1SS S PLIA MY Soet e e
= 1ol ° %o ° ° ° it e *
: ° Ao ey I o ° + ity e 1 0e® .
r ° ° .
= -
=
o)
=
S
> o-
S N N N NSRRI NN PRy, . .
R X QK FR FR R FR R R TR TR R TR & R & R & T 8L L
SELESESTES 3\“@&0'&-{190 B q?o (t?o{tg@:i)o ng?o'\?"li‘?é‘o‘f’ s @“0'5‘,5\"°eﬁ\°°a‘b'§"’@q& o?y R
TagMan allele specific expression Raak Cartilage Samples
B RAAK-191 RAAK-254 RAAK-262 RAAK-265 RAAK-297 RAAK-304 RAAK-310 RAAK-313
— 100~
o
o)
S
o
@ 75-
2
[ L]
] L i %
'EESO'_""_‘ -'-.:__ _!.__i._.. _____ :._!__._.__.__._:._._g e —e——— - - = -
X . (] H - H - Bl
= °
o . °
% 2
=
R

TagMan allele specific expression Raak Subchondral Bone Samples

C RAAK-248 RAAK-254 RAAK-262 RAAK-266 RAAK-297 RAAK-304 RAAK-310 RAAK-313
100~
o
0
o
(=3
®© 75-
> .
g
] T -
9] s . o
= - - B mmi c B - = o cPuall P ER, & - ——
; % s 2 . ' ° ’ H . ‘ ° S 3 °
K] ! ] i H i b
= s ° ] H
a
O 25-
=
8

B EESN TS U NN R N R n . e — s
o < o < o < o < o < o < o < o < [CHE 4

Figure 3. Allelicimbalanced expression of MGP marked by the alleles among heterozygotes of rs1800801 (A), in
the assessed cartilage RNA sequencing dataset. Validation of selected rs1800801 using a custom TagMan assay
confirmed the imbalance (B). Allelic imbalance was also assed in with a custom TagMan assay in subchondral
bone samples (C). Preserved (P) and OA lesioned (OAL) samples are shown respectively in blue and red, and
genomic DNA (TagMan control) in black (G). For ASE results for rs4236 and rs1049879, see Supplementary
Figure S3 and for information on the samples see Supplementary Table S2.
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DISCUSSION

Here, we show for the first time, that there is a robust genome-wide significant association between
rs4764133, located near MGP, and hand OA. Furthermore, we performed functional validation sho-
wing that MGP coding variants in LD with rs4764133 are associated with allele-specific expression
of MGP which may increase risk of hand OA by lowering inhibition of articular cartilage calcification,
since MGP is an essential inhibitor of cartilage calcification (29,30). These findings suggest that MGP
could be considered a prioritized drug target for hand OA, since genetically supported drug targets

double the success rate of therapeutics in clinical development (31).

MGP is an essential inhibitor of cartilage calcification, and genetic deficiencies of MGP in humans
and mice have been linked to abnormal mineralization of soft tissues, including cartilaginous tissue
(29,32). Furthermore MGP has been previously implicated in relation to OA. A small candidate study
reported marginally significant association between hand OA and genetic variants in MGP (rs1800802
and rs4236) (33). This is consistent with our findings that the minor allele for rs4764133 and related
coding variants in high LD (r*>0.8), rs1800802 and rs4236, increase the risk of hand OA and that we
found high expression of MGP in both preserved and OA lesioned articular cartilage. In contrast,
another study showed that an MGP protein complex is excreted by healthy articular chondrocytes,
but not by OA affected chondrocytes (34), although we only assed MGP expression and not MGP

protein complex excretion.

Although the loci with allele specific expression (ASE) are known to be enriched for eQTLs (35), we
were unable to detect an association between the MGP-genotype and MGP RNA-expression levels
in cartilage. This could have been due to our modest sample size (knee joint, n=25 and or hip joint,
n=22) in combination with large heterogeneity of the tissue. Notably, the available cartilage samples
originated from different joint sites (knee, hip) and different disease stage (preserved versus affected),
and had large age range of the individuals. Also, it is known that ASE is a more powerful technique than
classical eQTL analysis to identify functional SNPs influencing expression of genes (28). While the extent
of imbalance could be considered relatively modest, an increasing number of OA associated SNP alleles
appear to mark ASE by comparable amount (19,36—38). From a more biological perspective, one could
consider a prolonged, albeit slight, deviation from homeostasis due to modest ASE of cartilage relevant
genes to be of substantial influence over time. This latter hypothesis could contain the molecular basis
for increased risk towards developing OA among the ageing population. Additionally, we observed
that the rs1800801 alleles also affected expression of MGP in subchondral bone samples. This could
imply that, in parallel to an effect in cartilage, the presumed disturbed cartilage homeostasis is further

affected by the underlying bone. Further enabling the view that OA is a pathology of the entire joint.
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Our findings may give an explanation for the known vitamin K association with OA: MGP mediated
calcification inhibition is dependent on y-carboxylation by vitamin K (39). It has been shown that
low vitamin K intake is correlated with OA (40). Thus vitamin K intake may be a potential therapeutic
treatment in OA. Recently, a first randomized control trial testing the effects of vitamin K on OA was
published, which reported no overall effect of vitamin K on hand OA (41). Despite the low power of
the trial, there was a significant beneficial effect on joint space narrowing (cartilage degradation)
among those individuals that were vitamin K deficient at the start of the trial (41). Thus, an adequa-
tely powered study of vitamin K may be justified based on the found MGP association. Furthermore,
genetic predisposition for hand OA, was not taken into account in the trial. Perhaps, genetic pre-
disposition for hand OA (MGP-risk variants) in combination with insufficient vitamin K intake might
potentiate cartilage calcification and subsequent risk for developing hand OA. Therefore, future OA
trails, therapeutic and preventive treatments might benefit from taking a personalized medicine
approach since genetically supported drug targets double the success rate of therapeutics in clinical

development (31).

Styrkarsdottir et al. (2014) reported on common genetic variants that associate with severe hand OA,
among the replication cohorts were the Leiden and Rotterdam cohorts (19). Although we observe
suggestive signals at the reported locus (ALDH1A2 gene, 1p31) the respective variants did not meet
the genome-wide significance threshold in our analyses (Supplementary Table S5). This difference
is likely caused by the markedly different phenotypes that were used for either analyses. Where
Styrkarsdottir et al. studied a dichotomous severe hand OA phenotype, our phenotype was semi-

guantitatively phenotype.

To conclude, we here present coding variants in MGP, that are associated with radiographic hand OA,
and the hand OA risk allele marks lower expression of MGP in articular cartilage. Our findings suggest
that MGP might play an important role in hand OA pathogenesis through pathways related to arti-
cular cartilage calcification and vitamin K. Better understanding of MGP gene and protein regulation

and its relation to vitamin K intake and OA, may reveal novel therapeutic drug targets for hand OA.
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Chapter 4

ABSTRACT

OBJECTIVES: An earlier observed allelic imbalance and up-regulation of the osteoarthritis (OA)
susceptibility gene Type Il Deiodinase (D/02) in OA affected articular cartilage indicate that D/IO2
associated OA susceptibility is mediated by aberrant expression of DIO2. We set out to characterize
possible regulatory properties of putative CCCTC-binding factor (CTCF) sites, proximal and distal CpG
dinucleotides in the DIO2 locus.

METHODS: Electrophoretic Mobility Shift Assays were performed to assess binding of CTCF to the
rs225014 locus. OA affected and macroscopically preserved articular cartilage were sampled from
end stage OA patients undergoing total joint arthroplasty (RAAK study) of the knee (N =29) or hip (N
=23) to assess CpG dinucleotide methylation and DIO2 expression. Chromatin Immunoprecipitation
assays were performed to investigate the relation between methylation dependent CTCF binding

and DIO2 expression in three primary chondrocyte cell lines.

RESULTS: OA susceptibility polymorphism rs225014 alleles did not influence local CTCF binding,
however a functional CTCF binding site was present 90 base pairs upstream of rs225014. We
observed that DIO2 expression is under epigenetic control of a CpG dinucleotide located in a CTCF
binding site 2031 base pairs upstream of the D/O2 transcription start site. Furthermore, DIO2 expres-
sion in carriers of the rs225014 risk allele showed an enhanced up-regulation upon methylation

changes at this CpG dinucleotide, compared to homozygous wildtype carriers.
CONCLUSIONS: D/IO2 associated OA susceptibility is likely to be brought about by aberrant up-

regulation of D/O2 in articular cartilage, due to methylation at a CpG dinucleotide sensitive to the

OA process.
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INTRODUCTION

Osteoarthritis (OA) is a common disease in the elderly causing pain and disability in articular joints.
(1, 2) Although OA is characterized by diseased joint tissues due to wear and tear, it has a significant
genetic component. As with many complex genetic diseases, multiple minor genetic defects are
considered to contribute to the onset and development of OA. (3) Research aiming to identify deter-
minants conferring osteoarthritis susceptibility, by applying molecular epidemiological approaches,
has resulted in a number of successes. Early genetic studies on OA have provided several compelling
genes harboring OA susceptibility alleles including the growth differentiation factor 5 gene GDF5 (4, 5),
SMAD3 (6) and the deiodinase iodothyronine type Il and Il genes (DIO2 and DIO3), of which the latter
two are identified by our own group. (7, 8) In addition, large European consortia (such as arcOGEN and
TREAT~0A) have compiled genome wide association (GWA) data and performed meta-analyses on OA
and OA-related quantitative traits such as joint space width, which resulted genome wide significant

signals. (3, 9-12)

A considerable number of OA susceptibility genes have been found to be part of a common pathways
involved in the developmental process of endochondral ossification. (13) Furthermore, it has previ-
ously been shown that activation of such genes in articular cartilage occurs during the OA disease
process. (14, 15) To ensure cartilage integrity, articular chondrocytes should remain in a differentia-
ted and maturational arrested state; however a hypothesized loss of epigenetic control in articular
cartilage could result in reactivation of genes involved in endochondral ossification, leading to loss

and mineralization of articular cartilage, a process known to contribute to OA. (7, 16-18)

The linkage signal that identified D/IO2 as OA susceptibility gene was significantly explained by the
minor allele (C) of the T>C single nucleotide polymorphism (SNP) rs225014. Rs225014 is a non-syno-
nymous SNP located in exon 2 of DIO2 causing a Thr92Ala transition. (7) Although this transition does
not influence enzyme velocity (19), we have recently reported a highly consistent allelic imbalance
(Al) in articular cartilage of the Research and Articular Osteoarthritis Cartilage (RAAK) study, where
the OA-associated rs225014 C allele was being 1.3 times more abundantly expressed relative to
the T allele. (20) No SNP was found in high linkage disequilibrium (LD) with rs225014 (7) that could
explain the Al, therefore it was hypothesized that the observed expression of DIO2 is directly influ-
enced by rs225014 alleles. A putative CCCTC-binding factor (CTCF) site is overlapping with rs225014,
indicative of potential regulatory properties of the locus. (21) CTCF is considered to facilitate long-
range chromatin interactions in order to regulate gene expression; distal transcriptional elements
on the genome are brought in close proximity to transcriptional start sites (TSSs) of genes to alter

expression. (22) We hypothesize that DIO2 associated OA susceptibility is brought about by aber-
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rant up-regulation of D/O2 expression in articular cartilage. Here we set out to identify genetic and
epigenetic elements that regulate D/O2 expression in articular cartilage and how these are related

to rs225014 alleles and the ongoing OA disease process.

MATERIALS AND METHODS

SUBJECTS

Macroscopically, we identified and sampled weight bearing preserved (away from the affected area)
and OA affected cartilage (within the affected area) from 52 Caucasian end stage OA patients who
underwent a total knee replacement (N = 29) or a total hip replacement (N = 23) in the Leiden
University Medical Centre. Ethical approval was obtained from the medical ethics committee of the

LUMC (P08.239) and informed consent was obtained from all study participants.

NUCLEIC ACID ISOLATION AND GENOTYPING

Snap frozen cartilage was powderized using a Retsch Mixer Mill 200 with continuous liquid nitrogen
cooling. DNA was isolated using the Promega Wizard Genomic DNA Purification kit according to
the manufacturer’s protocol. RNA was isolated using the Qiagen RNAeasy Mini kits, followed by
cDNA synthesis using 1 pug of RNA and random hexamer primers (First Strand cDNA Synthesis Kit,
Thermo Scientific). Samples were genotyped for rs225014 using restriction fragment length poly-
morphism analysis with Rsal (Forward primer (F): 5’'-AGTGGCAATGTGTTTAATGTGA-3’, Reverse primer
(R): 5’-CACACACGTTCAAAGGCTACC-3’). DNA fragment length of wildtype alleles were called after gel
electrophoresis and were 121, 30 and 389 base pairs. The risk allele C affects the first cut site resul-

ting in two fragments consisting of 151 and 389 base pairs. All primers were ordered at Invitrogen.

MEASUREMENTS

For Electrophoretic mobility shift assays (EMSAs) synthetic oligonucleotides containing the putative
CTCF binding site were 5’-end labeled by y- (32)P-ATP and subsequently purified by gel filtration on
Sephadex G-25 Medium columns. The CTCF-11 zinc finger (11ZF) DNA binding domain, full-length
CTCF using pIVEX1.4 WG CTCF-11ZF and CTCF-FL constructs were synthesized with the RTS 100
Wheat Germ CECF kit (5 PRIME). For binding reactions, we used buffer containing standard PBS
with 5 mM MgCl,, 0.1 mM ZnSO,, 1 mM DTT, 0.05% NP40, 50 ng/pl poly(dl-dC) and 10% glycerol.
The reaction mixtures were incubated for 30 min at RT and analyzed by 5% native PAGE in 0.5x Tris-

borate-EDTA buffer. Supplementary Table 1 contains the sequences of the used probes.
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Expression of DIO2 was assessed using TagMan probe Hs00988260_m1 (Applied Biosystems),
normalized for GAPDH expression (real-time PCR, F: 5'-TGCCATGTAGACCCCTTGAAG-3’, R: 5'-ATGG-
TACATGACAAGGTGCGG-3’) and subsequently log transformed for downstream analysis.

Using the ZymoResearch EZ DNA Methylation kit isolated genomic DNA was treated with sodium
bisulphite (BS), thereby reducing unmethylated cytosine residues to uracil, while methylated cytosi-
nes remain unchanged. The methylated fraction of CpG dinucleotides was assessed with MALDI-TOF
mass spectrometry (Epityper, Sequenom), acommonly applied to quantify CpG methylation. (23-25)
Samples were randomly distributed on PCR plates prior to BS treatment and PCR amplification. PCR

amplification and MALDI-TOF measurements were performed in triplicate as technical replicates.

Using MethPrimer 9 amplicons (Supplementary Table 1) were designed, covering a total of 23
measureable CpG dinucleotides upstream, downstream and intragenic of DIO2. Amplicons were
designed to cover conserved transcription factor binding sites (TFBS) according to Human Genome
Assembly, build 19. Methylation of several CpG dinucleotides was measured redundantly by separate
amplicons, measurements of CpG dinucleotides with the most successful observations per amplicon

were used for downstream analyses. Finally, the 9 amplicons constituted 4 independent regions.

CELL CULTURE AND CHROMATIN IMMUNOPRECIPITATION

Primary carticular chondrocytes were isolated from cartilage derived from three OA patients who
underwent total joint arthroplasty of the hip (RAAK study). Cartilage tissue was incubated overnight
in DMEM (high glucose; Gibco, Bleiswijk, The Netherlands) supplemented with 10% fetal bovine
serum (FBS; Gibco), antibiotics (100 U/ml penicillin, 100 pug/ml streptomycin; Gibco) and 2 mg/ml
collagenase Type | at 37 2C in a humidified 5% CO,/ 95% atmosphere. Subsequently, primary chon-
drocytes were resuspended and filtered through a 100 pm mesh to remove undigested cartilage
fragments and extracellular matrix debris. Cells were expanded at 37 °C in a humidified 5% CO, /
95% atmosphere in DMEM supplemented with 10% FBS, penicillin (100 units/mL), streptomycin
(100 units/mL) and 0.5 ng/ml FGF-2 (PeproTech, Heerhugowaard, The Netherlands) for 2 passages.
24 Hours into the second passage 1.5 uM of the demethylating agent 5-aza-2 —deoxycytidine (AZA)
(Sigma Aldrich; Zwijndrecht, The Netherlands) was added. Cells were harvested for DNA and RNA

isolations after being grown to confluence, obtained after three more days.

For chromatin immunoprecipitation (ChIP) chromatin was prepared and immunoprecipitation was
performed as previously described. (26) Sonification was optimized to result in ~500 base pair long
fragments. For immunoprecipitation rabbit anti-CTCF antibody was used (Anti-CTCF; 07-729 Mil-

lipore). Protein A and G sepharose beads were ordered from Sigma (P3391) and GE Healthcare
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(17-0618-01) respectively. Finally the immunoprecipitated chromatin was used as input for real-

time-PCR to assess the relative binding of CTCF, used primers are listed in Supplementary Table 1.

DATA ANALYSIS

Methylation of CpG dinucleotides with fewer than two out of three triplicate measurements or with
a SD > 0.1 were discarded prior to analysis. CpG site-containing fragments that had equal or over-
lapping mass, making them irresolvable by mass spectrometry, and CpG sites containing fragments
whose measurement was confounded by SNPs were removed prior to analysis. (27) Samples with

bisulphite conversion rates < 98% were discarded.

Principal Component Analysis (PCA) was performed to reduce redundant variation of methylation at
CpG dinucleotides which had a high in-between correlation. (27) For each of the 4 regions, Principal
Components (PCs) were constructed if the KMO sampling adequacy was < 0.5 and Bartlett’s test of
sphericity was < 0.01. PCs with Eigen values > 1 were considered relevant. The individual loadings
of each of the PCA were checked to assess whether all CpG dinucleotides were covered by the
constructed PCs, CpG dinucleotides for which all component loadings were < 0.4 were considered
not significant and these CpG dinucleotides were discarded from the PCA and analyzed separately

in subsequent analyses.

All statistical analyses were performed by fitting Generalized Linear Mixed Models (GLMMs). To
account for inter-individual differences a random effect for sample donor was added to each model.
Homozygous carriers (N = 3) of the rs225014 risk allele were pooled with heterozygous carriers (N =
27). Analyses were carried out using the R programming language with the Ime4 (GLMM:s) (28), psych
(29) and GPArotation (PCA) (30) packages. To assess the relation between the cartilage phenotype
and methylation of separate features, we fitted the following model: Methylation, ~ (1/Donor) +
Phenotype. To identify functional CpG dinucleotides, we fitted the following model: D/IO2 Expression
~(1/) Donor + Methylation. Where, in both models, Methylation represents the methylated fraction
of the i-th CpG feature. To explore other possible significant covariates, we fitted the following model:

DIO2 Expression ~ (1| Donor) + Joint site + rs225014 alleles + Methylation Finally, p-values were

(pG-2031"

adjusted for multiple testing using Bonfferoni correction.
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RESULTS

THE PUTATIVE CTCF BINDING SITE OVERLAPPING RS225014 IS NOT FUNCTIONAL IN ARTI-
CULAR CHONDROCYTES

To assess the regulatory properties of the rs225014 overlapping CTCF binding site, we investigated
binding of CTCF at this locus and tested whether rs225014 alleles directly influence local binding
of CTCF. We performed EMSAs using full-length CTCF (CTCF-FL) and a truncated protein, containing
just the 11 Zinc Finger binding domain (CTCF-11ZF). We have used three different probes containing
the rs225014 common allele (T, Figure 1, lane 1-2), the minor allele (C, Figure 1, lane 3-4) and a
non-existent allele (G, Figure 1, lane 5-6). The latter is in highest agreement with the consensus
CTCF-binding sequence. (31) No band shift was observed for either protein, irrespective of the three
rs225014 alleles, indicating that CTCF does not bind to the putative CTCF sequence at SNP rs225014.
Nevertheless, the EMSA confirmed a CTCF site 90 base pairs upstream of rs225014 (DIO2-CTCF2,
Figure 1, lane 7-8), as a clear band shift was observed for this predicted CTCF binding site.

DIO2-CTCF1-T
DIO2-CTCF1-C
DIO2-CTCF1-G
DIO2-CTCF2

]

oo
-

CTCF-112F
CTCF-FL
CTCF-11ZF
CTCF-FL
CTCF-11ZF
CTCF-FL
CTCF-112F
CTCF-FL

Figure 1. EMSAs for two CTCF binding sites located on (DIO2-CTCF1) and next to (DIO2-CTCF2) rs225014. Full
length CTCF (CTCF-FL) and truncated CTCF (CTCF-11ZF) containing just the 11 Zinc Finger binding domain were
used. No band shift was observed for DIO2-CTCF1, irrespective of rs225014 alleles (lane 1-6). A band shift for
DIO2-CTCF2 was observed for both protein constructs (lane 7-8).
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CPG DINUCLEOTIDES LOCATED ACROSS DIO2 ARE METHYLATED IN ARTICULAR CARTILAGE
Being unable to confirm binding of CTCF at the putative CTCF binding site overlapping the rs225014
locus, we set out to quantify CpG dinucleotide methylation across the DIO2 locus. We therefore
selected macroscopically preserved and OA affected cartilage from patients undergoing total joint
arthroplasty of the knee (N = 29) or hip (N = 23) of the RAAK study (Supplementary Table 2). Ampli-
cons containing CpG dinucleotides were designed across TFBSs located intragenic, upstream and
downstream of the DIO2 open reading frame. Figure 2 shows the 4 various regions (A-D) across
the DIO2 locus, methylation measurements of respective CpG dinucleotides per region and the
overall mean across pooled samples. Two, four and two CpG dinucleotides were discarded from
region A, B and C respectively prior to analysis, due to the inability to discriminate them by mass
spectrometry. Region A, B and D showed relatively high levels of methylation, whereas region C,
overlapping the DIO2 promotor, showed overall hypomethylation. Where applicable, we summari-
zed CpG dinucleotides per region in Principal Components (PCs), which resulted in 15 independent
variables (5 PCs and 10 individual CpGs), constructed from the original 23 (Supplementary Table 3
and Supplementary Table 4).
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Figure 2. Schematic overview of the DIO2 open reading frame (ORF) and flanking regions. Lower panel shows
the coding strand of the genome (chr14:80,661,868-80,680,970, hg19) with the D/IO2 ORF located on the
complementary strand, depicted as a solid bold line. Conserved TFBSs are depicted as dashed lines. CpG
dinucleotides are indicated by their relative position to the D/IO2 TSS. (A-D) Observed methylation values of
CpG dinucleotides in 4 interrogated regions of pooled preserved and OA cartilage samples.

A CPG DINUCLEOTIDE 2031 BASE PAIRS UPSTREAM OF THE DI/O2 TSS (CPG -2031) MODU-
LATES EXPRESSION SIGNIFICANTLY

Upon investigating differential methylation and expression between OA and preserved cartilage, we
observed that methylation at multiple CpG features across D/IO2 were responsive to the OA disease

process as reflected by significant differential methylation between matched preserved and OA
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cartilage samples (Table 1). For the single CpG-2031 in region D, we observed the most significant
difference in methylation between OA and preserved cartilage (GLMM, N = 103, Beta = 0.028, P =
0.0007, Bonferroni adjusted, Figure 3A). Suggestive evidence was observed for a difference in DIO2
expression between preserved and OA affected cartilage, albeit not significant (Figure 3B, GLMM, N
=87, Beta=0.22, P=0.063). To prioritize on functional CpG dinucleotides, we subsequently focused
on those features that additionally associated with D/O2 expression (Supplementary Table 5) in car-
tilage. As seen in Figure 3C, we observed a significant positive association between methylation and

expression of DIO2 only for CpG-2031 (GLMM, N =87, Beta = 4.959, P =0.0016, Bonferroni adjusted).
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Figure 3. Summary statistics and functional evaluation of methylation at CpG-2031 in articular cartilage. (A)
A significant difference in methylation was found at CpG-2031 between preserved and OA affected cartilage.
(B) Suggestive evidence for a difference in DIO2 expression between preserved and OA affected cartilage. (C)
Methylation at CpG-2031 correlated significantly with D/O2 expression.

Table 1. Independent features tested for differential methylation between preserved and OA affected cartilage.
Asterisks indicate significant P-values after Bonferroni adjustment.

Region Feature N Beta p-value Adjusted p-value

A PC1 102 0.079 0.56018 1

B PC1 95 0.223 0.03132 0.4699
PC2 95 -0.152 0.26965 1
CpG +8802 76 0.001 0.92605 1
CpG +8742 101 -0.003 0.36266 1
CpG +8635 103 0.001 0.58860 1

C CpG-219 94 0.000 0.92106 1
CpG-322 98 0.002 0.60637 1
CpG-473 102 0.001 0.15828 1
CpG-571 97 0.002 0.28463 1
CpG-642 98 0.003 0.08636 1

D PC1 96 -0.520 0.00015 0.0023 *
PC2 96 -0.301 0.04685 0.7028
CpG-1754 63 0.032 0.00449 0.0673
CpG-2031 103 0.028 0.00005 0.0007 *
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To confirm the regulatory properties of CpG-2031 on DIO2 expression, we performed ChIP assays for
a predicted CTCF binding site overlapping the location of CpG-2031. To test whether CpG methyla-
tion influences local CTCF binding we treated three primary chondrocyte cell lines, derived from OA
patients undergoing total joint arthroplasty of the hip, with 1.5 uM AZA, a widely used demethyla-
ting agent. As shown in Figure 4A, all cell lines show a decrease in methylation at CpG-2031 that
corresponded to an increase in bound CTCF at the respective position (Figure 4B) and subsequent
down regulation of DIO2 expression (Figure 4C), confirming that methylation at CpG-2031 affects
expression of D/IO2, which may be attributable to local methylation dependent binding of CTCF.
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Figure 4. Response of primary chondrocyte cell lines upon treatment with 1.5 uM AZA. (A) Decrease of CpG
-2031 methylation upon AZA treatment. (B) Increase in CTCF binding at CpG-2031 upon AZA treatment. (C)
Decrease in DIO2 expression upon AZA treatment.

RS225014 RISK ALLELE CARRIERS SHOW AN ENHANCED CORRELATION BETWEEN CPG -2031
METHYLATION AND D/O2 EXPRESSION

Having observed the association between DIO2 expression and OA reflective methylation at CpG
-2031, we explored in a multivariate analysis the individual effects of CpG-2031 methylation, joint site
and rs225014 alleles as independent variables on DIO2 expression in articular cartilage as dependent
variable. We could ratify the significant association between CpG-2031 methylation and D/O2 expres-
sion (GLMM, N = 87, Beta,,; ,p;; = 4.526,P =0.0006) and observed a slight effect for joint site
(GLMM, N =87, BetajOmt =-0.264, ij =0.048). However, the most compelling observation was the
significant effect of rs225014 alleles on DIO2 expression (GLMM, N = 87, Beta =0.448, P

CpG-2031

15225014 rs225014

=0.0003), independently of methylation at CpG-2031.

Finally, to further elucidate these effects, we explored whether the earlier observed results were
affected by stratification of the rs225014 risk allele. We observed an increase in methylation (Figure
5A, GLMM, N =59, Beta = 0.034, P = 0.00002) and expression (Figure 5B, GLMM, N = 51, Beta =
0.35, P=0.012) differences between preserved and OA affected cartilage in carriers of the rs225014
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risk allele. Most strikingly, expression of DIO2 in cartilage derived from rs225014 risk allele carriers
was more responsive to methylation changes at CpG-2031 (Figure 5C, GLMM, N = 51, Beta = 5.58,
P =0.0006). Together, these data indicate that DIO2 expression among carriers of the rs225014 risk
allele, compared to homozygous common allele carriers, is more sensitive to subtle methylation

changes at CpG-2031 in articular cartilage.
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Figure 5. (A) A more pronounced difference between preserved and OA affected cartilage was observed in
carriers of the rs225014 risk allele. (B) DIO2 expression in carriers of the rs225014 risk allele is significantly
higher in OA affected cartilage compared to preserved cartilage. (C) The functional relation between CpG-2031
and DIO2 expression is more pronounced in carriers of the rs225014 risk allele.

DISCUSSION

In the current study, we have identified a CpG dinucleotide at 2031 base pairs upstream of the
DIO2 TSS that modulated DIO2 expression significantly (Figure 3C) and appeared highly sensitive
to the ongoing OA process (Table 1 and Figure 3A). Furthermore, by means of ChIP analyses it was
shown that the regulatory properties of methylation at CpG-2031 are most likely to be exerted via
methylation dependent binding of CTCF at the respective position (Figure 4). Moreover, regarding
epigenetically regulated DIO2 expression, we showed that subtle differential methylation at this
particular CpG dinucleotide associated with up regulation of D/IO2 expression, most vividly among
rs225014 risk allele carriers (Figure 5C). Given the role of D/IO2 in growth plate chondrocytes, i.e.
the initiation of endochondral ossification (32, 33), such an up-regulation should be considered
detrimental to articular cartilage integrity and increasing the propensity to develop OA. Together
these data provide compelling insights into how the D/IO2 OA susceptibility allele of rs225014 confers
risk to OA; upon repeated challenges throughout life, chondrocytes residing in articular cartilage of
rs225014 risk allele carriers are less able to maintain cartilage homeostasis due to the fact that subtle

changes in methylation at CpG-2031 result in detrimental up-regulation of DIO2.

In previous studies we have demonstrated an early mode of action of DIO2 susceptibility alleles

on hip morphology (34), whereas in articular cartilage we have reported on up regulation of DIO2
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protein in OA as compared to preserved cartilage and a highly consistent Al of DIO2 in heterozygous
carriers of the rs225014 risk allele. (20) In the current study, we have prioritized on CpG dinucleotides
that significantly modulated expression of DIO2 and have provided insight into the mechanisms how the
rs225014 risk allele confers risk to OA at later ages. Nevertheless, we were unable to unravel the mole-
cular mechanism of the Al marked by the rs225014 alleles. This implies that DIO2 expression in articular
chondrocytes is subject to multiple regulatory mechanisms, possibly intertwined, as is suggested by

the vivid DIO2 up-regulation upon CpG-2031 methylation changes in rs225014 risk allele carriers.

Demethylation of CpG dinucleotides commonly up-regulates gene expression, however, here a
positive correlation between methylation at CpG-2031 and D/O2 expression was observed. This
positive correlation is likely to be mediated via the confirmed methylation dependent binding of
CTCF, a general insulator protein known to facilitate regulation of gene expression, at CpG-2031.
We hypothesize that a putative three dimensional structure, brought on about by bound CTCF in
hypomethylated samples, exerts inhibitory effects on DIO2 expression, possibly via recruitment of

inhibitory transcription factors.

A significant up-regulation of DIO2 mRNA and protein in OA affected cartilage compared to healthy
controls is reported in literature (14, 15, 20), however, when comparing preserved with OA affected
cartilage we were unable to detect a significant difference in DIO2 expression. Hence, it is likely that
preserved cartilage from OA affected joints has already to some extent been seized by the ongoing
OA disease process, but has not yet manifested in macroscopically observable differences. However,
we did observe a significant difference in expression between preserved and OA affected cartilage in
carriers of the rs225014 risk allele. Even so, our approach does minimize environmental influences,
to which CpG methylation is highly susceptible (35-37), as the preserved and matched OA affected
cartilage originate from a single joint, thereby allowing robust pair wise comparisons. To study the
epigenetic mechanisms underlying the reported up-regulation of D/O2 mRNA in OA affected cartilage
compared to unaffected cartilage, CpG dinucleotide methylation in true healthy controls should be
quantified. However, appropriate sample sizes are required, as large variation in methylation of CpG

dinucleotides is observed among subjects.

It has been shown that regulatory elements on the genome, such as CpG dinucleotides, quite com-
monly do not influence gene expression of the nearest gene (38); i.e. differential methylation of CpG
dinucleotides does not imply an effect on gene expression of the nearest gene whatsoever (Table 1
and Supplementary Table 5). Therefore, in the view of the authors, functional follow up by means
of epigenetic regulation of OA susceptibility genes, should have a focus on CpG dinucleotides cor-

relating significantly with expression of the gene of interest.
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In conclusion, we have shown that a CpG dinucleotide 2031 base pairs upstream of the DIO2 pro-
moter is differentially methylated between preserved and OA affected cartilage. The functionality
of this CpG dinucleotide is illustrated by local methylation dependent CTCF binding and, moreover,
by a significant correlation with D/IO2 expression. Furthermore, compelling evidence was observed
for an enhanced response of DIO2 expression upon methylation changes at CpG-2031 in rs225014

risk allele carriers in articular cartilage.
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Supplementary tables can be found at doi: 10.1136/annrheumdis-2013-204739

Supplementary Table 1.
Used EMSA probes and Epityper primers.

Supplementary Table 2.

Characteristics of samples used in methylation and expression assessment.

Supplementary Table 3.

PCA eigenvalues per region. PCs with eigenvalues < 1 were discarded.

Supplementary Table 4.
PCA loadings for each region. A dash indicates inappropriate KMO sampling adequacy or failed

Bartlett’s test for sphericity, these CpG dinucleotides were analyzed separately.
Supplementary Table 5.

Independent features tested for their association with D/IO2 expression in articular cartilage. Asterisks

indicate significant P-values after Bonferroni adjustment.
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ABSTRACT

Objective To identify osteoarthritis (OA) progression modulating pathways in articular cartilage and

their respective regulatory epigenetic and genetic determinants in end stage disease.

Methods Transcriptional activity of CpGs (t-CpGs) was assessed using gene expression and DNA
methylation data of respectively 33 and 31 pairs of preserved and lesioned articular cartilage. Disease
responsive t-CpGs were identified by means of differential methylation between preserved and
lesioned cartilage. Transcriptionally relevant genetic determinants were addressed by means of
proximal SNPs near the OA responsive t-CpGs. Statistical analyses were corrected for age, sex, joint
and technical covariates. A random effect was included to correct for possible correlations between

paired samples.

Results Of the 9838 transcribed genes in articular cartilage, 2324 correlated with the methylation
status of 3748 t-CpGs, both negative (N=1741) and positive (N=2007) correlations were observed.
Hypomethylation and hypermethylation (FDR<0.05, | AB|>0.05) were observed for 62 and 25 t-CpGs,
respectively, covering 70 unique genes. Enrichment for developmental and ECM maintenance
pathways indicated possible reactivation of endochondral ossification. Finally, we observed 31 and
26 genes of which, respectively, methylation and expression was additionally affected by genetic

variation.

Conclusion We identified tissue specific genes involved in OA disease progression, reflected by
genetic and pathological epigenetic regulation of transcription, primarily at genes involved in
development. Therefore, transcriptionally active SNPs near these genes may serve as putative sus-
ceptibility alleles. Our results comprise an important step in understanding the reported widespread
epigenetic changes occurring in OA affected articular cartilage and subsequent development of

future treatments targeting disease driving pathways.
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INTRODUCTION

Osteoarthritis (OA) is the most prevalent arthritic disease among the elderly (1) and is currently
recognized as a disease of the whole joint. (2) A well described hallmark of OA is articular cartilage
degradation. (3) The single cell type present in articular cartilage is the articular chondrocyte, which
is a highly specialized, maturational arrested, non-proliferating cell. To ensure articular cartilage
integrity throughout life it needs to adapt its behaviour in response to external signals, such as
mechanical stress, ageing or micro-traumas. (4) To facilitate these adaptations, the chondrocyte
requires phenotypic plasticity with proper dynamic control of gene expression to shift between active
metabolic and maturational arrested states. In this respect, chondrocytes in OA affected cartilage
were shown to have lost their maturational arrested state, regain growth-plate morphology and start

to proliferate, while degrading and calcifying the articular cartilage matrix. (5;6)

A likely candidate for maintaining the chondrocyte phenotype is through epigenetic control of gene
expression, such as DNA methylation; a biochemical process which is utilized by cells to adapt to
environmental challenges such as age or disease by dynamic control of gene expression. (7;8) In this
respect, methylome wide studies of articular cartilage in OA have revealed numerous differentially
methylated loci between healthy and diseased tissue, while only a small minority of these loci were
subsequently studied in terms of gene expression differences. (9-12) Therefore, up to now it remains
unclear to what extent the large number of differentially methylated CpGs in OA confer relevant
gene expression changes in articular cartilage. Moreover, a growing body of literature describes
how aberrant gene expression is influenced, in addition to DNA methylation, by genetic risk alleles
in complex genetic diseases, a mechanism outlines previously in OA. (13-17) These reports imply the
need for combining multiple levels of genome wide data to gain a more robust understanding of the

transcriptional processes that occur with complex genetic diseases, such as OA.

In a previous study we have described functional DNA methylation differences between knee and
hip articular cartilage, independent of OA pathophysiology. (10) Although the entire epigenomic
profile of knee and hip articular cartilage is primarily defined by differentially methylated regions
(DMRs) between the two joints, literature suggests highly gene specific DNA methylation changes in
association with OA onset and progression. (9;11;12;14-17) Therefore, in the current study we set
out to identify gene specific DNA methylation differences, independent of the joint, between pre-
served and lesioned cartilage in patients undergoing total joint replacement surgery due to primary
end-stage OA. Moreover, we combined DNA methylation changes with a previously assessed gene
expression dataset of overlapping samples (18) to assess OA related changes in the epigenetically

regulated transcriptome. Finally, by integrating the results with genome wide single nucleotide poly-
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morphism (SNP) data, we aim to identify OA relevant, tissue specific genetic variants that influence
gene expression in articular cartilage. The applied consecutive stepwise approach will provide novel
OA susceptibility genes, as well as the respective transcriptional determinants. To our knowledge
this is the first study comprehensively combining genetic, epigenomic and transcriptomic data to
gain a functional understanding of joint independent DNA methylation changes in relation to OA

pathophysiology.

MATERIALS AND METHODS

THE RAAK COHORT.
Ethical approval was obtained from the medical ethics committee of the LUMC (P08.239) and
informed consent was obtained from all participants. Participant details are listed in Supplementary

Table S1. For sampling details see (10;14;18).

METHYLATION DATA.

Methylation data were obtained and processed as previously. (10) In short, DNA was isolated using
the Promega Wizard Genomic DNA Purification kit according to the manufacturer’s protocol. Next,
the DNA was bisulphite treated using the ZymoResearch EZ DNA Methylation kit. DNA methylation
was assessed using lllumina Infinium HumanMethylation450 BeadChips. Samples were randomly
dispersed, while sample pairs were assured to be on the same chip. Using the minfi and lumi R-pac-
kages the methylation dataset was filtered for probes that contained SNPs or mapped ambiguously
to the genome and colour channels were separately quantile normalized. Validation and replication
using the EpiTYPER platform were done so as previously reported, (14) primer sequences are listed

in Supplementary Table S2.

EXPRESSION DATA.
Normalized expression data from the RAAK study were processed and normalized as described pre-

viously (GSE57218). (18) RT-qPCR validation primers are listed in Supplementary Table S2

GENOTYPE DATA.

Using Illumina HumanOmniExpressExome chips genome wide genotyping data was constructed
for 216 samples from the RAAK study. SNPs with <95% call rate, Hardy-Weinberg equilibrium <104,
minor allele frequency <0.01 or located on the sex chromosomes were removed prior to imputation
together with Leiden Longevity Study data against the 1000 Genomes V3 March 2012 reference

panel. (19) Next, SNPs that were homozygous in all the overlapping samples with the methylation
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(N=23) and expression (N=24) datasets were removed prior to analyses, as were SNPs of which the

imputation quality of 0.4 was not met. (20;21)

STATISTICAL ANALYSES.

All statistical procedures were carried out in R-3.0.2. Analyses were corrected for technical covariates
as well as sex, joint and age. To correct for putative correlations between preserved and OA affected
AC from the same joint, a random effect for patient ID was included using the Ime4 package. (22)
Correction for multiple testing was performed using the bonferroni procedure per gene in the func-
tional methylation analysis as well as the genetic analysis, all other multiple testing corrections were
performed using the Benjamini-Holm method. Methylation measurements are reported as B-values.
(10;23) CpGs were considered differentially methylated when the mean paired difference was at
least 0.05pB, as smaller differences would be hard to address statistically and/or interpret biologically.
Pathway enrichment was performed using the online annotation tools DAVID and STRING-DB. A full

analysis summary scheme is shown in Figure 1.

1) All cartilage expressed

genes
(13227 probes / 9838 genes)

Expression; ~ CpG,; + Joint + Gender + Age + Chip + (1] D)

2)  Genes regulated by
t-CpGs
(3748 CpGs / 2324 genes)

CpG;~ TissueStatus + Joint + Gender + Age + Chip + (1|1D)

3 L
) OA sensitive t-CpGs
(151 CpGs / 117 genes)
Expression,~ TissueStatus + Joint + Gender + Age + Chip + (1]ID)
5) Technical and biological 4) Differentially expressed
replication of selected CpGs genes
(87 CpGs / 70 genes)
CpG;~ SNP; +(1]ID) Expression;~ CpG;; + SNP;, + (1]ID)
6a)  t-CpG methylation 6b) Gene expression affected
affected by SNPs by t-CpGs & SNPs
(36 CpGs / 31 genes) (28 CpGs /26 genes)

Figure 1. Overview of the applied analysis strategy.
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RESULTS

TRANSCRIPTIONALLY ACTIVE CPG DINUCLEOTIDES (T-CPGS) IN ARTICULAR CARTILAGE.
Recently, we have assessed the late stage transcriptomic profile of articular cartilage of patients who
underwent total joint replacement surgery, due to primary OA (GSE57218, Supplementary Table
S1). (18) For the 13277 probes (covering 9838 unique genes, Figure 1, step 1) that were expressed
to detectable extent in articular cartilage, we set out to explore whether they associated with DNA
methylation of proximal CpGs. To identify articular cartilage relevant CpGs in terms of transcripti-
onal association, DNA methylation data of CpGs within 10kb of annotated genes was correlated to
respective gene expression data of 13 sample pairs (4 knees and 9 hips) of preserved and lesioned
articular cartilage. After multiple testing correction for the number of CpGs for each individual gene,
we observed 3748 CpGs that significantly correlated with proximal gene expression, covering a
total of 2324 unique genes (24%, Supplementary Table S3, Figure 1, step 2), hereafter indicated as
transcriptionally active CpGs (t-CpGs). Notably, both negative (e.g. SPINT2, CILP, BFSP1, TMEM140,
Figure 2A-D) as well as positive correlations (e.g. COL1A2, THBS2, MSX1, RUNX3, Figure 2E-H) were
observed for the, respectively, 1741 and 2007 t-CpGs.

A SPINT2 B CILP C BFSP1 D TMEM140
€g00401471 €925896785 €g14801864 €g07522970
N o . u
130 R R 150 N 86 . o .
125 A 42 . 84 A A e
120 BN 145 . . s a 5 80 J n
5 Sk * < P g 82 At 2 A .
2 115 ASA A o 4 . £ g0 4~ A N § 78 4 x
£ 110 N g I 78 N e 5 76 x
& 105 4 & 135 S 76 Aa . g Ak,
: a 74
100 - * 74 4 ‘
* 130 4 4 72 4
N omox o e n ° ~ @ < 0 < ~ m = = e
s 32 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
8 B 8
P < 0.00005 P < 0.00005 P < 0.00005 P < 0.00005
E COL1A2 F THBS2 MSX1 RUNX3
<q14712657 g01320433 906375949 H 918087266
N N N N
14 Tl 120 T 90 . 84 . .
13 % oYy 15 o o Aa 82 »
< N S N e . s 85 s s A . A
s n % S 110 a s . < S N A
2 e A 2 aq H . 3 g 80 Adar
g n 4 $ 105 4 N ¢ «
£ g 4 s N g ® R N g 78 o .t
& 10 & 100 o a & . i & e
g g o g N g
2 9 2 g5 i e A ° 75 . S 76 .
8 90 L, o Aa a4 74,
s 1w o w o N m o= n o 2 @ 2
§ 8 8 a g s 3 3 3 3 3 3 3 & a s
s s 3 & 3 3 3 S
[ B [ 8
P < 0.00005 P < 0.00005 P < 0.00005 P < 0.00005

Figure 2. Examples of epigenetically regulated cartilage expressed genes by DNA methylation. Preserved and
lesioned samples are respectively coloured blue and red, while knee and hip samples are respectively depicted
as circles and triangles. In grey the 95% confidence intervals are plotted. (A-D) Examples of down regulated
genes upon increased methylation. (E-H) Examples of genes of which expression is positively correlated to
increased DNA methylation.
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OA ASSOCIATED DNA METHYLATION CHANGES AT T-CPGS.

Next, we determined in a total of 31 sample pairs (17 knees and 14 hips) which of the detected 3748
t-CpGs were sensitive to the ongoing OA disease process, as reflected by differential methylation
between paired preserved and lesioned cartilage. In total we observed 5282 differentially methylated
CpGs (FDR<0.05, |AB|>0.05, Figure 3A, Supplementary Table S4), of which 2188 and 3094 were
respectively hyper- and hypomethylated. Among these OA associated CpGs 151 overlapped with
the observed t-CpGs, covering a total of 117 unique genes (Figure 1, step 3). Hypermethylation was
observed in 59 OA responsive t-CpGs, while hypomethylation was seen in 92 OA responsive t-CpGs
covering respectively 46 and 75 genes. Among those are genes known to be involved in OA pathop-
hysiology (e.g. FOXA2, RUNX1, COL6A3 and CD44, Figure 3B-E), as well as multiple genes not earlier
reported (e.g. UACA, DLX5, DYSF and IGFBP7, Figure 3F-lI). Next, to focus solely on genes of which
expression is involved in OA progression, we selected t-CpG regulated genes of which expression was
additionally significantly different between preserved and lesioned tissue. As of such, we continued
with 25 and 62 respectively hyper- and hypomethylated t-CpGs, covering 70 unique genes (Figure 1,
step 4). Subsequent gene enrichment analysis revealed significant enrichment among the 70 genes
for pathways earlier reported to be implicated in OA pathophysiology, such as ECM maintenance and

developmental processes (Supplementary Table S5 and Supplementary Figure S1).
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Figure 3. (A) Volcano plot showing the cut-offs taken to identify all differentially methylated CpGs between
preserved and lesioned cartilage, significant (FDR < 0.05) differentially methylated (|AB| > 0.05) CpGs are
depicted as green dots. (B-E) Significant differential methylation between preserved and lesioned cartilage in
known OA associated genes. (F-1) Significant differential methylation between preserved and lesioned cartilage
in genes not earlier implicated in OA. Preserved samples are set to 0 and depicted in blue, while its paired
lesioned sample is depicted in red. Knee and hip joints are respectively shown as circles and triangles.
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TECHNICAL VALIDATION AND BIOLOGICAL REPLICATION OF OA RESPONSIVE T-CPG DINU-
CLEOTIDES.

Using the EpiTYPER® platform, a commonly used technique for measuring DNA methylation, (14)
we set out to technically validate 8 CpGs in 17 pairs of preserved and lesioned samples. We found a
high degree of similarity between the two techniques, reflected by large Pearson correlation coef-
ficients (mean r>0.85, Supplementary Figure S2, Figure 1, step 5). Next, we addressed the previously
observed relation between the replicated CpGs and respective gene expression. Except for IGFBP7,
we were able to validate the transcriptional involvement of all selected t-CpGs and/or disease associ-
ated dysregulation of the respective gene (Supplementary Figure S3). For biological validation, DNA
methylation of the selected CpGs was measured in an additional 31 pairs of preserved and lesioned
cartilage. All CpGs showed highly similar, significant DNA methylation changes as were seen in both

the discovery and validation samples (Supplementary Figure S3).

THE INFLUENCE OF GENETIC FACTORS ON T-CPG METHYLATION AND EXPRESSION IN ARTI-
CULAR CARTILAGE.

Finally, we investigated the stable regulatory genetic environment, as reflected by transcriptionally
active SNPs in proximity of the 70 genes. Presence of such SNPs may causally affect cartilage homeo-
stasis of epigenetically controlled genes and confer potential OA susceptibility. The genotypes of all
SNPs (dbSNP build 138) 10kb up- and downstream of the 70 genes were assessed in 23 sample pairs
of the methylation dataset. Using multivariate analysis with methylation as dependant variable, we
identified 36 OA responsive t-CpGs that are significantly affected by at least one SNP (Supplementary
Table S6, Figure 1, step 6a), covering 31 unique genes. In parallel, using multivariate analysis with
expression as dependent variable, we explored whether epigenetic regulation of the 70 genes was
additionally affected by the alleles of proximal SNPs. As of such, we observed 26 genes of which
expression was modulated by the local genetic background in conjunction with 28 t-CpGs (Supple-
mentary Table S7, Figure 1, step 6b). For the ESR, NAV2 and WLS, we observed t-CpGs and SNPs

that modulated gene expression jointly.

As example, three notable genes of which we have observed transcriptomic, epigenetic and genetic
involvement in OA progression are VIT (Figure 4A-D), ROR2 (Figure 4E-H) and WLS (Figure 41-M). All
genes were differentially expressed between preserved and lesioned cartilage (Figure 4A, 4E, 4l),
which was modulated by differential DNA methylation (Figure 4B, 4F, 4J), also reflected by signifi-
cant differential methylation at the respective t-CpGs (Figure 4C, 4G, 4K). Moreover, rs11884419
and rs13292198 influenced gene expression and t-CpG methylation of ROR2 and VIT, respectively
(Figure 4D, 3H). Additionally, rs12028757 jointly affected t-CpG methylation and WLS gene expres-
sion (Figure 4L-M).
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Figure 4. Examples of cumulative evidence for putative causal involvement of VIT, ROR2 and WLS in OA patho-
physiology. Preserved and lesioned samples are respectively coloured blue and red, while knee and hip samples
are respectively depicted as circles and triangles. (A, E, 1) Significant differential methylation was observed
between preserved and lesioned cartilage for all three genes. (B, F, J) A significant direct relation between
expression and respective CpG methylation was observed. (C, G, K) As expected, a significant difference in
methylation was observed between preserved and lesioned tissue as well. (D, H, L, M) In conjunction with
DNA methylation, expression was regulated by proximal SNPs.
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DISCUSSION

The here presented study encompasses the first comprehensive multi-level integration of genome
wide data to gain a more accurate understanding of OA associated changes in the epigenetically regu-
lated transcriptome of articular chondrocytes. By stepwise integrating transcriptomic and epigenetic
data in relation to cartilage OA severity, we identified 70 unique genes with OA responsive t-CpGs
likely affecting expression in articular cartilage. Subsequent pathway analyses showed significant
enrichment for genes that act within skeletal development. Moreover, we have shown that for 31
and 26 OA cartilage relevant genes, respectively, methylation and expression is additionally affected

by genetic variation proximal to these genes.

Although the observed enrichment of OA responsive t-CpGs among genes within developmental
pathways either marks disease advancement or an adaptation of the preserved cartilage to the
adjacent lesioned tissue, our data shows that changes in epigenetically regulated control of develop-
mental genes and OA progression are markedly linked. This could indicate either specific, dynamic
regulation of expression of the genes in these pathways by the challenged articular chondrocytes in
an attempt to cope with end-stage OA, or alternatively, chondrocytes at end stage disease have lost
their ability to epigenetically control expression of essential genes involved in skeletal development
and consequently recuperate growth plate morphology and start cartilage debilitating expression,
a well described hallmark of OA. The latter hypothesis is supported by the here observed difference
of epigenetic control of skeletal development associated genes with OA, such as VIT, ROR2 and WLS.
Markedly, in this respect, are also the results of comprehensive genome wide searches for genetic
variants conferring risk for OA that have resulted in robust genome wide significant signals at genes

implicated in these developmental pathways (24).

In the current study, we present genetic and epigenetic loci that are functionally relevant for OA
responsive t-CpGs and cartilage expressed genes and should ideally now be followed up as candi-
date genes in large genome wide association (GWA) datasets to investigate whether these variants
indeed confer a relatively large number of small effects that are responsible for the missing herita-
bility observed in OA. We have observed a relatively small number of differentially expressed genes
that are regulated by t-CpGs and/or SNPs. Although this could be due to statistical power and/or
small effect sizes, it unquestionably highlights the importance of combining epigenome data, or
gene specific epigenetic data for that matter, with other types of molecular data, to gain a robust
understanding of and to biologically interpret the observed differences. Furthermore of note, we did
neither observe established genetic OA susceptibility nor OA related epigenetic loci, which implies

that our transcriptional, tissue relevant approach offers additional, compelling knowledge about
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genes involved in mature articular cartilage homeostasis and late OA when compared to traditional
GWA approaches. Even more so, the epigenetic and transcriptional effects of OA susceptibility genes
such as GDF5 (15) and DIO2 (14) are relatively subtle, whereas we have aimed to select genes with
larger effects in late OA. Also, we have possibly missed out on long distance or trans acting t-CpGs or
SNPs, as a result of our applied 10kb cut-off. While we do not disregard the possible impact of long
distance, transcriptional relevant loci, the measure of effect will likely be inversely correlated with
the genomic distance. In order to study these effects accurately, larger sample sizes than our own
would be required. Considering the earlier observed gene specific transcriptionally relevant and OA
associated differentially methylated CpGs, we were unfortunately unable to address these as the

applied methylation array lacks the density and subsequently does not measure these.

The VIT, ROR2 and WLS genes are notable examples for which we here present functional epigenetic,
genetic and transcriptional (Figure 3) differences depending on the late pathophysiological state of
articular cartilage (25;26). VIT is a relatively under studied gene in both cartilage biology and osteo-
arthritis. Nonetheless, proteomic analysis of mouse hip cartilage revealed involvement in cartilage
development (27). More specifically, vitrin, the protein product of the VIT gene, contains a Von Wil-
lebrand factor A domain, and is subsequently involved in ECM integrin signalling (28). Expression of
ROR2 drives chondrocyte expansion (29) and is known to be involved in regulating the TNFRSF11B/
TNFSF11 protein (commonly referred to as OPG/RANK) ratio in articular chondrocytes, (30) a well
described disrupted pathway in OA. (31) Down regulation of ROR2 inhibits the chondrocytes regene-
rative capacities, while disruption of the OPG/RANKL ratio has been shown to induce calcification and
bone formation. (29;31;32) Another major player in joint development and cartilage biology is the
Wnt pathway (33-36), in which ROR2 (37;38) and WLS (39;40) as well as a number of OA susceptibility
genes are situated (34;41;42). While the role of Wnt signalling is evident in cartilage development

and OA, WLS is specifically involved in the endochondral ossification process (39).

While OA related differences in methylation in articular cartilage have also been reported by others
(9;11;12), our results imply that changes in epigenetic control only lead to expression differences at
a limited number of genes. More specifically, at genes involved in either maintaining the chondrocyte
phenotype or adversely pursuing the endochondral ossification lineage. Moreover, the detected
local SNPs that affected either methylation or gene expression in articular cartilage of epigenetically
controlled genes may inherently affect proper cartilage homeostasis and potentially affect OA suscep-
tibility. In this regard, we observed SNPs that influenced DNA methylation at t-CpGs, while no direct
relation between the respective genotypes and gene expression was observed. Likely, a large number
of factors obscure the direct regulatory mechanism between the local genetic background, t-CpG

methylation and gene expression. Of note, these mechanisms likely arbitrate differential expression
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among the genes in which we did observe differential t-CpG methylation but no difference in expres-
sion. SNPs and t-CpGs that appear to solely affect t-CpG methylation or expression respectively, are
still of relevance, however, the transcriptional effects of these variants should be addressed in larger
consortia. Further mechanistic studies, such as longitudinal measurements in animal experiments
or actively perturbing the relevant genes in cell systems, are required to accurately address the

hypothesis.

In conclusion, we have here shown that OA related epigenetic differences need to be integrated with
other sources of molecular data, such as genomic and transcriptomic, to enhance our understanding
of the pathophysiological processes of OA. Furthermore, by integration of multiple layers of genome
wide data we have identified genes, such as VIT, ROR2 and WLS, which are likely modulating OA
pathophysiology and possibly reflect the loss of the chondrocyte’s maturational arrested state. Alt-
hough targeting DNA methylation seems unlikely to stand at the basis for developing treatments, it
serves to deepen our understanding of the complex transcriptomic changes in OA affected articular

cartilage.
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ABSTRACT

Objectives To elucidate the functional epigenomic landscape of articular cartilage in osteoarthritis

(OA) affected knee and hip joints in relation to gene expression.

Methods Using lllumina Infinium HumanMethylation450 BeadChip arrays genome wide DNA methyl-
ation was measured in 31 preserved and lesioned cartilage sample pairs (14 knees and 17 hips) from
patients who underwent a total joint replacement due to primary OA. Using previously published
genome wide expression data of 33 pairs of cartilage samples, of which 13 pairs were overlapping
with the current methylation dataset, we assessed gene expression differences in Differentially Meth-

ylated Regions (DMRs).

Results Principal Component Analysis of the methylation data revealed distinct clustering of knee and
hip samples, irrespective of OA pathophysiology. A total of 6272 CpG dinucleotides were differentially
methylated between the two joints, comprising a total of 357 DMRs containing 1817 CpGs and 245
unique genes. Enrichment analysis of genes proximal of the DMRs revealed significant enrichment
for developmental pathways and homeobox (HOX) genes. Subsequent transcriptomic analysis of

DMR genes exposed distinct knee and hip expression patterns.

Conclusions Our findings reveal consistent DMRs between knee and hip articular cartilage that
marked transcriptomic differences among HOX genes, which were not reflecting the tempo-
ral sequential HOX expression pattern during development. This implies distinct mechanisms for
maintaining cartilage integrity in adulthood, thereby contributing to our understanding of cartilage

homeostasis and future tissue regeneration approaches.
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INTRODUCTION

Articular cartilage (AC) is highly specialized and characteristic tissue in all synovial joints at the ends
of longitudinal bones. Its main function is to facilitate protection of subchondral bone against heavy
loads, while maintaining smooth locomotor function of the articular joint. (1) AC of the load bear-
ing knee and hip joints are morphologically similar, both in health and disease. (2-4) Furthermore,
histological assessment and expression profiling of preserved and osteoarthritic AC have revealed
generic processes and pathways to be involved in osteoarthritis (OA) pathophysiology, independent
of the affected joint. (5-7) Nevertheless, epidemiological studies and genome wide approaches have
respectively shown distinct prevalence patterns and genetic risk factors for OA at different joints.
(8, 9) Moreover, although pathway analysis of gene expression data has revealed transcriptomic
commonalities between knee and hip AC in OA, individual gene expression differences have been

reported. (7)

In general, tissue identity is marked by the epigenetic landscape of respective cells and is, among
others, reflected in the DNA methylation profile. (10) DNA methylation, in which the cytosine residue
in cytosine-phosphate-guanine dinucleotides (CpGs) acquires a methyl group, is known to regulate
gene expression upon environmental changes such as age and disease. Overall differences in the
methylome on the tissue level are commonly reflected in differentially methylated regions (DMRs),
while single CpGs do usually not harbor this property (10, 11) and possibly only mark environmental,
stochastic or individual differences. These observations raise the question whether knee and hip AC
are either epigenetically distinct or similar tissues. Although some differences on the epigenetic level
between knee and hip joints have been reported, (12) it is currently unknown whether the observed
differences in DNA methylation have any functional properties in terms of regulating expression of

putative joint specific genes.

In the current study, pairwise preserved and lesioned AC from knee and hip joints was sampled from
patients undergoing joint replacement surgery due to primary OA. Genome wide DNA methylation
was measured to assess communalities and discrepancies of the AC methylome in knee and hip
joints and with respect to preserved and lesioned AC. Furthermore, we have subsequently combined
epigenomic and transcriptomic data to gain a functional understanding of the observed methylation
differences. To our knowledge this is the first study in which highly similar tissues, being AC from

either knee or hip joints, are compared comprehensively on the epigenomic and transcriptomic level.
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MATERIALS AND METHODS

THE RAAK COHORT AND SAMPLING.

Ethical approval was obtained from the medical ethics committee of the LUMC (P08.239) and
informed consent was obtained from all participants. (6) Participant details are listed in Supple-
mentary Table S1. For sampling details see online supplemental methods and (13). Macroscopically
preserved as well as macroscopically lesioned cartilage was sampled from patients who underwent a
total joint replacement due to primary OA of either the knee (N=14) or hip (N=17). From an additional

3 knee and 3 hip joints healthy cartilage was sampled.

DNA ISOLATION.
DNA was isolated using the Promega Wizard Genomic DNA Purification kit according to the manu-

facturer’s protocol.

METHYLATION ARRAYS.

DNA was bisulphite treated using the ZymoResearch EZ DNA Methylation kit. DNA methylation
was assessed using Illumina Infinium HumanMethylation450 BeadChips. All methylation values are
reported as fractions between 0 and 1, commonly known as the B value. For additional details see

online supplemental methods.

EXPRESSION DATA.
Normalized expression data was downloaded from GEO (GSE57218) (13).

STATISTICAL ANALYSES.

Principal Component Analysis (PCA) and statistical procedures were carried out in R-3.0.2. All anal-
yses were corrected for technical covariates as well as sex, disease status, age and BMI. A random
effect for patient ID was included to correct for putative correlations between preserved and OA

affected AC from the same joint. Additional details are listed in the supplemental methods.

RESULTS

KNEE AND HIP AC SHOW DISTINCT METHYLATION PROFILES.
Genome wide DNA methylation profiling was performed in all samples, consisting of both macro-
scopically preserved and lesioned AC derived from 14 knee and 17 hip joints. By means of PCA we

observed two distinct clusters of samples, reflecting the joint type from which the cartilage was
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sampled (Figure 1A). Although in knee samples preserved AC tended to cluster apart from lesioned
AC, clustering by joint type was largely independent of the OA affection status (Figure 1C-F). This was
further emphasized when 6 truly healthy samples (3 knees, 3 hips) were included in the PCA, which
showed that irrespective of age and disease samples clustered according their joint type (Figure 1B).
Next, to elucidate the specific CpGs driving this distinct clustering by joint type, we fitted a linear
mixed model to identify the specific CpGs that were differentially methylated between hip and knee
cartilage, while correcting for sex, age, BMI and OA affection status. After adjustment for multiple
testing (Benjamini-Hochberg) 6272 CpGs were significantly differentially methylated between knee
and hip AC (P<0.05) by at least 0.1, covering a total of 2726 unique genes (Supplementary Table S2).

Differentially methylated regions among homeobox containing genes. Next, we applied a sliding
window algorithm (10) to distinguish inherent tissue differences in the methylation data from pos-
sible environmental, stochastic or individual differences and thereby observed 357 DMRs, consisting
of 1817 CpGs and 245 unique genes (Supplementary Table S$3). Pathway analysis revealed signifi-
cant enrichment among the constructed DMRs mostly for developmental pathways (such as limb
development and skeletal system morphogenesis) and, more specifically, homeodomain containing
genes (Supplementary Table S4). Rather strikingly in this respect is the presence of 42 DMRs in all
four canonical homeobox (HOX) clusters, comprising over 10% of the observed DMRs. Here again
we observed no major distinction between OA affected joints and healthy joints, confirming that
the DMRs are highly joint specific (Supplementary Figure S1). Visual inspection of representative
CpGs in DMRs ratified the distinct and consistent differences in methylation between the two joint

types, while this was less evident between preserved and OA affected AC (Supplementary Figure 2).

Putative functionality of DMRs in adult articular cartilage. Finally, to investigate the putative func-
tionality of the observed DMRs, in terms of respective mRNA expression of proximal genes, we
assessed the expression patterns of the 245 DMR associates genes (Supplementary Table S3). Pre-
viously, gene expression was quantified for 33 pairs of preserved and lesioned knee (N=11) and hip
(N=22) AC, of which 13 pairs were overlapping with the methylation data (GSE57218) (13). Hereby,
differential expression analysis of the entire GSE57218 dataset revealed that independent of the OA
affection status, 28 out of 245 genes were differentially expressed between knee and hip AC (Table 1).
Respectively, 6 and 11 genes were only expressed in either knee or hip AC, while 11 genes were
expressed significantly different between knee and hip AC. Among the 28 differentially expressed
genes, genes from all four HOX clusters were present, as well as multiple HOX containing co-factors

(such as PITX1, MEIS2, DLX5 and IRX3).
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Figure 1. PCA of DNA methylation data. Red dots indicate lesioned samples, blue dots indicate preserved
samples. Knee and hip samples are depicted as circles and triangles respectively. (A) PCA of all OA affected
cartilage samples (N=62) revealed clear clustering based on joint type. (B) PCA of all OA affected samples and
an additional 6 healthy (3 knees, 3 hips) samples. Again clustering is evidently according to joint type, whereas
the disease state of the joint does not influence clustering markedly. (C) PCA of only lesioned samples. (D) PCA
of only preserved samples. (E) PCA of only OA affected hip samples, both preserved and lesioned. (F). PCA of
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Table 1. Significant differentially expressed DMR associated genes between knee (N=11) and hip (N=22) AC
in the entire GSE57218 dataset (13). Empty fields indicate that expression was not detected (ND) in either
knee or hip samples, therefore no fold change or P-value could be calculated. Mean expression values are
reported as normalized log transformed intensity signals, while Fold difference indicates the difference in

relative expression.

Joint Gene Mean Expression Fold Adjusted
Knee Hip difference P-value
Knee SIX1 7.55 ND
HOXA3 7.50 ND
WwWox 7.49 ND
HOXD13 7.46 ND
C10orf41 7.46 ND
HOXA11 7.41 ND
Both LOC375295 10.3 9.14 2.25 1.51%
PITX1 10.6 9.57 2.02 2.667
DLX5 10.9 10.2 1.66 1.26*
GMDS 11.7 113 1.36 1.2172
SCNNIA 8.71 8.28 1.35 7.95°3
HOXB2 7.87 8.40 0.69 9.64*
HOXC8 7.82 8.40 0.67 534
MEIS2 7.74 8.34 0.66 4.93%
SGK 10.3 11.2 0.53 4.233
IRX3 7.92 8.86 0.52 9.64*
HOXC6 8.62 9.65 0.49 1.7918
Hip HOXA4 ND 7.40
KLHL26 ND 7.41
HOXC9 ND 7.41
FGF9 ND 7.45
HOXA10 ND 7.46
SAMD11 ND 7.53
HAND2 ND 7.54
HANDZ2-AS1 ND 7.56
IRX5 ND 7.58
GSC ND 7.62
HOXC4 ND 7.69
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DISCUSSION

In the current study, we report on differences in the epigenetic landscapes between knee and hip
AC. Based on the entire DNA methylation landscape, knee and hip AC show distinct epigenomic
profiles independent of the tissue disease state (Figure 1). Subsequent in-depth analysis of the
CpG dinucleotides conferring these distinct profiles (Figure 2, Supplementary Table S2) revealed
significant enrichment for developmental genes such as the canonical homeotic clusters and HOX
co-factors (Supplementary Table S4). Furthermore, integration of epigenomic and transcriptomic
data revealed significant differences in expression among these enriched loci between knee and hip

AC, mediated by tissue specific DMRs (Table 1).

In order to identify generic and subsequently functional joint related changes, as opposed to possible
stochastic, environmental or individual related differences, we have constructed DMRs, since DMRs
are known to consistently reflect the tissue of origin (10, 11). We here report on the fact that despite
the morphological and functional similarities between knee and hip AC (1-4), they contain inherently
distinct cellular phenotypes based on their functional epigenomic landscape. Nonetheless, our data
shows that although methylation profiles at DMRs are highly tissue specific, they do not necessarily
correlate to gene expression, as only a minority of DMRs appear to be associated with joint specific
gene expression differences (28 out of 245 genes). This emphasizes the need for comprehensive
integration of multiple levels of genome wide data, such as transcriptomics, for the interpretation

of epigenomic studies in OA.

Although specific HOX gene functions remain partly elusive, in part due to complex interactions
with HOX co-factors, increasingly more developmentally distinct functions are being ascribed to the
various HOX genes. (14, 15) In adult tissues, however, regulation of HOX gene expression and their
respective function remains largely unknown and is likely tissue specific. (16, 17) Multiple studies
have reported on distinct expression patterns of homeotic genes and related HOX co-factors in
adult tissues, reflecting the collinear embryonic HOX code. (16-18) However, up to date not much is
known about AC in this respect. If the observed differences in this study are due to retainment of the
embryonic HOX code, i.e. the spatiotemporal expression pattern during development, then across
the four canonical HOX clusters similar differences in methylation between knee and hip AC were
to be expected. Here however, functional differences in DNA methylation across the HOX clusters
were observed, while the embryonic HOX code or colinearity were absent, as is reflected by unique
knee and hip methylation patterns observed across the four HOX clusters (Supplementary Table S1).
This observation suggests specific functional roles for the basal HOX transcription factors and likely

marks differences in cellular identity between chondrocytes residing in either knee or hip AC.
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In the field of tissue engineering major efforts are made to understand cartilage homeostasis, thereby
contributing to the development of novel therapeutic approaches for treatment of degenerative
joint diseases, including OA. (19) The results presented in the current study, suggesting differences
in cellular identity between chondrocytes residing in either knee or hip AC independent of OA
pathophysiology, could putatively have implications for future regenerative approaches. As HOX
genes are crucially involved in AC development, (20, 21) the observed epigenomic and transcrip-
tomic differences in this study could indicate that directing articular chondrocytes into extracellular
matrix production and/or active remodeling of damaged AC could hypothetically be achieved only
via distinct mechanisms, depending on the joint type of a cartilage lesion. Moreover, it has been
shown that expression of certain sets of HOX genes regulate the regenerative propensity of neural
crest cells, (22) presumptively indicating that chondrocytes originating from either knee or hip AC

exhibit unequal regenerative capacities.

To our knowledge, we are the first to report on inherent differences between knee and hip AC by
virtue of the joint specific epigenetically regulated transcriptomic landscape of HOX gene clusters
and related co-factors. Recent studies on genome wide DNA methylation in AC have focused on
either the knee (12, 23) or hip (12, 24) joints and more primarily on comparing OA affected to con-
trol tissues. Nevertheless, Rushton et al. (12) did report epigenetic differences between knee and
hip AC at specific CpGs. However, they have only analyzed single CpGs as opposed to DMRs, did not
reported on the specific HOX loci nor for that matter did they study the functionality of the reported
differences in terms of transcriptomic regulation. We have here consequently shown that especially

the latter is crucial to comprehend the results from epigenetic studies.

Although we here have jointly analyzed preserved and lesioned cartilage originating from the same
joint, as shown in Figure 2 there exists only little epigenetic variation within sample pairs, while the
joint specific differences are markedly present. This is even further pronounced when non OA sam-
ples, derived from healthy joints, cluster tightly according their joint specific epigenome (Figure 1
and Supplementary Figure S1). Furthermore, putative confounding due to pooling is corrected for
in all statistical analyses by including a random effect for patient ID. Of note, we do neither rule out
nor disregard the presence of relevant gene specific epigenetic differences between preserved and
lesioned AC. In the current study, however, we have restricted our focus on inherent epigenetic tissue

differences between knee and hip joints.
In conclusion, we have observed consistent DMRs between knee and hip joints among HOX domain

containing genes, both in the four canonical homeotic clusters as well as HOX co-factors. They were

found to mark differential expression of genes residing in or near these DMRs in AC of knee and hip
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joints. The different methylation profiles of knee and hip AC likely mark distinct cellular identities,
which could have relevant implications for the field of AC tissue engineering. Together these findings

contribute to our understanding of cartilage homeostasis and future repair strategies.
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Chapter 7

ABSTRACT

Osteoarthritis (OA) is a prevalent disease of articular joints and primarily characterized by degradation
and calcification of articular cartilage. Presently, no effective treatment other than pain relief exists
and patients ultimately need to undergo replacement surgery of the affected joint. During disease
progression articular chondrocytes, the single cell type present in articular cartilage, show altered
transcriptional profiles and undergo phenotypic changes that resemble the terminal differentiation
route apparent in growth plate chondrocytes. Hence, given its prominent function in both regula-
ting gene expression and maintaining cellular phenotypes, DNA methylation of CpG dinucleotides is
intensively studied in the context of OA. An increasing number of studies have been published that
employed a targeted approach on genes known to play a role in OA pathophysiology. As of such, it
has become clear that OA responsive DNA methylation changes seem to mediate disease associated
aberrant gene expression. Furthermore, established OA susceptibility alleles such as GDF5 and DIO2
appear to confer OA risk via DNA methylation and respective pathophysiological expression changes.
In more recent years, genome wide profiling of DNA methylation in OA affected articular cartilage has
emerged as a powerful tool to address the epigenetic changes in their entirety, which has resulted in

the identification of putative patient subgroups as well as generic OA associated pathways.

Box 1. List of abbreviations.

OA Osteoarthritis

ECM Extracellular matrix

CpG Cytosine-guanine dinucleotide

SNP Single nucleotide polymorphism

eQTM Expression quantitative trait methylation
eQTL Expression quantitative trait locus

mQTL Methylation quantitative trait locus

AZA 5-aza-2’'-deoxycytidine

DMR Differentially methylated region

HOX Homeobox
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INTRODUCTION

Osteoarthritis (OA) is currently the most prevalent arthritic disease among the elderly population (1).
Patients are subject to impaired mobility, joint stiffness, pain and a significant decrease in quality of
life. Presently, no cure exists and patients with end-stage disease ultimately need to undergo a joint
replacement surgery of the affected joint. Subsequently, as disease incidence is increasing with the
ongoing ageing population, the societal burden both in terms of disabling patients and economic
concerns will continue to rise (2). Pathophysiologically, the disease is primarily characterized by
progressive degradation and calcification of cartilage in the articular joints, although in recent years
it has become apparent that other tissues such as subchondral bone (3-5) and synovium (6-8) play
substantial roles in OA pathology as well. The articular cartilage contains a hyaline type extracel-
lular matrix (ECM) made up of collagens, proteoglycans and other structural proteins (9). Articular
chondrocytes, the single cell type present in articular cartilage, reside here and maintain tissue
homeostasis by remodelling the ECM upon stresses and microtraumas (10). To ensure cartilage inte-
grity and cope with the challenges throughout life, the maturational arrested articular chondrocytes
need to continuously employ, possibly error prone, adaptions to changes in the environment (11).
In order to facilitate these adaptations, articular chondrocytes are required to dynamically adjust
expression of the appropriate genes, while maintaining their specific cellular phenotype (11). In this
regard, articular chondrocytes present in OA affected cartilage however, show increased expression
of catabolic enzymes (12-14) and have seemingly lost their maturational arrested state (15-17), as
they proliferate and regain growth-plate morphology (17), while degrading and calcifying the ECM
of the articular cartilage (18,19).

A substantial number of mechanisms are known that regulate gene expression (20) and cell fate per-
sistence (21-23), commonly referred to as epigenetics. While there exists a considerable number of
epigenetic layers, such as histone modifications, microRNAs and long non-coding RNAs, the most stu-
died in OAis decidedly DNA methylation. Partly due to its seemingly, relatively stable epigenetic mark
on gene expression and partly due to the readily available techniques to measure it. DNA methylation
is the phenomenon in which the cytosine nucleotide that is located in cytosine-guanine (CpG) residue
pairs gets methylated. Whether CpGs get methylated depend on the local genetic sequence (24),
the cellular requirements (21) and environmental factors such the putative pathophysiological state
of the respective tissue (24,25). The presence of methyl groups on CpGs is believed to interfere
with binding of proteins to the DNA and subsequently affects transcription (26), which is marked
by the correlation between the fraction of CpG methylation and gene expression (27), commonly
referred to as expression quantitative trait methylation (eQTM) (24,27). As of such, tissue specific

methylation profiles are assumed to maintain the respective transcriptional character and identity
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of distinct cell types. Interestingly, disease associated single nucleotide polymorphisms (SNPs) that
influence aberrant expression, so called expression quantitative trait loci (eQTL), frequently seem to

modulate their transcriptomic properties via DNA methylation quantitative trait loci (mQTL) (28,29).

DNA METHYLATION IN OSTEOARTHRITIS

The involvement of DNA methylation in OA pathophysiology is becoming increasingly evident, reflec-
ted by the growing body of literature on the subject (13,28-40). However, given the cross-sectional
nature of the reports that studied DNA methylation in OA affected articular cartilage, it is currently
unclear whether the observed epigenetic differences precede disease onset or are merely conse-
quence of the environmental changes that articular chondrocytes are subject to in OA. As of such,
we here discuss two hypotheses that have been proposed to attribute distinct roles of epigenetics

in OA pathophysiology.

Firstly, it is hypothesized that individuals with unfavourable epigenetic profiles will be more prone
to develop OA and/or progress faster (41,42). As the local genetic sequence significantly influences
the DNA methylation state of CpGs, these putative profiles likely arise due to the presence of OA
susceptibility SNPs (43). This would be in concordance with the identification of susceptibility genes
in complex diseases such as OA, which not uncommonly assert their susceptibility via altered DNA
methylation, depending on the presence of associated risk alleles (28,29). For example, OArisk alleles
of SNPs in DIO2 and GDF5 appear to generate OA predisposing epigenetic profiles and modulate
disease associated, epigenetically associated gene expression. The OA risk allele C of the rs225014
T>C SNP, which has been identified in a combined genome wide linkage and association study by
our own group (44), marked not only allele specific expression of DIO2 (45), it additionally mediated
epigenetic regulation of the gene (29). More specifically, carriers of the risk allele showed increased
transcriptional activity upon hypermethylation at a CpG located in a distal regulatory element. The
risk allele T of the rs143383 C>T SNP (46-48), located in the 5" untranslated region of GDF5, disrupts
a CpG dinucleotide, of which has been shown that it modulates absolute GDF5 expression in articular
cartilage (28). Furthermore, the reported allele specific expression of GDF5 in heterozygous carriers
marked by the rs143383 alleles (49) is affected by the extent of methylation of the respective CpG.
Although increasing additional evidence is reported about OA susceptibility alleles, the exact bio-
logical mechanisms that confer OA susceptibility is unclear. More specifically, it is unclear whether
epigenetic regulation of aberrant gene expression brought about by genetic variation is involved in
disease aetiology or disease progression. We can however, conclude that epigenetic regulation of

gene expression modulates OA susceptibility, at least at the D/IO2 and GDF5 loci.
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Alternatively, it has been suggested that age-related loss of epigenetic control (50) mediates the loss
of the articular chondrocyte’s phenotype with ongoing OA, as life-long stresses and adaptations are
expected to leave their mark on the epigenome (11). Furthermore, given the altered cellular phe-
notype chondrocytes acquire in OA and given the role DNA methylation fulfils in maintaining cellular
phenotypes, we advocate here that loss of epigenetic control causes reactivation of developmental
pathways among articular chondrocytes that are subject to OA and subsequently mediate the mor-

phological changes that are associated with affected articular chondrocytes.

EPIGENETIC CHANGES ACCOMPANY OSTEOARTHRITIS

A growing body of literature reports on altered DNA methylation at specific genes involved in the
OA disease process, commonly at precise CpG sites located in regulatory elements near the res-
pective genes (Table 1). Frequently, a cross-sectional study design is utilized to study OA associated
methylation differences, either between healthy and affected or pairwise between preserved and
macroscopically lesioned articular cartilage. Among others, catabolic and developmentally associa-
ted genes like MMP13, GDF5, SOX9, DIO2 and ADAMTS4 were shown to be differentially expressed
between control and affected tissue, presumably mediated by differences in DNA methylation (13,28-
34). Although it is not quite clear to what extent DNA methylation changes in OA development
contribute to disease onset or progression, a growing number of studies investigates the mechanism

by which such changes may affect chondrocyte function.
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Table 1. Overview of gene targeted DNA methylation studies in osteoarthritic articular cartilage.

Gene Methylation Expression  Sample size Joint AZA CpG Reference
in OA in OA (OA, Control) vector
coL9 Increased Down 12,10 Hip yes Yes (31)
GDF5 Decreased Up 24,19 Knee and hip yes Yes (28)
DIO2 Increased Up 52,52 Knee and hip yes No (29)
IL18 Decreased Up 18,12 Hip yes Yes (30)
MMP13 Decreased Up 17,12 Hip yes Yes (30)
iNOS Decreased Up 13,15 Hip no Yes (34)
SOX9 Increased Down 9,9 Hip yes No (32)
ADAMTS4 Decreased Up 4,1 Hip no No (33)
ADAMTS4 Decreased Up 16, 10 Hip no No (13)
MMP13 Decreased Up 16, 10 Hip no No (13)
MMP3 Decreased Up 16, 10 Hip no No (13)
MMP9 Decreased Up 16, 10 Hip no No (13)

Consequently, various experimental set ups have been applied to confirm the mechanistic relation
between DNA methylation and gene expression in the chondrocyte (Table 1). A commonly applied
experiment that aims to validate observed eQTM loci, as has our own group, is the addition of
5-aza-2’-deoxycytidine (AZA) to the medium of cultured chondrocytes, either using immortalized
cell lines or primary chondrocyte cultures (28-30,32,35). AZA is a chemical agent that interferes
with the addition of methyl groups on a genome wide scale to newly formed DNA strands during
replication. Although valuable information can be gained from such experiments in a global sense,
negative outcomes should not per se be considered as experimental falsifications of the earlier
observed correlation between DNA methylation and expression, which is likely cell type and locus
specific. As of such, not being able to validate earlier observed eQTM loci can very well arise from
the fact that the entire genome gets demethylated upon prolonged AZA treatment, of which the
transcriptomic consequences potentially overshadow the locus specific relation. Additionally, cultu-
ring cells in-vitro forces the cells to adapt to an artificial environment, which possibly only resembles
the original tissues in a broad sense and subsequently disrupts the regulatory properties of cell type

specific eQTM loci.

Another type of validation experiment being applied is cloning the genomic sequence, in which
differential methylation was observed, into a CpG-free vector (51) containing a luciferase gene down-
stream of the multiple cloning site (30,31,34,52). Next, the vector is methylated in-vitro only at the
cloned region and transfected into chondrocyte like cell-lines. Luciferase activity now depends on

the transcriptional activity of the cloned region, which in turn depends on the methylated state of
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that respective region. Although using a CpG-free vector has great advantages over AZA treatment,
as it does not induce genome-wide altered methylation, the technique will potentially only work for
proximal promotors, as long-distance three dimensional genomic structures, which are often seen
in gene expression regulation (53-55), depend on the complex interplay of the distant and proximal
regulatory elements of genes. Again, as cell culturing is required to apply the technique, measuring
promoter activity using a CpG free vector might be influenced by cellular adaptations to the artificial

environment.

STRATIFICATION OF OSTEOARTHRITIS PATIENTS BY GENOME WIDE DNA METHYLATION PROFILING
In more recent years, multiple studies have reported on genome wide DNA methylation profiles of
articular cartilage in the context of OA (Table 2), not least due to development of affordable genome
wide DNA methylation arrays, such as the lllumina Infinium HumanMethylation450k BeadChip array.
Genome wide profiling of DNA methylation in OA affected cartilage has revealed the presence of
multiple OA patient strata, which are characterized by their respective methylation profiles. Firstly,
Rushton et al. (37) and our group (38) have reported on the distinct genome wide DNA methylation
profiles of knee and hip articular cartilage. Secondly, Rushton et al. (37) and Fernandez-Tajes et al.
(36) have reported on a subgroup of patients defined by altered DNA methylation at inflammatory

related genes.

Table 2. Overview of current genome wide DNA methylation experiments in osteoarthritic articular cartilage.

Sample size Joint Platform OA associated pathways Reference
(OA, Control)

20, 25 Knee Ilumina 27K Inflammation, transcriptional regulation, (36)
ECM homeostasis

21,96 Knee and hip  Illumina 450k ECM homeostasis, ossification, (37)
inflammation, angiogenesis

24,24 Hip [llumina 450k Development, angiogenesis, inflammation (39)

16, 16 Knee Agilent 244k Development, catalytic activity (40)

31,31 Hip and knee  Illumina 450k (38)

31,31 Hip and knee  Illumina 450k Development, ECM homeostasis (56)

With respect to the first bifurcation of OA patients, the two types of joint specific articular cartilage
are distinguished by large differentially methylated regions (DMRs), primarily at genes involved in
development and cellular differentiation. Notably, over 10% of DMRs were observed in the four
canonical homeobox (HOX) clusters while the spatiotemporal pattern present at the HOX clusters
during development was absent, indicating that joint specific DMRs likely bear distinct functionality

in adult articular cartilage (38). Both studies that compared knee and hip articular cartilage reported
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on joint specific methylation patterns at the four HOX clusters and several homeotic cofactors, such
as IRX3, SIX1, MEIS2 and DLX5. By analysis of transcriptomic data our group subsequently revealed
that joint specific DMRs potentially mediate distinctive regenerative capacities of articular chondro-
cytes residing in different joints, given the developmental and regenerative nature of joint specific
expression of genes located in the developmentally associated DMRs (38). Although reports on joint
specific methylation profiles might not reveal loci that are directly relevant for OA onset or progres-
sion, they undeniably expose the heterogeneity of the disease. These joint specific DNA methylation
and associated transcriptomic profiles are concurrent with the reports of joint specific genetic OA
susceptibility loci (57). Henceforth, we can conclude that although a substantial amount of common
features are present between knee and hip OA, the disease process and subsequent mode of action

of putative therapeutic interventions might be different between the two joints.

With respect to the second, another dichotomy is observed by cluster analysis of genome wide DNA
methylation profiles of osteoarthritic articular cartilage (36,37). More specifically, putative patient
subgroups have been defined by DNA methylation profiles of the affected cartilage that are enriched
for differentially methylated CpGs located in or near genes involved in inflammation. The study of
Fernandez-Tajes et al. used a sparse methylation array and a relatively small sample size consisting
of only knee OA patients, which possibly explains why Rushton et al. observed substantially more
differentially methylated CpGs (1,357 vs. 5,769) that separated the inflammatory cluster of patients
in both knee and hip articular cartilage. While enrichment analysis of both studies revealed broadly
similar enriched GO terms, being the inflammatory response and cytokine production, in the study
of Fernandez-Tajes et al. this was only apparent among the hypomethylated CpGs and not among
hypermethylated CpGs. Among the consistent inflammatory signals identified by the two studies
among knee OA patients were multiple interleukin genes such as /L10, IL16 and /L19, but also deve-
lopmental and ECM related genes such as RUNX2, FGFR1, COL6A3 and COL18A1. Noteworthy, in
the study of Rushton et al. stratification by the inflammatory profile, using both hypo- and hyperme-
thylated CpGs, of both knee and hip OA patients is observed, presumably mediated by overlapping
pathways, albeit that only 3,496 out of 15,239 (23%) differentially methylated CpGs that separated
OA hip patients overlapped with differentially methylated CpGs that separated OA knee patients (37).
Very recently, the group of Rushton et al. has further investigated the hypomethylated genes that
are apparent among the inflammatory profiles in their hip OA patient cohort and report on specific

zinc reporter genes that potentially mediate the patient stratification. (58)
Intriguingly, when we performed GO term analysis on the genes that separated hip and knee OA

patients consistently in the initial study of Rushton et al. and Fernandez-Tajes et al., we observed

significant enrichment for ECM maintenance pathways (data not shown). Thus, while one of the
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reported clusters of OA patients is presumably characterized by an epigenetic inflammatory profile,
a common underlying mechanisms appears defined by epigenetic regulation of ECM related genes,
such as COL6A3, RUNX2, MMP13 and ADAMTS5. This proposition is additionally reflected by the
fact that all studies report on the enrichment of ECM related pathways (Table 2) and by the analysis
Fernandez-Tajes et al. performed on solely the hypermethylated CpGs, in which they also observe
enrichment among ECM maintenance pathways. Finally, the study of Fernandez-Tajes et al. grossly
compared methylation and additionally expression profiles between the OA subgroups. However, it
is evident that the transcriptional consequences of these profiles need to be precisely elucidated, as
modulating unfavourable epigenetic but subsequent transcriptomic profiles specifically can potenti-
ally attenuate disease onset or progression and might therefor serve as valuable therapeutic targets
for the putative subtypes of OA. It should, however, be noted that of the five published genome wide
DNA methylation studies in OA, only Fernandez-Tajes et al. and Rushton et al. have observed sepa-
rate clustering of OA patients, while Jeffries et al. (39), Moazedi-Fuerst et al. (40) and our group (56)
have not, warranting further research hereinto. Furthermore, not only discovery driven epigenomic
profiling of articular cartilage is required to understand possible OA patient heterogeneity. In light
of proposed OA subtypes in the literature, epigenetic interrogation of specific pathways by means of
burden analyses in pathways such as those in estrogenic sensitivity (59) or apoptosis (60), might be
a more powerful approach in the context of the large number of differentially methylated loci in OA
reported by increasingly larger studies. In parallel, genome wide DNA methylation profiles of other

joint tissues might additionally confer the proposed different OA subtypes.

CONSISTENT DNA METHYLATION DIFFERENCES BETWEEN OSTEOARTHRITIS AFFECTED AND CON-
TROL ARTICULAR CARTILAGE

Despite the putative segregation of distinct methylation profiles among OA affected joints (37,38)
and OA patients (36,37), major communalities have been observed across the different genome
wide studies (Table 2). Specifically, consistent enrichment of differential methylation among genes
involved in development, as well as in collagen synthesis and other ECM maintenance pathways
is reported by all studies, particularly among genes from the RUNX, COL and MMP families. Deve-
lopmental processes thus appear entangled with OA associated degradation and calcification of
articular cartilage during disease progression. Although our group has shown that the majority of
differentially methylated CpGs do not associate in-cis with gene expression, enrichment analysis
of OA responsive CpGs that did correlate with gene expression (87 CpGs, 70 genes) also revealed
enrichment for ECM maintenance and developmental pathways, consisting of genes such as ROR2,
WLS, VIT and SPP1 (56). Nonetheless, genome wide DNA methylation profiles and the inherent dif-
ferences between OA and control tissue need thus be interpreted with cause and preferably coupled

with additional molecular measurements, such as gene expression data, to clarify the biological
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consequence. The 76% of genes of which expression did not correlate with in-cis DNA methylation
could be regulated additionally by other epigenetic mechanisms, such as histon modifications or
miRNA mediated silencing or alternatively, might possibly reflect remnants of early developmental

or past wound healing processes.

In parallel, as reflected by OA risk alleles that affect DNA methylation mediated gene expression
(28,29) and the influential role of the genomic sequence on DNA methylation, partly reflected by
the 40% of OA associated CpGs that are affected by the alleles of proximal SNPs (56), it is not unli-
kely that the total combination of minor genetic variants among OA patient contributes to putative
unfavourable epigenomic and subsequent transcriptomic profiles. In this respect, the putative OA
inflammatory subtype and the tissue specific mQTLs reported by our own group, could be the con-
sequence of an inherent unfavourable epigenomic profile preceding disease onset. In line with the
observed lack of heritability explained by traditional GWA approaches, these putative minor genetic

variants might make up for the larger part of heritability in OA.

CONCLUSIONS

Genome wide DNA methylation profiling of OA affected articular cartilage has revealed widespread
differences between OA and control tissues. Although the majority of CpGs do not associate with
gene expression, CpGs of which we can consequently not conclude whether they play an active role
in disease progression, reactivation of developmental pathways due to changes in epigenetic lands-
cape is apparent in OA affected joints. Thus, we hypothesize here that to maintain healthy articular
cartilage homeostasis throughout life, the respective chondrocytes utilize epigenetic mechanisms to
transcriptomically adapt to the changing environment. Furthermore, the fact that gene expression
changes occur via both hyper- and hypomethylation in OA affected articular cartilage, indicates that
disease associated differential methylation is unlikely to be the product of a solely passive process.
Lifelong adjustment of regulatory mechanisms, such as DNA methylation, is likely subject to sto-
chastic error and subsequent accumulation of epigenetic modifications at developmental pathways,
either via inaccurate restoration of the chondrocytes’ steady state or via an increasing number of
epigenetic adaptations, seem to force chondrocytes towards terminal differentiation (Figure 1). This
proposition is additionally reflected by the morphological changes that occur in articular cartilage
with ongoing OA, as reflected by degradation and calcification, mechanisms also observed among

growth plate chondrocytes during development.
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In conclusion, studying genome wide DNA methylation in OA has proven to serve as an excellent
proxy to probe the underlying pathological cellular processes in OA. In light of the inherent genetically
and consequent epigenetically complex nature of OA pathology, the genome wide efforts of recent
years that have reported on the DNA methylation landscape of OA affected articular cartilage have
delivered valuable insight, insight that would not have become apparent by mere gene targeted

approaches.

Steady
state

Restored
homeostasis

Stresses &
microtraumas

Hypertrophy & Terminal differentiation
ECM remodeling & calcification

Figure 1. Schematic overview of the proposed loss of epigenetic control among articular chondrocytes. Artic-
ular cartilage is subject to lifelong challenges which requires the respective chondrocytes to dynamically
adapt gene expression in order to return to and maintain homeostasis and subsequent tissue integrity. This
is seemingly accomplished by using epigenetic modifications, reflected by OA associated DNA methylation
differences, which are likely not reversed flawlessly upon returning to a steady state. We propose that accumu-
lation of these epigenetic adaptations will eventually lead to altered cellular phenotypes which are unable to
return to a healthy, steady state chondrocyte. In parallel, articular chondrocytes of OA patients might already
bear an unfavorable epigenomic profile preceding disease onset, which implies that these chondrocytes are
more prone to enter the active ECM remodeling state and/or might be less able to return to a steady state.
Finally, independent of OA associated epigenetic changes in articular chondrocytes, joint and patient specific
epigenomic profiles seem to modulate our proposed mechanism.

FUTURE PROSPECTS OF EPIGENETICS IN OSTEOARTHRITIS

Given that differences in the methylome of OA affected compared to healthy or preserved articular
cartilage do not imply downstream effects, reflected by the relatively small number of in-cis eQTM
loci reported by our group, stresses the need for integration of DNA methylation data with other
types of molecular profiling. It is of great interest to the field that the disease relevant, tissue specific
epigenomic and transcriptomic QTL profiles are characterised, as they might reveal the predisposing,
complex genetic architecture that underlies OA susceptibility. Our own group has undertaken the

first step herein and has reported on the effects of SNPs on OA associated DNA methylation and
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transcriptional differences, as well as on the direct relation between methylation and expression
on a genome wide scale (56). Moreover, the reported genetic variants will potentiate the power
of GWA studies, as the multiple testing penalty is substantially reduced when only the functional
SNPs, in terms of regulation of transcription, are addressed as opposed to the entire genome. Likely
a larger number of SNPs are of relevance, as we have not addressed long distance effects and
larger sample sizes are possibly required to gain additional, robust understanding of the reported
differences and associations, a point also raised by others (61). In order to test whether indeed
loss of epigenetic control confers the pathophysiological changes are apparent with OA progres-
sion, longitudinal studies that address the contribution of ageing in altered DNA methylation are
required, preferably specifically at genes of which transcriptional changes potentially modulate the

disease process. Confirmation of this hypothesis might potentially reveal the genetic drivers of OA. _

In light of the systemic, but not unidirectional differences in DNA methylation on a genome wide scale
that are apparent with OA progression in affected cartilage, it seems that systemically targeting DNA
methylation for clinical purposes in OA is farfetched. Moreover, the widespread epigenetic differen-
ces that accompany OA suggestively affect expression of genes primarily involved in developmental
processes, such as endochondral ossification. Aside from the substantial scientific challenge to locus
specifically modulate DNA methylation, it seems more pragmatic to directly address the mRNA or
protein molecules of the respective genes and pathways. While this is a difficult task on its own,
specifically and locus specifically targeting DNA methylation in our view will unlikely serve a clinical

purpose for OA in the near future.

However, aside from the putative limited role of epigenetics in curing OA, it may serve as an impor-
tant biomarker when measured in clinically available tissues. As has also been shown for a number
of molecular markers in blood or serum (62-64), it is apparent that transcriptomic data can purposely
be used to identify symptomatic OA patients using mRNA extracted from peripheral blood mononu-
clear cells (60). For example, the blood transcriptomic profiles of OA patients are enriched for genes
involved in apoptosis, which were subsequently shown to reflect the pathophysiological state of the
articular cartilage (60). Hence, in light of the responsiveness of the epigenome to environmental
changes and its relationship with gene expression it is expected epigenetics can fulfil a similar pur-
pose. Moreover, hereby not only clinical associations can be constructed, but also important insight
is given into the complex disease process. Preliminary results from our own group indicate that
indeed DNA methylation might serve as a powerful biomarker for OA progression. More specifically,
as little as four CpGs were needed to distinguish fast progressing from non-progressing OA patients

with 76% accuracy (65).
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It should be noted that we have here primarily discussed DNA methylation in articular cartilage in
the context of OA, not in the last place due to the fact that degradation of articular cartilage is the
primary feature of OA. However, it is clear that other joint tissues are also involved in the disease
process as a whole. Other disease relevant tissues, such as the synovium (66-68) and to some extent
the subchondral bone (69), have been addressed in light of other muscoskeletal or rheumatic patho-
logies and indicate compelling prospects for OA research. In this regard, preliminary data from a small
study revealed DNA methylation differences between subchondral bone adjacent to varying degrees
of damaged articular cartilage of knee OA patients, indicating that epigenetic regulation is likely

involved in the pathophysiological interplay between subchondral bone and articular cartilage (69).

Considering the proposed subgroups of OA patients, the initial genome wide DNA methylation stu-
dies discussed here have reported on putative stratification of OA patients based on inflammatory
profiles present in articular cartilage only. However, given the increasingly important role of secon-
dary tissues in OA, it is possible that subgroups of patients can be defined by genome wide DNA
methylation profiling of those respective tissues. Consequently, the OA research field might elucidate
other proposed OA patient subgroups, such as distinct differential estrogenic responses advocated

by Herrero-Beaumont et al. (59).
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General Discussion

MAIN AIMS

The main aims of this thesis were to address several challenges OA research is currently opposed to.
Firstly, given that the apparent link between OA associated genetic variation and gene expression,
possibly mediated by CpG methylation, is frequently reported on by candidate gene studies (1-5), we
set out to identify novel genetic variation that marks Al in articular cartilage on a transcriptome wide
scale. In chapter 2, we performed genetic association analyses for OA with SNPs that both marked
Al and were differentially expressed between preserved and paired OA affected cartilage. By doing
so, we exploited the decreased multiple testing penalty that inherently obstructs canonical GWA
studies and reported on novel SNPs that appear to predispose for OA. Further expansion on these
in-silico derived results by in-vitro experiments revealed a potential causally degenerative mechanism
by which genetic variation at and upregulation of the CRLF1 gene predisposes for OA. Furthermore,
in chapter 3 we showed that the generated database of articular cartilage Al SNPs can contribute to

canonical GWA studies, delivering increased mechanistic insight of OA susceptibility alleles.

Secondly, whereas it appears eminent that dysregulation of gene expression is linked with OA
pathophysiology in articular cartilage, it remains unclear how these altered levels of transcription
are brought about. Hence, in light of the described relation between the established OA susceptibility
SNP rs225014 (6) and allele dependent transcription of D/O2 in articular cartilage (5), we explored
the regulatory properties of the gene and elaborate on the link between genetic variation, local

DNA methylation levels and their influence on DIO2 expression in an OA context in chapter 4 (7).

Thirdly, given that DNA methylation appears to be involved in mediating the relation between OA
associated genetic variation and gene expression levels (8—10), the methylome has gained increased
interest among OA researchers (2,11-14). Additionally, OA associated methylomic profiles might
pose an arguable candidate for maintaining the pathological transcriptomic profiles observed in OA
affected articular cartilage (15—20). This is reflected by elaborate papers that have reported on exten-
sive numbers of CpGs that mark the ongoing disease process by differential methylation between
OA lesioned and preserved or healthy articular cartilage (21-23). Nonetheless, at the beginning of
the research project described in this thesis, it remained unclear how to interpret these methyla-
tion differences in context of OA related transcriptomic profiles. By integration of (semi) genome
wide SNP, methylation and expression data in chapter 5 we reported on CpGs and SNPs that show
presumptive evidence for (dys)regulating gene expression in OA affected articular cartilage. During
these academic pursuits we encountered distinctly differing methylomic profiles between hip and
knee articular cartilage, irrespective of the tissue’s OA affection state. While considerable overlapping

methylomic OA related differences were observed among both knee and hip samples, the presence
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Chapter 8

of marked joint specific profiles might indicate that the actual tissues should be viewed as distinct.

These observations and possible implications are described in chapter 6.

GENETIC VARIATION AFFECTING GENE EXPRESSION IN ARTICULAR CARTILAGE

Despite our increased mechanistic understanding of established OA susceptibility genes in relation
to the disease, a significant challenge that remains unaddressed is the substantial amount of missing
heritability (24—27). In part, this can be explained by the existence of considerable phenotypic hete-
rogeneity among OA patients. While this could be addressed by deeper phenotyping of possible OA
subtypes, another approach to increase the likelihood of detecting unknown OA associated genetic
variation is to adequately reduce the number of statistical tests by a priori discarding SNPs that are

deemed less likely to contribute to OA pathophysiology, as described in chapter 2.

Having acquired whole transcriptome RNA-sequencing data from articular cartilage of primary OA
patients (chapter 2 Supplementary Table S1), we exploited the mRNA sequence information to
identify SNPs that mark imbalanced expression of the respective genes they are located in. Among
a total of 13853 transcribed heterozygous SNPs (>25 counts and present in at least two individuals),
we identified 2070 located in 1031 unique genes that significantly did so. Next, we analyzed whether
these 1031 genes were in addition be subject to Al also significantly differentially expressed between
preserved and paired OA affected cartilage. Indeed, 32 genes appeared to do so and we subsequently
performed genetic association analysis for OA with the top ten Al SNPs (single most significant SNP
per gene). Having substantially reduced the multiple testing correction penalty implied in canonical
GWA studies, we were able to identify an otherwise discarded association signal, located in the

CRLF1 gene.

In light of the acquired regulatory, transcriptional and genetic evidence as well as having these techni-
cally and/or biologically replicated, we initiated mechanistic in-vitro studies addressing the suspected
relation between CRLF1 and OA. The respective protein products of CRLFI and its reported binding
partner CLCF1 assert their function through the ciliary neurotrophic factor receptor, encoded by the
CNTFR gene. We treated primary human chondrocyte cultures with the heterodimerized protein
complex and observed a marked upregulation of anabolic genes, while catabolic genes remained
unaffected. Arguably paradoxical, Tsuritani et al. (2010) reported downregulation of anabolic and no
effect on catabolic genes in similar experiments using a chondrogenic mouse cancer cell line (ATDC5)
(28). Whether these apparent opposing results are due to species differences and/or a consequence
of utilizing distinct cell types remains subject of future research, but it appears CRLF1 is involved in

establishing and/or maintaining OA associated, aberrant cartilage homeostasis.
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Apart from the exploratory nature of chapter 2, the RNA sequencing dataset generated therein also
complements ongoing GWA approaches, as we describe in chapter 3. In a GWA study and combined
meta-analyses for replication on bilateral hand OA, we identified several coding variants within the
MGP gene. By lack of hand articular cartilage samples, we interrogated the knee and hip articular
cartilage RNA sequencing dataset and found significant Al of the MGP gene, marked by alleles of the
OA associated SNP. Custom targeted assays were performed and validated this observation, not only
in articular cartilage, but also in subchondral bone. Given that MGP is reported to be an inhibitor of
cartilage calcification (29-32), high expression in articular cartilage needs to be warranted in order
to maintain healthy tissue homeostasis. In concordance with the OA predisposing property of the
identified risk allele, we found lower expression of MGP marked by this allele among heterozygotes,
suggesting that carriers are more prone to develop OA due to their inability to halt cartilage calcifi-
cation, a well described pathological manifestation of ongoing OA. Of note, in light of the observed
imbalanced MGP expression marked by OA risk alleles in articular cartilage of knee and hip joints,
one could hypothesize that these alleles are therefor likely to harbor a genetic association with other
types of OA as well, in addition to the initial quantitative association with bilateral hand OA. While
a lookup in hip and knee OA GWA data did not satisfy these expectations, one could argue that the
observed Al is systemically present among multiple tissues, but exerts its downstream effects only
in those that are susceptible to it. In parallel, the phenotypic heterogeneity among hip and knee
OA patients might be larger when compared to patients in which bilateral hand OA was measured

guantitatively.

In addition to the RNA sequencing dataset’s successful applications described above, we were unable
to replicate some other reported Al SNPs from literature in the context of OA affected articular carti-
lage. While we were able to verify Al of rs3204689 (risk allele C marked significant lower expression
of ALDH1A2, Styrkarsdottir et al. (2015) (45)) as well as suggestive Al of rs225014 (3/4 heterozygotes
revealed higher DIO2 expression of the risk allele C, Bos et al. (2012) (5)), other genes reported to be
subject to Al in articular cartilage such as COL11A1 (rs1676486) (1), GNL3 (rs11177) (3) and SPCS1
(rs6617) (3) were not observed as such in our dataset. The absence of those SNPs among our results
might have arisen due multiple reasons. Firstly, we were bound to address Al with the amount of
respective heterozygotes present in our data, whereas the initial reports had gathered larger samples
sizes. Secondly, the alleles of Al SNPs are not by definition the mechanistically driving source leading
towards the observed transcriptional imbalance. In other words, the actual genetic variation that
interferes with the transcription machinery might be positioned in relatively high LD elsewhere, for
example in close or distal regulatory elements. If LD between the addressed SNP and respective
regulatory element is low, however, one could expect inconsistent results and consequentially face

difficulty in replicating earlier observations.
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OA ASSOCIATED DNA METHYLATION PATTERNS

Given the large number of OA associated SNPs that seem to exert predisposition for OA through Al
in cartilage, as well as the marked number if differentially expressed genes in OA affected cartilage
when compared to control, we set out to interrogate possible regulatory mechanisms that might

mediate these observations.

Although (semi-)genome wide technologies and respective analysis tools are rapidly emerging as
affordable and accessible (33—37), the OA research field has also gained substantial knowledge
from gene targeted measurements of regulatory mechanisms and expression in recent years. In
this regard, the rs225014 T>C SNP located within the D/O2 gene might confer susceptibility towards
OA by multiple mechanisms, as it both marks an amino change (threonine to alanine), as well as Al
of DIO2 in articular cartilage as shown by Bos et al. (2012) (5). Given that the resulting amino acid
change induced by the rs225014 OA susceptibility allele C did not directly result in altered turnover
of inactive (T4) into active thyroid hormone (T3) (29), susceptibility seems mediated through incre-
ased DIO2 expression, presumably leading to higher protein levels, marked by the rs225014 risk
allele. Additionally, it was reported that D/O2 is significantly higher expressed in articular cartilage
among OA patients when compared to that of healthy controls (5). Hence, in chapter 4 we set out
to elucidate how DIO2 expression is regulated in articular cartilage. Publically available CHiP-Seq data
showed that CTCF, a DNA binding protein and regulator of gene expression, binds at the rs225014
locus in multiple cell types (ENCODE consortium) (38). Hence, we assessed whether the rs225014
alleles influence binding of CTCF in cultured primary human chondrocytes. We observed that CTCF
protein does bind the DNA at the rs225014 locus in chondrocytes, however no relation between the
respective alleles and the amount of bound CTCF was observed. Nonetheless, while allele dependent
CTCF binding did not appear to explain the observed DIO2 Al in articular cartilage, we did observe
that three CpG dinucleotides were significantly differentially methylated between macroscopically
preserved and paired lesioned articular cartilage of 52 OA patients (29 knee, 22 hip), independent of
gender, age and affected joint. Among these, a single CpG dinucleotide >2kb upstream of the DIO2
transcription start site associated significantly with DIO2 expression. Interestingly, whereas overall
this CpG is hypermethylated in OA affected compared to paired preserved cartilage, OA associated
hypermethylation among carriers of the rs225014 risk allele C s significantly more pronounced when
compared to homozygous wildtype carriers. Accordingly, DIO2 expression was expressed higher
in OA articular cartilage in general, but even more so among rs225014 risk allele carriers. These
observations imply that both genetic and epigenetic variation at OA susceptibility loci, as well as the
apparent interaction between the two, are mechanisms worthwhile to assess in order to deepen
our understanding of OA associated gene expression in articular cartilage. This statement is further

strengthened by efforts from other academic research groups studying these apparent regulatory
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relationships. For example, Roach et al. (2005) reported that OA associated upregulation of multiple
ECM degrading MMPs was marked by demethylation of CpGs located in respective promotor regions
(39), Reynard et al. (2013, 2015) showed that DNA methylation associated with both basal expression
as well as Al of GDF5 marked by alleles of the OA susceptibility rs143383 (C>T) SNP (2,11) and Taka-
hashi et al. (2015) has revealed that OA associated upregulation of /L8 is accompanied by differences
in DNA methylation at the gene locus (40). As such, probing the relation between genetic, epigenetic
and transcriptional features, has delivered valuable insight into mechanisms of pathological gene

expression observed in OA affected articular cartilage.

It deservers mentioning that when descriptive measurements are performed as described above it
is inherently challenging to assert causality towards DNA methylation in terms of it leading to dif-
ferences in expression. In addition, it remains unclear as to whether upregulation of D/O2, or other
disease responsive genes for that matter, is causing OA associated cartilage degradation as opposed
to vice versa. Due these matters, which are inherent to paired cross-sectional study designs, we will
also be unable to detect genes involved in the disease’s onset. This could arguably be addressed
to certain extent by comparing articular cartilage transcriptional and/or methylation profiles across
affected and unaffected individuals. This would, however, oppose another challenge by means of the
distinct genetic backgrounds of the respective individuals. Mendelian randomization might additi-
onally offer insight here into, but unfortunately requires substantially larger samples sizes than we

were able to address here.

METHYLOMIC PROFILING OF OA AFFECTED ARTICULAR CARTILAGE

The development of affordable omics technologies (e.g. microarrays and next generation sequencing)
has substantially influenced the rate at which new molecular biology discoveries are being reported.
The OA research field is hereto no exception, and in chapter 5 we have measured and integrated
DNA methylation and gene expression data on semi genome wide scales among preserved and

paired OA lesioned cartilage samples, followed by inspection of the respective genetic environment.

Given that the majority of CpGs located at a gene locus do not appear to be associated with expres-
sion of the respective gene, we first set out to identify CpGs in articular cartilage that do correlate
with gene expression levels. Although a large number of statistical tests were performed, possibly lea-
ding to increased false positive results, we allowed ourselves to lessen the canonical multiple testing
correction penalty (Bonferroni) when testing for correlations between methylation and expression
(41). As opposed to reduce the significance threshold a by the total number of statistical tests, we
reduced a separately for each gene, depending on the number of CpGs annotated to it. As such, we

observed 3748 CpGs of which the extent of methylation correlated with expression of 2324 genes
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in articular cartilage, independent of age, gender, affected joint and OA status. Interestingly, where
increased methylation was canonically associated with decreased expression, we observed CpGs to
harbor transcriptional associations in both directions with expression of proximal genes. Specifically
we reported on 1741 negative (i.e. decreased expression alongside increased methylation) and 2007
positive correlations (i.e. increased expression alongside increased methylation). These observations
indicate that, albeit challenging to assert definite causality, DNA methylation appears involved in
general in mediating gene expression levels in articular cartilage. In parallel, however, we addition-
ally observed that less than 3% (N=87) of these CpGs were also differentially methylated between
preserved and paired OA affected samples. Interestingly, the genes near these specific CpGs are
enriched for developmental pathways, not unlike those observed during endochondral ossification
during fetal development. While this might still be a mere reflection of the ongoing pathophysiology,
it does support the proposition that in an OA context, chondrocytes appear to dedifferentiate and
start dividing, form columnar structures and actively start calcifying the ECM. Whereas chondrocytes
are presumably required to actively remodel the ECM upon everyday stresses and potential micro-
traumas, this remodeling requires dynamic and timely regulation of both catabolic genes as well as
ECM anabolic genes, to remain homeostasis. However, perpetual adjustment of DNA methylation is
possibly prone to errors and might therefore affect gene expression inappropriately, leading to patho-
logical remodeling of the ECM. Nonetheless, even if we are to refrain from interpreting these results
in a directional context, we can state which actively expressed genes and/or pathways seem over- or
underrepresented among chondrocytes residing in OA affected articular cartilage. This insight might
aid in dissecting possible future therapeutic strategies that aim to revert chondrocytes residing OA

affected cartilage back towards a healthy state.

Other groups have also reported on extensive numbers of CpGs that reflect the ongoing OA pro-
cess in articular cartilage. Fernandez-Tajes et al. (2013) were among the first to utilize microarrays
(Hllumina Infinium HumanMethylation27 BeadChip) to address DNA methylation differences in a
non-targeted fashion in articular cartilage (22). They observed 91 CpGs that were significantly dif-
ferentially methylated between knee OA cartilage and articular cartilage derived from fractured hip
joints. Interestingly, upon principal component analysis (PCA) knee samples grouped together in
two distinct clusters, which appear to be driven by 1357 CpGs that were enriched for inflammatory
pathways. Interestingly, 450 genes located in close proximity of those CpGs revealed differential
expression between the observed clusters, albeit by utilizing a partially overlapping microarray data-
set in terms of samples. Also previous to our efforts, Rushton et al. (2014) considerably expanded
on the work of Ferndndez-Tajes et al. by addressing over 450.000 CpGs (Illumina Infinium Human-
Methylation450 BeadChip) in cartilage from both OA knee and OA hip joints, and also compared the

acquired methylation levels to cartilage from fractured hip joints (21). While Rushton et al. did not
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integrate their findings with gene expression data, they were able to replicate inflammatory enriched
clusters, however, only among hip and not among knee OA patients. Furthermore, they observed
that independent of the pathological state, hip and knee cartilage seem to harbor joint specific
methylation profiles, reflected by 5547 differentially methylated CpGs between the two. Finally,
methylation levels of 5322 CpGs comprised a distinct OA hip cartilage profile, when compared to
control hip cartilage. These initial reports by Fernandez-Tajes et al. and Rushton et al. have assigned
a prominent role to DNA methylation in OA pathophysiology. Nonetheless, these elaborate studies
did leave us challenges that we have aimed to address in the current thesis. Firstly, as Rushton et al.
uncovered the presence of joint specific profiles independent of pathological status, the observed
differentially methylated CpGs by Fernandez-Tajes et al. might partially be driven by inherent joint
related differences. Secondly, the presence of mQTLs will interfere when DNA methylation levels of
OA cartilage are compared to separate, unrelated controls. And thirdly, although Fernandez-Tajes et
al. did intersect their results with gene expression data, it remained unclear whether there existed
a direct correlation between the reported OA associated methylation profiles and respective in-cis

expression.

Lastly, we integrated our methylation and transcription data with SNP data in order to identify to
what extent the local genetic context contributes hereto. By doing so, we identified SNPs of which
the alleles correlated with DNA methylation (N=36), transcription (N=26) or both (N=3). Given that
mQTL and eQTL analyses generally require ample sample sizes, we cannot rule out the presence
of possible false positives, but do propose that these SNPs are enriched for association signals that
confer OA susceptibility. Perhaps more surprisingly, we were unable to observe alleles of SNPs that
associated with DNA methylation and/or transcription levels as described in chapter 5, as well as
additionally mark Al of the respective genes as described in chapter 2. While the lack of overlap
could have arisen by a multitude of technical, analytical or even biological causes, and most likely
has so due to a combination of them, a clear impediment in comparing the results from these two

chapters is the lack of overlapping samples.

JOINT SPECIFIC ARTICULAR CARTILAGE DNA METHYLATION PROFILES

In our efforts to describe general OA related methylomic and associated transcriptomic profiles,
we have corrected our analyses performed in chapter 5 for a number of variables, among them
the joint from which articular cartilage was sampled. Correcting for joint was deemed necessary, as
GWA studies increasingly report on SNPs that predispose for joint specific OA or related phenotypes
(42-51). Even more so, in chapter 6 we describe how hip and knee articular cartilage appear to
harbor highly joint specific DNA methylation profiles. Exploratory analysis by means of dimension

reduction (principal component analysis, PCA) of generated DNA methylation data revealed that
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knee and hip articular cartilage samples formed tight clusters, independent of the tissues’ disease
state. As such, we applied a sliding window algorithm developed by Slieker et al. (52), to determine

robust tissue specific DNA methylation profiles.

While stretches of differentially methylated CpGs were found near 245 genes, most strikingly were
the substantial differences in homeobox (HOX) clusters and respective co-factors. HOX genes are
well known for their role in development and specifically for controlling segmentation of the body
plan along the head-tail axis (53,54). Expression of HOX genes during development is regulated in
a spatiotemporal pattern, i.e. along the head-tail axis the four different HOX clusters express a dif-
ferent number of HOX genes in a linear pattern when development eventuates (55). While in adult
tissues this spatiotemporal expression pattern has been described to remain to some extent (56),
we found that in adult articular cartilage there is little to no linear correlation between the four HOX
clusters. In other words, it appears as though somewhere during development and/or life, specific
HOX genes have been activated differently between knee and hip articular cartilage and remain as
such. Despite generic processes in knee and hip OA, it thus appears that alongside joint specific OA
predisposing SNPs, joint specific DNA methylation and associated gene expression profiles might
substantially contribute to OA pathophysiology differences between joints. In this regard, it might
be a worthwhile pursuit to address these patterns in articular cartilage from other joints that are
frequently affected by OA, such as the spine and hands. Also, these apparent joint related differences
in methylation and expression of key developmental genes, raises the question whether efforts to

generate cartilage in-vitro need to be tailored for the joint they aim to address.

FUTURE PERSPECTIVES

In the last years, we have seen considerable improvements within the biomedical scientific com-
munity to scale up experimental setups, both in terms of sample size as well as in the number of
measured features, and it can be expected that this will continue on in the near future. It is eminent
that these developments will not only aid researchers in directly identifying new disease associa-
ted genes, whether they do so by interrogating and/or integrating (epi)genetic variation, altered
transcription or other type of omics platforms, but will also allow more complex analyses. Although
complex analyses as such might not be the point by which the OA research field will benefit from
the most, it is clear that the enormous amount of data that is currently produced across numerous
research groups does contain information that is currently not exploited. Consequently, further
research into developing appropriate bioinformatic tools to integrate multiple layers of data and
sources is required to accurately interpret the descriptive data the field are currently generating, and
will additionally open up the possibility to address other (epigenetic) layers of information as well.

When able to do so, we might finally be able to thoroughly start investigating the proposed combined
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effect of putative common genetic variants that are associated to OA by only relatively small extent.
It should be noted, however, that if that is indeed the direction the field is heading towards, we need
to accept that mechanistic follow-up experiments will become exceedingly complicated. Both in-vitro
as well as in-vivo studies aimed at elucidating the combinatorial effect of multiple genetic variants or
genes will be prone to noise, due to the fact that the background in which the proposed experiment
will be performed (e.g. cell type, mouse strain, genetic background, etc.) will have a relatively large

impact on the outcome, when compared to single, but large-effect perturbations.

However, seen from the patient’s perspective, these proposed developments might not be the most
obvious goals to pursue. Increasing our understanding of the complex pathological process of OA will
undoubtedly help generate novel and better treatments on the middle to long term, and is a very
worthwhile academic pursuit in its own. Nonetheless, dissecting the molecular genetic signals that
are associated with OA might just not be the most opportunistic approach at the current time, in
the context of developing treatments in the short term. In recent years, we have seen a substantial
increase in our ability to generate cell cultures in-vitro that resemble the actual tissue in-vivo, using
patient derived differentiated cells and/or induced pluripotent stem cells (iPSCs) (57,58). From a
highly pragmatic point of view, if we are able to (re-)generate articular cartilage, using cells from
the actual patient, we might not need a thorough understanding of the complex interplay between
environment, genetics and molecular changes that appear to underlie and/or drive OA. Of course,
given that we are currently unable to do so, efforts into generating in-vitro cell cultures that harbor
the desired chondrocytic phenotype will benefit from descriptive studies that report on the dynamic

states of articular chondrocytes in-vivo, not entirely unlike the chapters in this thesis.
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Wat betreft de kennisoverdracht naar collega’s hebben wetenschappers een min-of-meer goed wer-
kend systeem, namelijk het schrijven, onderling toetsen en uiteindelijk publiceren van resultaten
in academische tijdschriften en het presenteren ervan op conferenties. Tegelijkertijd zijn weten-
schappers lang niet altijd even goed in staat om uit te leggen waarom wij doen wat we doen. En dat
terwijl ik het wel ethisch noodzakelijk acht dat wetenschappelijke bevindingen, welke niet tot stand
had kunnen komen zonder geld en middelen uit de samenleving, hun weg terug moet vinden daar-
naartoe. Daarom zal ik in deze sectie pogen om het gedane werk en de daaruit volgende resultaten,
beschreven in het wetenschappelijke deel van dit proefschrift, zodanig uiteen te zetten opdat ik een

graag geziene gast blijf op niet-wetenschappelijke bijeenkomsten.

Artrose is een aandoening van de gewrichten, gekarakteriseerd door vernauwing van de gewrichts-
spleet, ontsteking en onomkeerbare afbraak en verbening van het kraakbeen. Gedurende het leven
zijn kraakbeen cellen (chondrocyten) in staat om beschadigingen in het kraakbeen te herstellen door
actief het extracellulaire weefsel af te breken en weer op te bouwen. Het vermogen van chondro-
cyten om het gewrichtskraakbeen te herstellen is echter niet onuitputtelijk en na verloop van tijd
zullen beschadigingen zich ophopen in het kraakbeen. Hierdoor ervaren patiénten een geleidelijke
afname van functionaliteit van het gewricht, wat zich uit in verlies van bewegingsvrijheid en uitein-
delijk in pijn. Ondanks relatief succesvolle behandelmethoden voor patiénten in het eindstadium van
de ziekte, namelijk het vervangen van het gewricht door een prothese, zijn we niet in staat om de
ziekte in een vroeg, symptoomvrij stadium te herkennen en/of te voorkomen dat er verdere schade
aan het gewricht optreedt. Dit proefschrift richt zich op het in kaart brengen van de processen in
chondrocyten die bijdragen aan mechanismen waarmee deze cellen kraakbeenschade proberen te

herstellen; mechanismen die op latere leeftijd verloren lijken te gaan.

Eerder is beschreven dat chondrocyten in artrotisch kraakbeen een afwijkend genexpressie profiel
hebben; genen betrokken bij het afbreken en opbouwen van het weefsel lijken niet meer in balans.
Eén van de mechanismen waarmee cellen hun genexpressie profiel dynamisch aanpassen in reactie
op veranderingen in hun omgeving, is het aanbrengen of verwijderen van methyl-groepen op speci-
fieke locaties in het genoom. Het (de)methyleren van deze cytosine-guanine nucleotide paren (CpGs)
gaat samen met verschillen in expressie van lokale genen, ogenschijnlijk doordat DNA-gebonden
methylgroepen interfereren met het binden van genexpressie regulerende eiwitten aan het DNA

(transcriptie factoren).
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Artrose gerelateerde verschillen in genexpressie kunnen echter het gevolg zijn van een groot aantal
mechanismen. Wanneer men uitsluitend kijkt naar genen die verschillend tot expressie komen samen
met een afwijkend lokaal methylatie profiel, blijken dit genen te zijn die met name betrokken zijn
bij de ontwikkeling van bot tijdens de embryonale ontwikkeling, ook wel calcificatie genoemd. Deze
observatie isin lijn met artrose geassocieerde veranderingen van het kraakbeen, namelijk de afbraak
en calcificatie van het weefsel. De verrichtte metingen en analyses kunnen geen onderscheid maken
tussen oorzaak en gevolg, daar het niet duidelijk is of permante kraakbeen schade voorafgaat aan
verschillen in methylatie en/of genexpressie of juist het gevolg ervan is. Er kan wel gesteld worden
dat chondrocyten in artrotisch kraakbeen niet langer in staat zijn om het omringende weefsel terug
te brengen in de functionele staat. Het is waarschijnlijk dat chondrocyten in deze permanente, kraak-
been afbrekende staat terecht zijn gekomen doordat gedurende het leven de cellen hun methylatie
profiel niet volledig kunnen terugbrengen van een actieve naar een rustende staat nadat opgedane

schade is hersteld.

Doordat in ons onderzoek kraakbeen is bestudeerd uit verschillende soorten gewrichten, namelijk
knieén en heupen, konden we bestuderen of er naast artrose geassocieerde methylatie verschillen
ook locaties op het genoom bestaan die gewricht specifieke methylatie patronen laten zien. Ondanks
de vele overeenkomsten tussen knie en heup kraakbeen, in zowel gezond als ziek weefsel in zowel
micro- als macroscopisch opzicht, blijken met name de homeobox (HOX) genen en hun geassocieerde
cofactoren opvallend verschillend gemethyleerd te zijn tussen de twee gewrichten. Dat is opmer-
kelijk, omdat van HOX-processen wordt aangenomen dat ze een cruciale rol spelen gedurende de
ontwikkeling van het embryo, maar minder relevant zijn gedurende het leven. Ongeacht of deze
verschillen tussen gewrichten betrokken zijn bij het artrose proces, zou dit kunnen betekenen dat
toekomstige therapieén gericht op kraakbeen regeneratie zich zullen moeten toespitsen op het type

aangedane gewricht.

Naast de invloed van externe factoren en weefselspecifieke eigenschappen, is de mate van methylatie
ook onderhevig aan de lokale genetische context. Met andere woorden, de aanwezigheid van gene-
tische variatie, over het algemeen bestudeerd als puntmutaties of single nucleotide polymorphisms
(SNPs), heeft invloed op de methylering van het genoom en daarmee ook op de expressie van lokale
genen. Deze eigenschap lijkt ook in artrose een substantiéle rol te spelen. SNPs die geassocieerd zijn
met een verhoogd risico op het krijgen van artrose, lijken bepalend te zijn voor de mate van expressie
van genen die dichtbij liggen op het genoom, ogenschijnlijk gemedieerd door methylatie. Eén van
de uitdagingen waar onderzoekers voor staan in de zoektocht naar nieuwe genetische variatie die
de aanleg voor artrose verhoogt is van technische aard. De significantie van toetsen die de aanwe-

zigheid van specifieke genetische variatie vergelijken tussen groepen artrose patiénten en gezonde
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mensen is in grote mate afhankelijk van het aantal genetische varianten dat wordt getest. Als men alle
SNPs in het genoom zou toetsen (genoom wijd) zouden SNPs significant kunnen verschillen puur op
basis van kans en niet omdat de genetische variant echt bij artrose betrokken is. Daarom selecteren
wij op voorhand uit de genoom wijde SNP set die variatie die een effect heeft op methylering en/
of genexpressie in kraakbeen (potentieel functionele SNPs). Vervolgens wordt deze selectie SNPs
getoetst op de relatie met artrose (meer of minder aanwezig in patienten dan in controles). Door
deze zogenaamde kanskapitalisatie te verkleinen hebben we nieuwe genen kunnen identificeren die

een rol lijken te spelen bij het ontstaan en/of ziekteverloop van artrose.

Voor het bestuderen van het effect van SNPs op lokale methylatie en/of genexpressie profielen
zijn grote studiepopulaties nodig. Dit komt onder meer omdat deze profielen sterk tussen mensen
verschillen ongeacht de aanwezigheid van genetische variatie of artrtose. Met nieuwe sequencing
technologieén kunnen zowel de hoeveelheid als de volgorde van nucleotiden van de tot expressie
komende genen kwantitatief worden bepaald in tegenstelling tot enkel een kwalitatieve maat van de
hoeveelheid. Daardoor is men tegenwoordig in staat om te detecteren of genetische variatie invloed
heeft op genexpressie in een enkel individu. Van alle genen draagt ieder mens twee kopieén (één
van beide ouders) en wanneer slechts een enkele van deze twee kopieén een genetische variant
herbergt, oftewel de drager ervan heterozygoot is, kan men bepalen in welke mate de twee kopieén

tot expressie komen in verhouding tot elkaar.

Door alle varianten die ongelijk tot expressie komen in het kraakbeen van meerdere artrose patién-
ten te vergelijken met de lijst met genen waarvan we zien dat ze verschillend tot expressie komen
tussen artrotisch en normaal kraakbeen (ongeacht of deze verschillen samengaan met afwijkende
methylatie profielen), pogen we een selecte groep genetische varianten te presenteren die naar alle

waarschijnlijkheid een invloed hebben op de kraakbeenhuishouding.

Eén van de genen die uit deze analyses naar voren kwam waarvooralsnog weinig over bekend was
in relatie tot artrose en kraakbeenonderhoud, lijkt een cruciale rol te spelen in de progressie van
artrose: het cytokine recptor-like factor 1 (CRLF1) gen. Dit gen blijkt significant hoger tot expressie te
komen in artrotisch kraakbeen. Bovendien komt een genetische variant die lagere expressie teweeg
brengt in heterozygote dragers minder vaak voor bij artrose patiénten vergeleken met de gezonde
populatie. Gekweekte chondrocyten bleken na het toevoegen van het CRLF1 eiwitproduct een afwij-
kend expressie patroon te laten zien van genen die betrokken zijn bij de kraakbeenhuishouding.
Dit is slechts een enkel voorbeeld van de ontdekking van een artrose gen dat hoogstwaarschijnlijk
niet gevonden had kunnen worden als niet op voorhand zou zijn geselecteerd op potentieel func-

tionele SNPs zoals hierboven beschreven. Ook bij de interpretatie van gevonden genen in genoom
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wijde genetische associatie studies, waarin miljoenen SNPs worden getest op associatie met artrose
zonder een a priori selectie, is deze lijst met potentiele kraakbeen functionele SNPs van toevoegende
waarde. We vonden ook artrose geassocieerde SNPs waarvan eerder al is aangetoond dat heterozy-
gote dragers de twee kopieén van het gen niet gelijk tot expressie brengen (aldehyde dehydrogenase
1 family memer A2, ALDH1A2), en SNPs gelegen in genen waarvan we weten dat ze het risico op
artrose verhogen, maar waarvan in eerste instantie niet bekend was hoe die associatie mechanistisch

tot stand zou kunnen komen (matrix Gla protein, MGP).
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Zo, het heeft even mogen duren, maar het mag dan na een kleine zes jaar een naam hebben. Ik
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Het knallen van getallen heeft me als jonge bioloog niet meteen kunnen bekoren, tot ik in aanraking
kwam met in-silico enthousiastelingen zoals Erik, Matthijs & Elmar. Zonder meastRo’s als jullie in de
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informatische kneepjes eigen te maken. Tegelijkertijd zijn er natuurlijk data nodig om die kneepjes op
los te kunnen laten, en wil ik bij deze de analisten Ruudje, Eka, Wesley en Nico, alsmede de studenten
Annelies en Peter bedanken voor het meedenken over en het genereren van. Noemenswaardig is
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kon rekenen als die weer eens verlopen was. Evengoed verdienen ook de afdeling orthopedie en
haar patiénten een plek in het dankwoord; zonder hen zou de afstand tussen de voor- en achterkant
van dit proefschrift een stuk kleiner zijn geweest. In het verlengde van die voor- en achterkant, wil
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het bewijs van zijn.

De leden van de promotiecommissie wil ik bedanken voor het lezen van en het wisselen van gedachte

over het proefschrift.

Als laatste wil ik alle niet-bij-naam-genoemde (ex-)collega’s, vrienden en familie bedanken welke
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gedaan.
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