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Identification and characterization of two consistent
osteoarthritis subtypes by transcriptome and clinical
data integration

Rodrigo Coutinho de Almeida ® ', Ahmed Mahfouz?3, Hailiang Mei,

Evelyn Houtman', Wouter den Hollander', Jamie Soul®, Eka Suchiman’,

Nico Lakenberg’, Jennifer Meessen'®, Kasper Huetink®, Rob G. H. H.
Nelissen®, Yolande F. M. Ramos’, Marcel Reinders'?® and Ingrid Meulenbelt'

Abstract

Objective. To identify OA subtypes based on cartilage transcriptomic data in cartilage tissue and characterize
their underlying pathophysiological processes and/or clinically relevant characteristics.

Methods. This study includes n=66 primary OA patients (41 knees and 25 hips), who underwent a joint replace-
ment surgery, from which macroscopically unaffected (preserved, n=56) and lesioned (n =45) OA articular cartilage
were collected [Research Arthritis and Articular Cartilage (RAAK) study]. Unsupervised hierarchical clustering ana-
lysis on preserved cartilage transcriptome followed by clinical data integration was performed. Protein—protein inter-
action (PPI) followed by pathway enrichment analysis were done for genes significant differentially expressed be-
tween subgroups with interactions in the PPl network.

Results. Analysis of preserved samples (n=256) resulted in two OA subtypes with n=41 (cluster A) and n=15
(cluster B) patients. The transcriptomic profile of cluster B cartilage, relative to cluster A (DE-AB genes) showed
among others a pronounced upregulation of multiple genes involved in chemokine pathways. Nevertheless, upon
investigating the OA pathophysiology in cluster B patients as reflected by differentially expressed genes between
preserved and lesioned OA cartilage (DE-OA-B genes), the chemokine genes were significantly downregulated with
OA pathophysiology. Upon integrating radiographic OA data, we showed that the OA phenotype among cluster B
patients, relative to cluster A, may be characterized by higher joint space narrowing (JSN) scores and low osteo-
phyte (OP) scores.

Conclusion. Based on whole-transcriptome profiling, we identified two robust OA subtypes characterized by
unique OA, pathophysiological processes in cartilage as well as a clinical phenotype. We advocate that further
characterization, confirmation and clinical data integration is a prerequisite to allow for development of treatments
towards personalized care with concurrently more effective treatment response.
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Rheumatology key messages

o Osteoarthritis subtypes have been identified however poorly characterized.

o Whole-transcriptome and clinical data integration characterized the existence of two robust OA patient
subgroups.

o This study contributes to development of both generic and more personalized OA treatment strategies.
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Introduction

OA is the most common degenerative joint disorder affect-
ing over 40% of people >65 years of age [1]. OA is the re-
sult of combinatory risk factors, such as genetics, obesity
and older age, and mainly affecting the diarthrodial joints
(hands, knees and hips). Although several non-drug thera-
pies are available, there is, as of yet, no effective disease-
modifying OA treatment [2]. It is generally accepted that
lack of insight into diverse underlying OA processes has
contributed to this tempered advancement [3]. To identify
OA subtypes, cluster analyses have been performed on
clinical data [4, 5] radiographic scores or regional quantita-
tive MRI measures of cartilage [6], which indeed discrimi-
nated distinct OA phenotypes. Nonetheless, such
phenotypes do not necessarily report on the ongoing dis-
ease processes in the joint tissues, hence the lack of infor-
mation on potential targeted treatments.

To discriminate diverse OA pathophysiological proc-
esses in cartilage, Soul et al. [7] recently performed a non-
negative matrix factorization on RNA sequencing data
(RNA-seq) of articular cartilage. Two major subgroups of
knee OA patients were identified [7]. These analyses, how-
ever, focused on preserved knee OA cartilage only and
did not integrate molecular subtypes with clinical data.

In the present study, we used whole-transcriptome
RNA-seq data to identify robust OA subgroups, both for
knee and for hip OA. Moreover, to identify cluster-specific
phenotypes we explored differences in radiographic OA
features, joint space narrowing and osteophytosis.
Pairwise analysis between preserved and lesioned OA on
each cluster highlighted involvement of cluster-specific OA
pathways at the molecular level. Together, this study could
contribute to the development of both improved generic
and more personalized treatment strategies.

Methods
Samples

This study includes a total of n=66 primary OA
patients (41 knees and 25 hips), who underwent a
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joint replacement surgery, from which macroscopical-
ly unaffected (preserved n=56) and lesioned
(n=45) OA articular cartilage were collected (RAAK
study) [8] (Table 1). Ethical approval for the RAAK
study was obtained from the medical ethics commit-
tee of the Leiden University medical Center (P08.239)
and informed consent was obtained from all
participants.

Clinical data

Pre-operative BMI, age, sex and plain radiographs of
the relevant hip or knee were present for n=36 RAAK
subjects included in the RNA-seq and n=22 RAAK sub-
jects for which expression from microarray data were
available [8]. Radiographs scores (Kellgren and
Lawrence, osteophytes and joint space narrowing
(JSN)), were performed by two experienced readers
(J.M., K.H.) to determine OA characteristics prior and in-
dependent of cluster analysis. More details are
described in Supplementary Materials, available at
Rheumatology online.

RNA-seq

Total RNA from cartilage was isolated using Qiagen
RNeasy Mini Kit (Qiagen, GmbH, Hilden, Germany).
Paired-end 2 x 100bp RNA sequencing (lllumina TruSeq
RNA Library Prep Kit, lllumina HiSeq2000 and lllumina
HiSeq4000) was performed. Strand-specific RNA-seq
libraries were generated, which yielded a mean of 20
million reads per sample. See Supplementary Materials,
available at Rheumatology online for detailed description
for alignment, mapping and normalization. Quality con-
trol (QC) was performed as previously described [9]. In
short, after sequencing QC, principal component ana-
lysis (PCA) was applied to remove outliers followed by
batch effect correction (details in Supplementary
Materials, available at Rheumatology online).

TasLe 1 Baseline characteristics of RAAK samples with OA phenotypes included in the cluster analyses

Total (n = 36) Cluster A (n = 26) Cluster B (n = 10) P-value®
Age (s.p.) 69.7 (7.8) 69.7 (8.0) 69.7 (7.7) 0.5342
Females 28 (78) 19 (73) 9 (90) 0.4922
BMI (s.0.) 28.2 (2.9) 28.2 (2.5) 28.2 (4.0) 0.518
Knee joints 25 (69) 20 (77) 5 (50) 0.059
KL score (s.p.) 2.7 (0.6) 2.7(0.7) 2.7 (0.5 0.720
OP score (s.n.)¢ 2.7(2.1) 2.7(2.2) 2.6(1.7) 0.931°
JSN score (s.p.)¢ 4.6(1.2) 45(1.2) 5.0(1.1) 0.042°

&P-value by generalized estimation equation (GEE) with cluster-type as dependent variable (Cluster A as reference) and
age, sex and joint-type as covariates. °P-value by GEE adjusted for age, sex and KL score as covariates. °The OP score
or JSN score is defined as the sum of osteophyte grades (0-3) or JSN grades (0-3), respectively determined at the lateral
and medial compartments of the tibio-femoral knee joint or at the inferior and superior compartments of the acetabular-
femoral hip joint. JSN: joint space narrowing; OP: osteophyte; KL: Kellgren and Lawrence score.

https://academic.oup.com/rheumatology 1167
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Cluster analysis

To expose subtypes and avoid heterogeneity, we used
the preserved cartilage for unsupervised hierarchical
clustering. To minimize features (genes), we used a co-
efficient of variation score [10]. The optimal number of
clustering was identified using two approaches:
Dynamic Tree Cut [11] and Silhouette width score [12].
To compare similarity between clusters we used the
Rand Index, where values >0.5 were considered signifi-
cant [13].

Statistical analyses

Differential expression analysis was performed in two
ways: between the different clusters; and between pairs
of preserved and lesioned cartilage on each cluster sep-
arately. The DESeg2 v1.24 R package [14] was used for
normalization and statistical framework. A general linear
model assuming negative binomial distribution was
applied and age, joint type and gender were used as
covariates. For the paired analysis between lesioned
and preserved cartilage, we used the paired Wald-test.
Genes with False Discovery Rate (FDR) <0.05 were con-
sidered significant.

To allow further associations based on OA pheno-
types with larger sample size, we integrated microarray
data (n=22) (lllumina HumanHT-12 v3 microarrays) with
RNA-seq datasets (n=36) from preserved and lesioned
articular cartilage. A-Z normalization was applied in both
data sets, which were further merged to create a unique
gene expression dataset with 58 samples with both OA
phenotypes, OP score and JSN score (Supplementary
Materials, available at Rheumatology online).

Protein—protein interactions and pathway enrichment
analysis

Protein—protein interactions (PPI) were performed with
STRING v11.0 [15] using the default confidence score
>0.4 as a cut-off criterion to evaluate the PPI informa-
tion. We used four interaction sources: text mining;
experiments; curated databases; and co-expression.
Moreover, pathway enrichment analysis was performed
using Gene Ontology (GO) for biological process and
molecular function in all imputed genes with interactions
on the PPI network. Pathways with FDR <0.05 were
consider significant.

Results

To identify subgroups of OA patients, we integrated
whole-transcriptome clustering analysis with clinical
data in a step-wise approach (Fig. 1). Hereto RNA-seq
dataset from OA articular cartilage samples (56 pre-
served and 45 lesioned, Supplementary Table S1, avail-
able at Rheumatology online) was used. To expose
subtypes and avoid heterogeneity, we applied unsuper-
vised hierarchical clustering analysis on OA preserved
cartilage transcriptome (n=56). In order to optimize
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discriminative power of the RNA-seq data in the cluster
analysis, we first determined the CV of the expressed
genes and ranked according to highest degree of vari-
ation. Subsequently, by comparing the distribution and
cluster performance of OA subgroups using different
sets of highest ranked genes (Supplementary Fig. S1,
available at Rheumatology online), we proceed cluster-
ing analyses with the top 1000 genes (Supplementary
Table S2, available at Rheumatology online).

Unsupervised hierarchical clustering of cartilage
samples

Hierarchical clustering analyses of n=>56 preserved car-
tilage samples (Fig. 1A) was applied and both the dy-
namic tree cut and the silhouette width score methods
identified two subgroups of respectively, n=41 (cluster
A) and n=15 (cluster B) OA patients (Fig. 2A). To verify
whether our identified clusters were robust to clustering
method, we applied the non-negative matrix factoriza-
tion method adapted from Soul et al. [7] to the RAAK
study dataset (Supplementary Materials, available at
Rheumatology online). We identified significant compar-
able clusters in both methods (Rand Index = 0.50).

Differential expression analysis between cluster A
and cluster B

To investigate whether the preserved cartilage in cluster A
or cluster B had a specific transcriptomic profile (Fig. 1B),
we performed differential expression analyses between
cluster A and cluster B with cluster A as reference (DE-AB
genes). We identified 2967 DE-AB genes with FDR < 0.05
(Fig. 2B, Supplementary Table S3, available at
Rheumatology online). As shown in Fig. 2B, the most sig-
nificant DE-AB genes were STAB7, encoding Stabilin-1
(FC=5.8, FDR=2.7x10"2%) and ACVRL1 encoding Activin
A Receptor Like Type 1 (FC=19, FDR=1.7x10"2".

Notably, 66% of DE-AB genes were significantly higher
expressed in cluster B relative to cluster A. The DE-AB
genes in cluster B relative to cluster A with FC>5 were
enriched for genes involved in immune system process
(GO: 0002376, 193 genes, FDR=6.82x10"%¢) and cell
surface receptor signalling pathway (GO: 0007166,
FDR=1.49x10"%", Fig. 4B, Supplementary Table S4
available at Rheumatology online). Notable is the pres-
ence of several chemokine genes that were extremely
highly upregulated in cluster B relative to cluster A, such
as CCL18 encoding chemokine (C-C motif) ligand 18
(FC =64, FDR=9.5x10""%), CXCL1? encoding chemokine
(C-X-C motif) ligand 1 (FC=21, FDR=1.1x10""%9 and
CXCL5 encoding chemokine (C-X-C motif) ligand 5
(FC=38, FDR=9.3x10"%, see also Fig. 3).

Conversely, the most significantly upregulated DE-AB
genes in cluster A relative to cluster B were DCN encod-
ing decorin (FC=2.1, FDR=4.4x10""%), NUDT16P1
encoding nudix hydrolase 16 pseudogene 1 (FC=2.1,
FDR=7.3x10""%), NDNF encoding neuron derived
neurotrophic factor (FC=4.0, FDR=1.1x10""3), and
THRB encoding thyroid receptor beta (FC=2.3,

https://academic.oup.com/rheumatology
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Clusterys ~ mRNA + sex + age + joint

Fic. 1 Step-wise approach integrating whole-transcriptome clustering analysis with clinical data
Cluster analysis
Preserved cartilage (N=56 patients)
1
A Unsupenised hierarchical clustering
B Cluster A Cluster B
(N=41 patients) (N=15 |

] | |

OAsausars ~ MRNA

¢ '

'

DE-AB genes
(N=2967)

PPl String pathway enrichment DE-AB genes

DE-OA-B unigue genes

(N=1114 genes) (N=72 genes)

‘ DE-OA-A unique genes

L 3 ¥
PP String pathway enrichment DE-DA-A

DE-OA-Agne ~ JSN + OP+ sex+ ages foint

| |

OA phenotype
Osteophytes

PPl String pathway anrichmaent DE-DA-B

DE-OA-Bpepe = JSN + OP+ sex+ age+ joint

OA phenotype
JSN

(A) Unsupervised hierarchical clustering of the OA preserved cartilage. (B) Differential expression analysis between
cluster A and B. (C) PPI and pathway enrichment analysis with differentially expressed genes unique for each cluster.

(D) Integration with clinical data.

FDR=23.6x10""%). The DE-AB genes in cluster A relative
to cluster B with FC >2 in cluster A were enriched for
genes involved in extracellular matrix (GO: 0031012,
FDR=1.4x10"%) and integral component of membrane
(GO: 0016021, FDR=1.4x10"5, Fig. 4A, Supplementary
Table S5, available at Rheumatology online).

Differential expression (DE) analysis between
preserved and lesioned OA cartilage stratified by
cluster

To explore the ongoing pathophysiological process in clus-
ter A and cluster B, we performed pairwise DE analyses
between preserved and lesioned OA cartilage stratified by
cluster (Fig. 1C). These analyses showed n=3201 signifi-
cantly DE genes for cluster A (DE-OA-A; Supplementary
Fig. S2A and Table S6, available at Rheumatology online),
and n=271 DE genes for cluster B (DE-OA-B;
Supplementary Fig. S2B and Table S7, available at
Rheumatology online). Of these genes, n=172 were over-
lapping in both clusters (Supplementary Fig. S2C and
Table S8, available at Rheumatology online).

To explore the biological pathways of these n=172
overlapping DE genes, we analysed their protein—protein
interactions (PPI) using STRING. PPI enrichment showed
significantly more interactions between these genes than
expected (P<1.0x107'%; Supplementary Fig. S3, avail-
able at Rheumatology online), with biologically relevant

https://academic.oup.com/rheumatology

interplay of genes within GO biological processes such
as regulation of response to stimulus (GO: 0018583,
FDR=4.9x107%), tissue development (GO: 0009888,
FDR=1.6x10"%, and the extracellular region (GO:
0005576, FDR=9.5x10""2). Moreover, the genes repre-
sented in these pathways were previously and consist-
ently reported in OA, such as IL11, FRZB, TNFRSF11B,
NGF, WNT16 (Supplementary Table S9, Supplementary
Fig. S3, available at Rheumatology online).

Cluster A specific differentially expressed genes with
OA pathophysiology (DE-OA-A)

To investigate whether we were able to identify the exclu-
sive pathway in the ongoing pathophysiological process in
cluster A patients, we selected for DE-OA-A genes not
present among the DE-OA-B genes nor among our previ-
ous published DE genes of the overall RNA-seq RAAK
dataset  (Supplementary Fig. S2C, available at
Rheumatology online). This prioritization led to n=1114
exclusive DE-OA-A genes (Fig. 1C, Supplementary Table
S10, available at Rheumatology online).

PPl enrichment analyses of exclusive DE-OA-A genes
that are downregulated in lesioned as compared with
preserved cartilage (n=478, P<4.5x1078,
Supplementary Fig. S4, available at Rheumatology on-
line) identified 13 FDR significant GO biological terms
and eight GO molecular function terms (Supplementary
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Table S11, available at Rheumatology online). Of note
was enrichment of genes in the chondrocyte hyper-
trophy pathway (GO-BP: 0003415, FDR=4.9x107%
characterized by down regulation of SOX9, RARG and
TGFBRP2 and the ion-binding pathway (GO-MF:
0043167; FDR =2.4x1072) characterized by genes such
as ACACB, COL10A1 (in Supplementary Table S11,
available at Rheumatology online).

Conversely, PPI enrichment analyses of exclusive DE-
OA-A genes that are upregulated in lesioned as compared
with preserved cartilage showed n=636 highly significant-
ly connected genes (P<1.0x107'6, Supplementary Fig.
S5, available at Rheumatology online) in 165 significant
GO biological processes such as nucleotide metabolic
processes (GO: 0009117, FDR=1.2x10"7") or cellular
component organization — biogenesis (GO: 0071840,
FDR=5.1x10"7, Supplementary Table S12, available at
Rheumatology online).

Cluster B specific differentially expressed genes
with OA pathophysiology (DE-OA-B)

Similarly to cluster A, we selected for DE-OA-B genes
not present among the DE-OA-A genes nor among our
previously published DE genes of the overall RNA-seq
RAAK dataset (Supplementary Fig. S2C, available at
Rheumatology online) and identified n=72 exclusive
DE-OA-B genes (Fig. 1C, Supplementary Table S13,
available at Rheumatology online).

PPI enrichment analyses of exclusive DE-OA-B genes
that are downregulated in lesioned as compared with
preserved cartilage (n=57) showed highly significant
connected genes (P<4.5x107%) and highlighted 234
FDR significant GO biological terms (Supplementary
Table S14 and Fig. S6, available at Rheumatology on-
line) particularly involved in biological immune system
process (e.g. GO: 0043567, FDR=6.1x10"%), among
others characterized by downregulation of genes such
as HLA-DRB5 and HLA-DPA1. Additionally, notable
among the downregulated DE-OA-B genes were genes
enriched in the molecular function of chemokine activity
(GO: 008009, FDR =2.7x107°), characterized by, among
others, decreased expression of CCL2, CCL3, CCL4
and CCL4-L1 (Supplementary Table S14, available at
Rheumatology online). As shown in Fig. 3, these genes
were also among the DE-AB genes significantly upregu-
lated in the preserved OA cartilage in cluster B patients
relative to cluster A patients.

Conversely, PPl enrichment on exclusive DE-OA-B
genes that were upregulated in lesioned compared with
preserved OA cartilage (n = 15) showed eight genes highly
significant connected genes (P<3.2x10~° Supplementary
Fig. S7, available at Rheumatology online) with enrichment
of genes in insulin-like growth factor receptor signalling
(GO: 0043567, FDR=1.0x1073), characterized by upregu-
lation of IGFBP6, IGFBP5 and BMP2 (Supplementary
Table S15, available at Rheumnatology online). Another not-
able upregulated DE-OA-B was DRGX, encoding the dor-
sal root ganglia homeobox transcription factor. DRGX was
highly upregulated in lesioned compared with preserved
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cartilage in cluster-B (FC=30, FDR=4.0x10"% and is
required for the formation of correct projections from noci-
ceptive sensory neurons to the dorsal horn of the spinal
cord and normal perception of pain [16].

Characterization of the OA phenotype in cluster A
and cluster B patients

To investigate whether patients in cluster A or cluster B
could be characterized by specific radiographic OA fea-
tures (Fig. 1D), pre-operative radiographs were scored
for Kellgren and Lawrence scoring (KL score), osteo-
phytes (OPs) and joint space narrowing (JSN). OA phe-
notypes were available in n=36 out of n=56 samples.
As shown in Table 1, covariates age, sex and BMI were
not significantly different between arthroplasty patients
of cluster B relative to cluster A. However, relative to
cluster A, we observed more prominent JSN
(P=4.0x1072) in cluster B patients.

To verify our findings, we integrated mRNA expression
levels from a previously published microarray mRNA
dataset of n=22 preserved and lesioned cartilage of the
RAAK study [8] for which we had also assessed OA
phenotypes. Upon merging and normalizing mRNA lev-
els of DE genes of the microarray and RNA-seq
(Supplementary methods, available at Rheumatology on-
line), a dataset of 29 DE-AB gene levels in n=58
patients was established. As shown in Table 2, the ma-
jority of the tested DE-AB genes showed significant as-
sociation between the mRNA expression levels in
preserved cartilage and the OA phenotype JSN such as,
for example, STAB1 with OR=1.22 (95% CI 1.01, 1.47,
P =0.0350). Among these DE-AB genes was also the
NR2F2 showing a highly significant association to higher
JSN  scores (OR=1.48, 95%Cl 1.26, 1.75,
P=2x10x10"% in addition to significantly lower OP
scores (OR=0.88, 95%Cl 0.81, 0.95, P =1.1x1079) in
cluster B patients relative to cluster A. Moreover, the ef-
fect of NR2F2 gene was similar when stratifying for OA
status (preserved or lesioned OA cartilage) or for mRNA
quantification method (microarray or RNA-seq).

Discussion

By applying hierarchical clustering on transcriptomic
RNA-seq dataset of cartilage, two robust OA patient
subgroups (A and B) were recognized. The preserved
cartilage in cluster A patients, relative to cluster B (DE-
AB genes), was enriched for cartilage related path-
ways, such as extracellular matrix. With respect to pre-
served cartilage of cluster B, relative to cluster A, we
observed pronounced upregulation of genes involved
in chemokine activity pathways (Supplementary Table
S3, available at Rheumatology online). Nevertheless,
upon investigating the OA pathophysiology in cluster B
patients (DE-OA-B genes), the chemokine genes were
significantly down regulated with OA (Fig. 3). In paral-
lel, the pathophysiological process in cluster A patients
(DE-OA-A genes) between preserved and lesioned
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TaBLE 2 Associations of mMRNA expression level of DE cluster A and cluster B genes with OA phenotypes

JSN score® OP score®

OR (95% CI) P-value?® OR (95% CI) P-value?®
NR2F2 1.48 (1.26, 1.75) 0.000002 0.88 (0.81, 0.95) 0.0011
MAP4K4 1.37 (1.13, 1.65) 0.0012 1.00(0.91, 1.1) 0.9919
TPST2 1.30 (1.07,1.57) 0.0076 0.97 (0.89, 1.06) 0.4699
HCLS1 1.30 (1.05, 1.6) 0.0155 0.92(0.83, 1.01) 0.0641
FCER1G 1.25(1.03, 1.53) 0.0276 0.91(0.83, 1.01) 0.0768
STAB1 1.22 (1.01,1.47) 0.0350 0.92 (0.83, 1.02) 0.1259
FLRT2 1.20(1.01,1.43) 0.0419 0.91(0.83, 1) 0.0577
CD248 1.24 (1.01,1.53) 0.0446 0.93(0.85, 1.02) 0.1043
FYN 1.19 (0.98, 1.44) 0.0722 0.95 (0.86, 1.05) 0.3319
TMEM51 1.22 (0.98, 1.52) 0.0729 0.92 (0.83, 1.02) 0.1133
EXT1 1.21(0.98,1.5) 0.0757 1.00 (0.90, 1.11) 0.9798
RALA 1.20(0.98, 1.47) 0.0774 0.93(0.85, 1.01) 0.0675
VWF 1.22 (0.97, 1.54) 0.0934 0.94 (0.86, 1.03) 0.1949
CXCL12 1.18 (0.97, 1.44) 0.1059 0.94 (0.85, 1.05) 0.2683
CTSH 1.15(0.94, 1.41) 0.1625 0.91(0.82, 1.00) 0.0511
SAMHD1 1.14 (0.94, 1.38) 0.1888 1.03 (0.92,1.16) 0.5804
MMP9 1.15(0.92, 1.43) 0.2149 0.94 (0.85, 1.03) 0.1728
MMP19 1.07 (0.88, 1.3) 0.4725 1.02 (0.92, 1.14) 0.6726
EMILINZ2 1.08 (0.86, 1.36) 0.5190 0.94 (0.85, 1.04) 0.2244
LGALS3BP 1.05 (0.86, 1.28) 0.6448 1.02 (0.92,1.13) 0.7416
PTPN6 0.96 (0.78, 1.18) 0.6890 1.00(0.90, 1.12) 0.9332
PECAM1 1.03 (0.85, 1.26) 0.7499 1.00 (0.91,1.11) 0.9475
GIMAP7 1.03 (0.84, 1.26) 0.7564 1.02 (0.93, 1.13) 0.6765
STK17B 1.03 (0.84, 1.25) 0.7901 1.01(0.91,1.12) 0.8208
FLT4 1.03 (0.84, 1.26) 0.8112 1.02 (0.93,1.13) 0.6464

@P-value by generalized estimation equation (GEE) with mRNA expression level in preserved cartilage as dependent vari-
able and age, sex, KL score and joint type as covariates. "The OP score or JSN score is defined as the sum of osteo-
phyte grades (0-3) or JSN grades (0-3), respectively determined at the lateral and medial compartments of the tibio-
femoral knee joint or at the inferior and superior compartments of the acetabular-femoral hip joint. JSN: joint space nar-

rowing; OP: osteophyte.

cartilage was characterized by lower expression of
genes involved in ion binding and higher expression of
genes involved in small molecular metabolic processes
(Supplementary Tables S11 and S12, available at
Rheumatology online). Upon integrating radiographic
OA data, we showed that among cluster B patients,
relative to cluster A, the OA phenotype may be charac-
terized by higher JSN scores and low OP scores or
vice versa. This effect was further strengthened and
confirmed by compiling our previously generated
mRNA datasets (microarray and RNA-seq) of clinically
characterized OA patients while using the DE-AB
genes in preserved cartilage as a proxy (Table 2).
Notably we merged the OP and JSN score of hips and
knees, which may not be entirely appropriate given es-
sential differences in these scorings between knee and
hip joints. However, prior to the merging OP and JSN
sum scores of knee and hip data, we compared the
current results to those obtained merging Z scores of
OP and JSN of hip and knee, respectively. Because
the results appeared almost identical (data not shown)
we have provided data of the sum scores as these are
easier to interpret.

https://academic.oup.com/rheumatology

Among the individual DE-AB genes, we identified
STAB1 as the most significant upregulated gene in pre-
served cartilage of cluster B patients (FC=5.8,
FDR=2.7x10728). STAB1 encoding Stabilin-1 is a multi-
functional type | transmembrane receptor regulating mol-
ecule recycling and cell homeostasis by controlling the
intracellular trafficking. Ablation of Stabilin-1 in bone
in vivo has been shown to enhance bone resorbing activ-
ity in osteoclasts [17]. Moreover, Stabilin-1 has been
shown to suppress CCL3 excretion thereby preventing
excessive collagen deposition and organ fibrosis [18]. It
was subsequently concluded that macrophage Stabilin-1
represents a critical defence against oxidative tissue
damage. We found that CCL3 was highly expressed in
cluster B relative to cluster A patients while significantly
downregulated with OA status (Fig. 3). This could indicate
that the expression pattern of STAB7 and CCL3 in cluster
B patients reflects a successful defence mechanism
against the ongoing OA pathophysiological process. This
hypothesis, however, needs to be verified by functional
studies, preferably in human in vitro models of OA.

Previously clustering analysis on RNA-seq of knee
cartilage was performed by applying the relatively
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Fic. 2 Unsupervised hierarchical clustering of the OA preserved cartilage and volcano plot
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(A) Heatmap displaying subgroup A and B. (B) Volcano plot. Cluster B (n=15) is presented as the effector and cluster
A (n=41) as reference. Blue circles represent genes lower expressed and red circles indicate genes higher expressed

in subgroup B relative to subgroup A.

Fic. 3 Boxplots showing expression pattern of chemokine activity genes in group A and group B
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Fic. 4 Top 10 most significant enriched pathways on each cluster
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(A) Bar plot represents significantly enriched GO terms for biological process for genes upregulated in cluster A. (B)
Bar plot represents significantly enriched GO terms for biological process with genes upregulated in cluster B.

complicated, non-negative matrix factorization method
[7]. Here we showed that the unsupervised hierarchical
clustering applied to our data showed significant cluster
similarity upon applying the network NFM method (Rand
Index > 0.5), suggesting that our clusters were identified
independent of clustering method. Moreover, we found
considerable overlap (45%) in the significant DE genes
marking the two clusters including STAB71, NR2F2 and
chemokine genes (CCL2, CCL3, CCL4 and CCL4-L1)
[7]. This overlap indicates a replication of the existence
of two OA subtypes in an independent dataset.
Replication of the here-identified associated OA patho-
physiological processes and phenotypes is still
necessary.

The OA phenotype among patients of cluster B was
characterized by pronounced JSN scores. In this re-
spect, two exclusive DE-OA-B genes, DRGX and CCL2
(FC =30, FDR=4.0x10"* and FC=0.4,
FDR=6.0x10"%, respectively) are worth mentioning.
DRGX encoding the dorsal root ganglia homeobox tran-
scription factor is required for normal perception of pain
whereas CCL2/CCR2 signalling is involved in neuropath-
ic pain and neuroinflammation [19, 20]. In view of the
severe joint space narrowing in cluster B patients at
total joint replacement surgery, it is tempting to specu-
late that the ability to upregulate DRGX and downregu-
late CCL2 could be particularly relevant to mitigate pain
(sensitization) during OA pathology. In parallel, we
showed that the expression levels of the DE-AB gene
NR2F2 are low in cluster B related to cluster A
(FC=0.2, FDR=4.1x10"") and could quantitatively
mark OA patients with severe JSN and mild OPs or vice
versa. NR2F2 encodes a transcription factor activated
by ligands such as high concentrations of 9-cis-retinoic
acid and all-trans-retinoic acid, but not by dexametha-
sone, cortisol or progesterone. NRF2 is activated in re-
sponse to oxidative stress and induces the expression

https://academic.oup.com/rheumatology

of its target genes by binding to the antioxidant re-
sponse element. Oxidative stress has been described as
an important factor in OA and its regulation in chondro-
cytes have been proposed as a potential new target for
therapy [21]. The deletion of Nrf2 in a murine post-
traumatic model resulted in increased OA severity, while
the use of histone deacetylase inhibitors activates Nrf2,
repressing IL-1B-induced MMP1, MMP3 and MMP13
gene expression in chondrocytes and in mouse joint tis-
sues [22]. Altogether, this supports that the lower levels
of NRF2 gene in cluster B could lead to a more severe
form of OA related JSN, as observed in our study.

Finally, we found two HLA genes among the exclusive
DE-OA-B genes; HLA-DRB5 and HLA-DPA1, that were
significantly downregulated (FC=0.3, FDR=1.5x10"2
and FC=0.3, FDR=4.5x10"*, respectively). For that
matter, HLA-DRB5 has repeatedly been positively asso-
ciated with RA whereas HLA-DPA1 was recently identi-
fied as risk gene in a GWAS on OA phenotypes [23]. In
this GWAS it was speculated that the readily available
RA drugs could possible function as new candidates to
treat OA patients. As these HLA genes are here found
to be significantly downregulated in OA lesioned cartil-
age drug targeting, these genes may likely not have a
strong beneficial effect to the ongoing OA pathophysi-
ology. We selected for the exclusive DE-OA-A and DE-
OA-B genes (i.e. significantly DE only in either cluster
and not significant in the overall dataset) to explore the
specific characteristics in the OA pathophysiological
process. Nonetheless, due to the relatively large differ-
ence in representative patients of cluster A and cluster
B, hence, power, we cannot exclude a likely small pro-
portion of false-positive or false-negative selection
among these exclusive genes.

Among the most consistently upregulated genes with
OA pathophysiology [9] and also reported here, are IL11
and FGF18. Notably, these genes were recently found in
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large GWAS on OA, also indicating their causal involve-
ment in the OA pathophysiology [23]. Moreover, they
were recognized as being targeted by Food and Drug
Administration approved drugs [24]. With respect to
IL11, the OA risk allele of rs4252548 (missense variant
p. Arg112His) acts via lower stability of IL-11, suggest-
ing that the demonstrated upregulation of IL771 expres-
sion with OA pathology is a final, yet failing attempt to
respond to the OA disease process. Interestingly, re-
combinant IL-11 molecules are available as therapeutics
of thrombocytopenia in cancer patients [25, 26]. As
such, this would make IL11 an attractive potential drug
for OA patients. Results of the current study suggest,
however, that this may be particularly true for cluster A
relative to cluster B patients (FC=19 vs FC=60, re-
spectively). Similarly, FGF18 (fibroblast growth factor 18)
was upregulated in lesioned OA cartilage in both clus-
ters (FC=1.6 in cluster A and FC=1.9 in cluster B).
FGF18 is a member of the FGF family and participates
in several processes, including skeletal growth and de-
velopment regulation of chondrogenesis, osteogenesis,
and bone and mineral homeostasis [27]. Furthermore,
intra-articular injections of FGF18 into the knee of OA
patients have resulted in a dose-dependent reduction of
cartilage loss [28]. More recently, recombinant human
FGF18 protein (Sprifermin) is tested for its therapeutic
potential as disease-modifying OA drug [29, 30]. As the
differential expression of FGF18 showed similar fold
change upregulated in lesioned OA cartilage in both
clusters, this treatment could affect patients in a similar
way.

Taken together, we have here shown the existence of
two major OA subtypes independent of joint site. These
OA subtypes were characterized by a unique OA, patho-
physiological process in cartilage as well as radiograph-
ic phenotype. We advocate that further characterization,
confirmation, and clinical data integration is a prerequis-
ite to allow for development of treatments towards per-
sonalized care with concurrently more effective
treatment response.
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