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Chapter 6

Abstract

Objective: To explore the co-expression network of the osteoarthritis (OA) risk gene
WWP2 in articular cartilage and study cartilage characteristics when mimicking the
effect of OA risk allele rs1052429-A on WWPZ2 expression in a human 3D in vitro model
of cartilage.

Method: Co-expression behavior of WWP2 with genes expressed in lesioned OA articular
cartilage (N=35 samples) was explored. By applying lentiviral particle mediated WWPZ2
upregulation in 3D in vitro pellet cultures of human primary chondrocytes (N=8 donors)
the effects of upregulation on cartilage matrix deposition was evaluated. Finally, we
transfected primary chondrocytes with miR-140 mimics to evaluate whether miR-140
and WWP?2 are involved in similar pathways.

Results: Upon performing Spearman correlations in lesioned OA cartilage, 98 highly
correlating genes (|p|>0.7) were identified. Among these genes, we identified GJA1,
GDF10,STC2, WDR1, and WNK4. Subsequent upregulation of WWP2 on 3D chondrocyte
pellet cultures resulted in a decreased expression of COL2A1 and ACAN and an increase
in EPAS1 expression. Additionally, we observed a decreased expression of GDF10, STCZ,
and GJA1. Proteomics analysis identified 42 proteins being differentially expressed with
WWP2 upregulation, which were enriched for ubiquitin conjugating enzyme activity.
Finally, upregulation of miR-140 in 2D chondrocytes resulted in significant upregulation
of WWP2 and WDRI.

Conclusion: Mimicking the effect of OA risk allele rs1052429-A on WWP2 expression
initiates detrimental processes in the cartilage shown by a response in hypoxia
associated genes EPAS1,GDF10, and GJA1 and a decrease in anabolic markers, COL2A1
and ACAN.
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Introduction

Globally, osteoarthritis (OA) is a highly prevalent and disabling joint disease which
confers high social and economic burden to society. Risk factors for OA include sex,
abnormal joint loading, obesity, metabolic diseases, and genetic factors [1]. To discover
genes and underlying disease pathways, large genome wide association meta-analyses
have been performed and multiple robust single nucleotide polymorphisms (SNPs)
were identified significantly conferring risk to initiation and progression of OA [2-4].
Similar to other complex traits, these risk alleles have subsequently been found to affect
expression of positional genes in cis in disease relevant tissues, also known as allelic
imbalance (AI)[5,6]. Founded by this mechanism, we previously used RNA sequencing
data of OA articular cartilage to report on genome-wide Al expression of SNPsin cartilage
specific genes, as such, providing an Al expression database to in silico check functional
aspects of identified and/or future OA risk SNPs [7]. One of the top findings was SNP
rs1052429 located in the 3'UTR of the WWPZ gene showing highly significant Al, with
risk allele rs1052429-A marking higher expression of WWP2 relative to rs1052429-G.
Among the OA risk SNPs identified in a large genome-wide meta-analysis of Icelandic
and UK knee OA patients was rs34195470, located in WWPZ gene and a proxy of our Al
SNP rs1052429 (r?=0.6) [2]. Recently, rs34195470 was confirmed being OA risk SNP in
the largest genome-wide meta-analysis so far, including individuals from 9 populations
[4]- Based on these data, we could make a firm hypothesis that WIWP2, with risk alleles
rs34195470-G and rs1052429-A, confers robust risk to human OA which is marked by
increased expression of WWP2. We also previously identified transcription of WWP2
in cartilage being epigenetically regulated [8], as well as being responsive in the OA
pathophysiological process [9]. Moreover, WWP2 was previously shown to be a marker
for hypertrophic chondrocytes in OA knee joints [10].

WWP2 is a member of the Nedd4 superfamily, a small group within the E3 ubiquitin
ligase enzymes and is involved in post-translational modifications. The WWP2 protein
contains four double tryptophan (WW) domains, which allow specific protein-protein
interactions and it is expressed in multiple organs throughout the body [11]. More
specifically to cartilage, Nakamura et al. [12] showed that WWP2 interacts with SOX9
to form a complex that facilitates nuclear translocation of SOX9, as such enabling
SOX9 transcriptional activity. Despite the association between the risk allele and
higher expression levels of WWP2 in human cartilage, the effect of WWP2 knockout
(KO) in mice with age-related and surgically induced models of OA showed that lack
of WWP2 expression resulted in increased expression of catabolic cartilage markers
RUNX2 and ADAMTS5 [13]. In a different context, WWP2 was found to be a host gene
for microRNA-140 (miR-140), a miRNA highly expressed in cartilage and shown to be
differentially expressed between preserved and lesioned OA cartilage [9]. As such, it
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was suggested that expression of miR-140 and the C-terminal transcript of WWP2
(WWP2-C, also called WIWPZ2 isoform 2) are co-regulated [14,15].

In the current study, we set out to explore how increased levels of WWP2, conferring
risk to OA, affect cartilage matrix. To get gain insight in the WWP2 pathway, we started
with exploring a WWP2 co-expression network in our previous whole-transcriptome
OA cartilage dataset [9]. Moreover, to study the effect of the genetic risk allele
(increased levels of WWPZ2), we functionally assessed the effect of lentiviral-mediated
upregulation of WWPZ2 in a 3D in vitro model using primary human chondrocytes. Apart
from conventional anabolic and catabolic cartilage markers, genes identified in the
WWP2 co-expression network were used as a read-out to evaluate the effect of WWP2
upregulation. Since WWP?2 is involved in post-translational modifications, we explored
the effect of WIWPZ2 upregulation on protein level by performing proteomic analysis.
Finally, we explored the effects of upregulation of miR-140 in primary chondrocytes by
transfection with miR-140 mimics.

Methods

Sample description

All material included in this study is obtained as part of the Research Arthritis and
Articular Cartilage (RAAK) study. The RAAK-study is aimed at biobanking of joint
materials of patients who underwent a total joint replacement surgery due to OA.
Classification of macroscopically preserved and lesioned OA cartilage was done as
described previously [16]. For all sample characteristics see Supplementary Table 1.
The RAAK-study is approved by the medical ethics committee of the Leiden University
Medical Center (P08.239/P19.013).

RNA-sequencing

Lesioned OA cartilage was collected from hip and knee joints (N=35 samples), snap
frozen in liquid nitrogen, pulverized and homogenized in TRIzol (Invitrogen), and
RNA was isolated using Qiagen RNeasy Mini Kit (Qiagen). Paired-end 2x100 bp RNA-
sequencing (Illumina HiSeq2000 and [llumina HiSeq4000) was performed. Data from
both Illumina platforms were integrated and analyzed with the same in-house pipeline.
Additional details are described in Supplementary methods.

Creating a co-expression network

We explored co-expression behavior of WWP2 with progression of OA by correlating
(Spearman correlation) WWP2 expression levels in our RNA sequencing dataset with
expression levels of all genes expressed in OA articular cartilage (N=20048 genes)
[9]. To correct for multiple testing, the Benjamini-Hochberg method was used, as
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indicated by the false discovery rate (FDR), with a significance cutoff value of 0.05. To
include the most informative genes a threshold of |p|>0.7 and FDR<0.05 were selected,
corresponding to approximately the top 1% of the total significant correlations.

Lentiviral transduction

The full length WWP2 plasmid was digested and inserted into the Xhol/Xbal sites of
the pLV-CMV-IRES-eGFP lentiviral backbone (kindly provided by Prof. Dr. Hoeben).
The pLV-CMV-IRES-eGFP lentiviral backbone without the WWP2 insert was used as a
control. Additional details are available in the Supplementary methods.

In vitro 3D pellet cultures

3D pellet cultures were formed by adding 2.5x105 cells in their expansion medium to
a 15 ml Falcon tube and subsequently expose them to centrifugal forces (1200 rpm,
4 minutes). Chondrogenesis was initiated in serum-free chondrogenic differentiation
medium. Additional details are available in the Supplementary methods.

RT-qPCR

RNA was isolated from the samples using the RNeasy Mini Kit (Qiagen). cDNA synthesis
was performed using the First Strand cDNA Synthesis Kit (Roche Applied Science).
Subsequently, RT-qPCR was performed adjusting for housekeeping genes GAPDH and
SDHA. Additional details are available in the Supplementary methods.

Quantitative Proteomics Using TMT Labeling

Lysis, digestion, TMT labeling and mass spectrometry analysis was essentially
performed as described previously [8]. All searches and subsequent data analysis,
including Percolator and abundance ratio calculation, were performed using
Proteome Discoverer 2.4 (Thermo Scientific). Additional details are available in the
Supplementary methods.

Histochemistry

Sections of the 3D chondrocyte pellet culutes were stained for glycosaminoglycan
(GAG) deposition using the Alcian Blue staining. The staining was quantified using Fiji.
Additional details are available in Supplementary methods.

Transfection with miR-140 mimics

Primary chondrocytes were transfected with hsa-miR-3p mimic (Invitrogen) or a
control mimic at 5 nM final concentration using Opti-MEM (Gibco) and Lipofectamine
RNAiMax Transfection reagent (Invitrogen) according to manufacturer’s protocol.
Additional details are available in Supplementary methods.
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An overview of the applied strategy can be seen in Figure 1. The RNA sequencing data
of the articular cartilage is deposited at ArrayExpress (E-MTAB-7313). Further data
generated and used in this study is not openly available due to reasons of sensitivity
and are available from the corresponding author upon reasonable request.

Results

Co-expression network of WWP2

To identify genes that are regulated by, or co-expressed with, WIWPZ in OA cartilage, we
used RNA sequencing data of lesioned OA cartilage (N=35 samples, Supplementary
Table 1A) to perform Spearman correlation between expression levels of WWP2
and genes expressed in cartilage (N=20048 genes, Supplementary Table 2, Figure
1A). We identified 98 genes highly correlating (|p|>0.7) to WWPZ2. These 98 genes
were significantly enriched for, amongst others, GO-terms Extracellular exosome
(GO:0070062, 36 genes), characterized by expression of GJA1 (encoding gap junction
alpha 1), SMO (encoding smoothened frizzled class receptor), and WDR1 (encoding
WD repeat domain 1), and Myelin sheath (G0O:0043209, 10 genes), characterized by
expression of WDR1, RALA (encoding RAS like proto-oncogene A), and CCT5 (encoding
chaperonin containing TCP1 subunit 5) (Supplementary Table 3). As shown in
Supplementary Figure 1, genes highly correlating to WIWP2 (N=98) formed a highly
interconnected network, i.e. genes that are all highly correlating with each other. In this
network we identified direct and indirect relations with WWP2, including GJA1 (p=-0.81,
70 connections, i.e. highly correlating to 70 genes in the network), WNK4 (encoding WNK
lysine deficient protein kinase 4, p=0.81, 37 connections), ACAN (encoding aggrecan,
p=0.78, 16 connections), and STCZ (encoding stanniocalcin 2, p=0.77, 17 connections).

Lentiviral particle-mediated upregulation of WWPZ2

The effect of upregulation of WWPZ2 was studied on cartilaginous matrix deposition
in in vitro 3D chondrocyte pellet cultures, by creating a lentiviral particle mediated
upregulation of WWP2. 3D pellet cultures were harvested after three or seven days
of culturing and gene (N=16 pellet cultures of N=8 donors) and protein (N=16 pellet
cultures of N=4 donors) expression levels were measured (Supplementary Table 1B).
First, we confirmed whether WWPZ2 upregulation was successful by measuring both
gene and protein expression levels at day zero of the 3D chondrocyte pellet culture,
and we observed a significant increase in WWP2 gene expression levels (P=1.0x107,
Supplementary Figure 2A and supplementary Figure 2B), which was confirmed on
protein level (P=3.2x10¢, Supplementary Figure 2C).

Effect of WWP2 upregulation on cartilage matrix deposition
Next, we evaluated effect of WIWP2 upregulation on expression levels of conventional

176



WWPZ upregulation shows detrimental effects on cartilage matrix

1$8}} pailed

sisAjeue uoissaidxa U9 G [ HAM PUE BUNM ‘LYID ‘TOLS 040D ey

sunoy g 404 8iNNd gz #
1 sauab ge=N
abe|iues Yo pauolsa) ul
sauab payuapl Jiomau uoissaldxa-00

4

€S 9qeL
J

so|dwes /=N
JlWiw-0 L YIW-BSY Yiim uonosjsuel |

]
(S0'0>4ad ‘2 0<I9])
sauab pajeja.liod Alybiy 1oj uonosjes

SNjels YO Joj uonesyens

t

ZS 9lqel

1
souab 8002=N
gobejies ul pessaidxe seush

pue sjeAd] UoIssa.dxa ZdMM UOLES.LI0D

1
so|dwes paied Ge=N
abejes vo
pauoisa| pue paasasald jo ejep bas-yNY

189} paued

sisAjeue uoissaidxe auag)

t

soljeJ aouepuUNqY 159)-) palled

siskjeue ojwoajoid AnsiwayoolsiH

jurodawiy Jad syejjad g-p=N |L

/ Aep pue ‘g Aep ‘0 Aep je jsanier
1

sany|n2 Jajjad a8)ko01puoyd g

)

uoisuedxe gz
1

so|dwes /=N
sa)Aooipuoyd Aewnd ul zdmm
1O UOISSBIdX3IaA0 PajeIpaw-BlIANUST

‘A331e13s paijdde Jo ma1AI2A0 d}RWAYDS - T 3INSI]

177



Chapter 6

SOX9 FN1

-ACT values
) =)
1 1
S
*x
2
ACT values
&
1
-ACT values
o o
1 1
Af /N\ :[a

ACT values
N
1
(%)
Q
'Y
-

-4 ' .8 % 4

T T T T T T
Control WWP2 Control WWP2 Control WWP2

T T
Control WWP2
EPAS1 POSTN RUNX2 ADAMTSS
*k ns ns ns
29— — -4+ — 47—
] %ﬁt 5
[’} o [ o 7
£+ E - 3
g g g ~_ I
I = = =
13 /' Q 47 o 13
2 -4 2 = -8 2 —
: v — 7] - -
*———o
-5 T T 2 T T -10 T T -8 T T
Control WWP2 Control WWP2 Control WWP2 Control WWP2
Control _ : WWP2 Alcian Blue
,—v'v Y # g 1.5_ ns
LTS 2
[}
c
Q
_‘é 1.0
°
X
a
$ 0.5+ —
&
T
—_
0.0-

Control WWP2

Figure 2 - mRNA expression levels of cartilage matrix markers (A) and cartilage degeneration
markers (B) for pellets with WWP2 upregulation and their controls at day 7 (N=11-12 pellet cultures,
N=7 donors). (C) Alcian Blue staining visualizing GAGs deposition in WWP2 overexpressed pellets and
their controls after 7 days of culturing (N= 26 pellet cultures, N=8 donors).

The scale bar indicates 50 um. Ns: not significant. *P<0.05, ** P<0.005 upon performing a Paired sample t-test.

cartilage genes during 3D pellet culture of seven days (Figure 1B). As shown in
Figure 2A, we found significant reduced gene expression of ACAN (FC=0.80, P=0.04)
and COL2A1 (encoding collagen type 2 alpha chain 1, FC=0.77, P=0.01), in WWPZ2
upregulated pellets compared to their controls at day seven (Supplementary Table 4).
Moreover, we showed significant increased gene expression of degeneration markers
EPAS1 (encoding endothelial PAS domain protein 1, FC=1.56, P=0.004) (Figure 2B).
Notably, SOX9, ADAMTS5, and RUNX2, which were previously linked to WWP2 function,
were not consistently changed upon WWP2 upregulation. Moreover, we stained 3D
pellet cultures for presence of glycosaminoglycans (GAGs) using Alcian Blue staining,
and observed a trend towards decreased Alcian Blue intensity when comparing WWP2
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upregulated pellets with controls (Figure 2C).

Effect of WWPZ2 upregulation on genes correlated to WWP2

To investigate functional relationships between WWP2 and identified correlating and
highly interconnected genes, we selected GDF10 (encoding growth differentiation
factor 10, p=0.72, 18 connections), STC2 (p=0.77, 17 connections), GJA1 (p=-0.81, 70
connections), WDR1 (encoding WD repeat-containing protein 1, p=-0.70, 5 connections),
and WNK4 (p=0.81, 37 connections) from the network (Supplementary Figure 1) to use
as read-out of WWP2 upregulation in 3D chondrocyte pellet cultures (Figure 1B).
As shown in Figure 3, we observed significant decreased gene expression of GDF10
(FC=0.62, P=0.002) and STC2 (FC=0.73, P=0.04) with upregulation of WIWP2. Albeit not
significant, gene expression of GJA1 (FC=0.76, P=0.08) was also consistently lower in
WWP2 upregulated pellets. Together, these data suggest that GDF10, STC2, and GJA1 are
downstream of WWPZ either by direct or indirect activity. In contrast, WNK4 and WDR1
did not show consistent changes in expression with upregulation of WWP2, suggesting
WNK4 and WDR1 are rather upstream in the pathway of WIWPZ2.

GDF10 STC2 GJA1 WNK4 WDR1
0 [l 1 — 2 — 4 — A —
1 —, 0 \: s
g § g \ g . g .é g,
32 2 2 2 2
[} [} [} [} [}
S \ S 1 S > 10 >
G 3 5 5 5 5
3 3 3o 3 12 >< 3
2
-4 \ -14
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Gontrol WWP2 Gontrol WWP2 Gontrol WWP2 Gontrol WWP2 Gontrol WWP2

Figure 3 - mRNA expression levels of genes correlating with WWP2 in WWP2 upregulated 3D
chondrocyte pellet cultures compared to their controls after 7 days of culturing (N=6-12 pellet
cultures, N=7 donors).

Ns: not significant, * P<0.05, ** P<0.05 upon performing a Paired sample t-test.

Proteomics

To study the extent to which gene expression levels translate to protein levels, we
performed proteomics analysis. Prior to differential expression analysis of pellet
cultures with and without WWP2 upregulation, we explored protein expression levels
of cartilage markers in our control pellet cultures at day three and day seven of 3D
pellet culture. Upon comparing day three and day seven with day zero of control pellets,
we observed increased protein expression of cartilage markers COL2A1 (FC=2.68 and
FC=32.94, respectively), ACAN (FC=5.28 and FC=13.75, respectively), COMP (cartilage
oligomeric matrix protein, FC=5.31 and FC=20.25, respectively), and FN1 (fibronectin,
FC=2.12 and FC=3.51, respectively) (Supplementary Table 5, Supplementary Figure
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3). Moreover, mesenchymal markers CD44 (FC=0.83 and FC=0.46, respectively) and
CD166 (FC=0.79 and FC=0.62, respectively) and IGFBP3 (insulin growth factor binding
protein 3, FC=0.10 and FC=0.10, respectively) were downregulated on both days.
Together, this indicates that cartilage-like matrix is produced by chondrocytes already
at day three, but is increasing towards day seven. Notably, SOX9 was not detected in the
proteomics analysis.

- GJA1 .
- CRYGS
+ UBE2E1

- WWP2

TMED2

Log2 Ratio

Figure 4 - Results of proteomics comparing WWP2 transduced 3D pellet cultures and their controls.
(A) Volcano plot of proteins differentially expressed between WWP2 transduced 3D pellet cultures and
their controls at day three and day seven together (N=16 pellets, N=4 donors). The red dots indicate the
significantly differentially expressed proteins. (B) Protein-protein interaction network in STRING.

Next, we evaluated the effect of WWP2 upregulation on cartilage matrix deposition on
protein level (Figure 1B). Since we observed increased protein expression of cartilage
markers in control pellet cultures already on day three (Supplementary Figure 3A), we
pooled day three and day seven for further analysis to increase power. Upon comparing
pellet cultures with and without WWP2 upregulation, we found WWP2 still being
significantly upregulated after three and seven days of culturing. Furthermore, we found
4?2 proteins significantly differentially expressed (Figure 4A, Supplementary Table 6),
of which GJA1 (FC=0.54) was most significantly downregulated in WWP2 upregulated
pellet cultures, confirming the downregulation observed on gene expression level
(FC=0.76). Oppositely, the observed changes in ACAN, COL2A1, FN1, and POSTN gene
expression levels were not confirmed on protein level. Proteins encoded by SOX9, EPAS1,
RUNX2, and ADAMTS5 were either not identified or did not show unique peptides.
Upon performing enrichment analysis on the 42 differentially expressed proteins, we
found significant enrichment for ubiquitin conjugating enzyme activity (5 proteins,
FDR=0.002) and ubiquitin-protein transferase activity (6 proteins, FDR=0.03), both
terms characterized by expression of, amongst others, UBE2D4, UBE2L3, and UBE2D1.
Furthermore, these 42 proteins showed significant protein-protein interactions
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(P=0.02, Figure 4B), also representing ubiquitin conjugating enzyme activity.

miR-140-3p and WWP2

Since it has been suggested that WWP2 and miR-140 are co-expressed [14 ,15], we
transfected primary chondrocytes with miR-140-3p mimics, to assess whether this
miRNA regulates WWP2 expression or similar genes as involved in the WWP2 co-
expression network (N=7, Supplementary Table 1B, Figure 1C). To investigate
whether miR-140-3p regulates WIWP2, we first evaluated the effects of miR-140-3p
mimic on expression levels of WWP2 full length and WWPZ2 splice variants isoform 2,
isoform 4, and isoform 6 (Supplementary Figure 4). MiR-140 is suggested to be co-
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Figure 5 - mRNA expression levels upon transfection with miR-140-3p.
(A) expression levels of WWP2 and its isoforms. (B) Expression levels of genes correlated to WWP2 (N=8
wells, N=4 donors). Ns: not significant, * p<0.05, ** p<0.005 upon performing a Paired sample t-test.
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expressed with splice variant WWP2 isoform 2, also called WWP2-C, as they share the
promotor [15]. Isoform 4 is also known as WWPZ2-N and is a transcript that does not
contain miR-140 (Supplementary Figure 4). As shown in Figure 5A, we observed
significant increased expression levels of WWPZ2 (FC=1.22, P=0.02) with upregulation of
miR-140-3p. Moreover, we observed consistent increased expression of WWPZ isoform
6 (FC=1.29, P=0.06), while significant decreased expression of isoform 4 (FC=0.63,
P=0.02) (Supplementary Table 7). Notably, we did not see effect on expression levels
of WWPZ2 isoform 2, also called WWPZ2-C. With respect to highly correlated genes, we
observed increased expression of WDRI (FC=1.79, P=1.00x103), one of the genes
that was not consistently changed with WWP2 upregulation (Figure 5B). Albeit not
significant, we observed an increased expression of STC2 (FC=1.55, P=0.08), which is
also contradictory to the effects of WWP2 upregulation. Moreover, we did not observe
consistent effects on GJA1 expression levels.

Discussion

By combining a genome-wide screen for cartilage specific allelicimbalance [7] and large
scale GWAS [2,4], we hypothesized that upregulated expression of WWPZ2 confers robust
risk to OA. Here, we set out to functionally investigate the role of WWPZ in cartilage by
exploring the WWP2 co-expression network in a previously assessed RNA sequencing
dataset [9]. Moreover, lentiviral-mediated upregulation of WWPZ2 was shown to have
detrimental effects on cartilage matrix deposition, as shown by downregulation of
COL2A1 and ACAN and upregulation of EPAS1. Apart from conventional anabolic and
catabolic cartilage markers, genes identified in the WWPZ2 co-expression network
were used as read-out, showing GDF10, STC2, and GJA1 being responsive to WWP2
upregulation. Furthermore, to explore effects of miR-140-3p, that was suggested to
be co-regulated with WWPZ, we transfected primary chondrocytes with miR-140-3p
mimics.

Based on Al expression of the OA risk SNP rs1052429, we hypothesized that WWP2
confers risk to OA onset by upregulated expression, whereas WWP2 exhibited FDR
significantly lower expression in lesioned compared to preserved cartilage (FC=0.78,
FDR=5.3x10), together suggesting that lower expression levels of WIWPZ2 in lesioned
OA cartilage are rather an attempt of chondrocytes to reverse the OA state than a cause
to the OA process [23 ,24]. Concomitantly, co-expression network analyses showed 98
highly and significantly (|p|>0.7, FDR<0.05) correlating genes to WWPZ, including GJA1
(p=-0.81), WNK4 (p=0.81), ACAN (p=0.78), and STC2 (p=0.77) (Supplementary Table
2). Previously, it was shown that WWP2 interacts with SOX9 and that it regulates SOX9
transcriptional activity [12]. Although SOX9 is highly expressed in cartilage, SOX9 was
not among the high and significant correlations (p=0.5). On the other hand, SOX9 was
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previously shown to regulate the expression of, amongst others ACAN [25 ,26], which
was here shown to be highly correlated to WWPZ2 (p=0.78).

Upon studying the effect of upregulation of WIWP2, we found EPAS1 and GDF10 being
genes that had most consistent and significant changed levels of gene expression.
EPAS1, encoding hypoxia-inducible factor 2 alpha, is known for its role in endochondral
ossification and is a known cartilage degradation marker in OA [27 ,28]. GDF10,
also known as bone morphogenic protein 3, is involved in osteogenesis as it inhibits
osteoblast differentiation viaSMADZ2 and SMAD3 [24,29]. The latter also being previously
identified as OA susceptibility gene [2]. Furthermore, lower expression level of GDF10
was associated with OA severity in both bone and cartilage [30]. Interestingly, GDF10
was shown to be a hypoxia inducible gene, like EPAS1, which is regulated by SOX9 and
was identified as marker for differentiated chondrocytes as it inhibits adipogenesis and
osteogenesis [31]. Both EPAS1 and GDF10 were not in the proteomics analysis, either
because they were not measured (EPAS1) or they did not show unique peptides (GDF10).
Additionally, we observed a decrease in STC2 and GJA1 expression. Downregulation of
GJA1 did not reach statistical significance on gene expression level, while on protein
level GJA1 was the most significantly downregulated protein. STC2 is a glycoprotein and
upregulation of STCZ in mice has been shown to delay endochondral ossification [32,33].
Moreover, it was shown that STCZ was higher expressed in healthy cartilage compared to
osteophytic cartilage [34], suggesting its potential role in initiation and progression of
OA in presence of higher WWP2 expression. GJA1, also known as connexin 43, is a major
protein of functional gap junctions which allows for cell-cell communication. More
specific to cartilage, connexin 43 is essential in mechanotransduction [35]. Alterations
in connexin 43 expression and localization affects this cell-cell communication, by
which homeostasis to maintain cartilage tissue gets disturbed [36]. Notably, like EPAS1
and GDF10, the function of connexin 43 is regulated by oxygen levels [37]. Upregulation
of EPAS1 and downregulation of GDF10, STC2 and GJA1 suggests that increased level of
WWP2 has detrimental effects on cartilage matrix deposition, which acts via hypoxia
associated chondrocyte dedifferentiation. This is in line with decreased gene expression
levels of COL2A1 and ACAN, two major cartilage markers.

To evaluate the effects of WWP2 upregulation on cartilage matrix deposition on protein
level, we performed proteomics analysis. We did confirm upregulation of WWP2 on
day zero, which was still present at day three and seven (Figure 4, Supplementary
Figure 2,). Moreover, we found 42 significantly differentially expressed proteins
upon comparing pellet cultures with and without WWP2 upregulation, of which GJA1
was most significantly differentially expressed and showing the highest fold change
(FC=0.49). We were not able to confirm differences we observed in gene expression
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levels of COL2A1,ACAN,FN1, and POSTN on protein level (Supplementary Table 6),
which might be due to the relatively low sample size (N=4 donors) or due to suboptimal
timepoint chosen to evaluate the effect of WWP2 on either gene or protein expression
level. Since WWP2 is a E3 ubiquitin ligase and the differentially expressed proteins
were significantly enriched for ubiquitin conjugating enzyme activity and ubiquitin-
protein transferase activity, upregulation of WWP2 could also affect proteins cellular
location, activity, and protein-protein interactions without changing expression levels
itself, which is not captured by our read-outs. Moreover, it should be noted that the here
observed fold differences were relatively low and additional validation and replication
are necessary.

Since it has been suggested that miR-140 is co-expressed with WWP2-C [14], WWP2
isoform 2, we generated upregulation of miR-140 in 2D primary chondrocytes to
explore whether WWPZ2 and miR-140 are involved in similar pathways. In the miR-
140 upregulated cells, we observed significant increased expression levels of WIWP2,
indicatingmiR-140 indeed targets WIWP2. Nonetheless, given the predicted WIWPZ2 target
site of miR-140 (3'UTR of WWPZ2 isoform 6 [38]) and the absence of SNPs in this region
in linkage disequilibrium with the OA risk SNP rs1052429, the genetic WWP2 risk nor
the allelic imbalance is brought about via an aberrant miR-140 binding to WWP2. The
fact that we did not observe consistent changes in expression levels of WIWP2 isoform
2, suggests that WWPZ2 isoform 2 and miR-140 indeed share the intron 10 (WWPZ full
length) promotor as hypothesized previously by Rice at al. [15]. Additional research
is required to fully understand the role of miR-140 in the WWPZ2 pathway and in OA
pathophysiology in general.

Although lower expression of WIWP2 was observed in lesioned compared to preserved
cartilage in our previous study [9], genetic evidence suggests that higher expression
of WWP2 predisposes to development of OA, indicating that downregulation in OA
pathophysiology is merely a response to the pathophysiological process and a beneficial
attemptofchondrocytes toreverse the OA state [7]. The latter shows that genesidentified
being differentially expressed between preserved and lesioned OA articular cartilage
are a response to the OA pathophysiological process and not necessarily causal to the
OA pathophysiological process. To identify genes causal to OA, genetic studies have to
be performed. To our surprise, Styrkarsdottir et al. [2] reported on WWP2 expression in
adipose tissue as function of SNP rs4985453-G, a proxy of their identified OA risk allele
rs34195470-G (R*=0.79) and our Al SNP rs1052429-A (R?=0.77), highlighting the OA
risk allele being associated with lower expression levels of WIWPZ2. Upon investigating
the GTEx eQTL data of WWPZ2 with the highlighted SNPs [39], we found only data
showing consistently higher expression of WWPZ2 as function of OA risk alleles of the
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respective SNPs across multiple tissues (Supplementary Figure 5), underscoring the
aberrant effects observed here with WWPZ2 upregulation. Although Mokuda et al. [13]
showed thatlack of WWP2 expression in mice resulted in increased expression of RUNX2
and ADAMTSS5, we here did not observe consistent changes in expression of RUNX2 or
ADAMTSS5 upon upregulation of WIWP2 in our human chondrocyte pellet cultures and
culturing for seven days. This difference could be due to translational limitations from
mice to humans. Alternatively, we here create neocartilage, and the effect on RUNX2 and
ADAMTSS5 may be a temporal or time-dependent effect, which we do not observe at day
seven of culturing.

In conclusion, our data provide support to our hypothesis that high levels of WIWP2 have
detrimental effects on cartilage homeostasis. We identified EPAS1, GJA1, GDF10, and
STC2, all genes involved in chondrocyte dedifferentiation, to be involved in the WIWP2
pathway. Moreover, we showed that miR-140 is likely involved in similar pathways as
WWP2 and miR-140 might play a role in regulating WWP2 expression. Together these
data contribute to a better understanding of how WWP2 confers risk to OA and is a step
towards translation from bench to bedside.
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Supplementary files
Supplementary methods

RNA-sequencing

Lesioned OA cartilage was collected from macroscopically lesioned areas (based on color
of the articular cartilage, surface integrity, and depth of the cartilage upon sampling
with scalpel) of hip and knee joints and snap frozen in liquid nitrogen. Subsequently, the
cartilage was pulverized and homogenized in TRIzol reagent (Invitrogen) using mixer
mill 200 (Retsch). RNA was isolated from the articular cartilage using Qiagen RNeasy
Mini Kit (Qiagen, GmbH, Hilden, Germany). Paired-end 2x100 bp RNA-sequencing
(Illumina TruSeq RNA Library Prep Kit, Illumina HiSeq2000 and Illumina HiSeq4000)
was performed. Strand specific RNA-seq libraries were generated which yielded a mean
of 20 million reads per sample. Data from both Illumina platforms were integrated and
analyzed with the same in-house pipeline. RNA-seq reads were aligned using GSNAP [2]
against GRCh38 using default parameters. Read abundances per sample was estimated
using HTSeq count v0.11.1 [3]. Only uniquely mapping reads were used for estimating
expression. The quality of the raw reads for RNA-sequencing was checked using MultiQC
v1.7. [4]. To identify outliers, principal component analysis (PCA) was applied. The
DESeq?2 package [5] was used to normalize the RNA-seq data, as a variance-stabilizing
transformation was performed.

Lentiviral transduction

The full length WWP2 plasmid (NM_001270454.1) was ordered in pcDNA3.1 with Xhol/
Xbal cloning sites (Genscript Biotech). The plasmid was digested and inserted into the
Xhol/Xbal sites of the pLV-CMV-IRES-eGFP lentiviral backbone (kindly provided by
Prof. Dr. Hoeben, Dept. of Molecular Cell Biology, Leiden University Medical Center).
Lentiviral production was performed in HEK 293T cells, using Lenti-vpak Lentiviral
Packaging Kit (Origene Technologies, Inc.). The HEK 293T cells were expanded in DMEM
(high glucose; Gibco) supplemented with 10% fetal calf serum (FBS, Gibco) and 100 U/
ml penicillin and 100 ug/ml streptomycin (Gibco). The pLV-CMV-IRES-eGFP lentiviral
backbone without the WWP2 insert was used as a control. Primary chondrocytes were
isolated from the articular cartilage of human joints and expanded in DMEM (high
glucose; Gibco) supplemented with 10% FBS (Gibco), 100 U/ml penicillin and 100 ug/
ml streptomycin (Gibco), and 0.5 ng/ml FGF-2 (PeproTech), as described previously [7].
After expansion, the chondrocytes were seeded in a density of 3.5x105 cells per 10 cm
culture dish (passage 2) and left overnight. Then, the lentivirus was added in a MOI of 1
in addition of 15 ug/ml Polybrene (Sigma-Aldrich). After incubation of approximately 16
hours, the lentiviral solution was replaced by normal culture medium. The chondrocytes
were passaged and expanded afterwards.
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In vitro 3D pellet cultures

Primary chondrocytes were isolated from macroscopically preserved cartilage of OA
hip and knee joints by incubating the cartilage overnight in expansion medium (DMEM
(high glucose; Gibco), supplemented with 10% fetal bovine serum (FBS; Gibco), 100
U/ml penicillin and 100 ug/ml streptomycin (Gibco), 0.5 ng/ml FGF-2 (PeproTech))
in addition of 2 mg/ml collagenase type I. To remove undigested cartilage fragments,
the primary chondrocytes were then resuspended, filtered through a 100 um mesh and
plated in a culture dish with expansion medium. 3D pellet cultures were formed by
adding 2.5x105 cells in their expansion medium to a 15 ml Falcon tube and subsequently
expose them to centrifugal forces (1200 rpm, 4 minutes). After 24 hours, the expansion
medium was replaced by chondrogenic differentiation medium (DMEM (high glucose;
Gibco), supplemented with Ascorbic acid (50 pg/ml; Sigma-Aldrich), L-Proline (40 pg/
ml; Sigma-Aldrich), Sodium Puryvate (100 pg/ml; Sigma-Aldrich), Dexamethasone (0.1
uM; Sigma-Aldrich), ITS+, 100 U/ml penicillin and 100 ug/ml streptomycin (Gibco) and
TGF-B1 (10 ng/ml; PeproTech)), as described previously [7]. Medium was refreshed
every 3-4 days and the caps of the Falcon tubes were open for the first 7 days to allow
oxygen entering the tubes. The pellets were harvested at different timepoints; after 24
hours (day 0) and after 7 days. The harvested materials were lysed using RNABee (Bio-
connect) and stored at -800C until further processing.

RT-qPCR

RNA was isolated from the samples using the RNeasy Mini Kit (Qiagen). cDNA
synthesis was performed using the First Strand cDNA Synthesis Kit (Roche Applied
Science). Subsequently, RT-qPCR was performed with the Biomark™ 96.96 Dynamic
Arrays (Fluidigm) according to the manufacturer’s protocol. Additional RT-qPCR was
performed using SYBR Green without the ROX reference dye (Roche Applied Science)
and the QuantStudio 6 Real-Time PCR system (Applied Biosystems). In both methods,
GAPDH and SDHA were used as housekeeping genes. The measured gene expression
levels were corrected for the housekeeping genes GAPDH and SDHA, and the fold
changes were calculated using the 2-AACT method. All values were calculated relative to
the control groups. The paired sample t-test was used to calculate significance (P<0.05).

Quantitative Proteomics Using TMT Labeling

Lysis, digestion, TMT labeling and mass spectrometry analysis was essentially performed
as described [8]. In short, 3D pellet cultures were washed with PBS, extracted with 100
ul 5% SDS, 100 mM Tris HCl pH 7.6 each, sonicated twice for 10 min and incubated
for 20 min at 95°C. Insoluble material was removed by centrifugation for 2 minutes at
15,000 rpm in an Eppendorf centrifuge. Proteins were reduced, alkylated, subjected to
chloroform methanol precipitation and digested with trypsin as described earlier [8].
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Peptide concentration was determined by BCA Gold protein assay (Pierce) and 10ug of
the peptide was labeled using TMT10plex reagent (Thermo). Three separate TMT10 sets
were prepared with a common reference sample consisting of a mixture of all peptide
samples. TMT-labeled peptides were dissolved in 0.1% formic acid and subsequently
analyzed by online C18 nano-HPLC MS/MS with a system consisting of an Easy nLC
1200 gradient HPLC system (Thermo, Bremen, Germany), and an Orbitrap Fusion
LUMOS mass spectrometer in synchronous precursor selection (Thermo). For peptide
identification, MS/MS spectra were searched against the human database (20596
entries) using Mascot Version 2.2.07 (Matrix Science) with the following settings: 10
ppm and 0.6 Da deviation for precursor and fragment masses, respectively. Trypsin was
set as enzyme and two missed cleavages were allowed. Carbamidomethyl on cysteines
and TMTé6plex on Lys and N-term were set as fixed modifications. Variable modifications
were oxidation (on Met and Pro) and acetylation on the protein N-terminus. All searches
and subsequent data analysis, including Percolator and abundance ratio calculation,
were performed using Proteome Discoverer 2.4 (Thermo Scientific). Peptide-spectrum
matches were adjusted to a 1% FDR. Proteins were filtered on a minimal unique peptide
count of 2. Since the sample size was rather small and we did observe significant
increased expression of cartilage markers already at day three of pellet culture, we
pooled the data of day 3 and day 7 for further analysis.

Histochemistry

The 3D chondrocyte pellet cultures were fixed with 4% formaldehyde and subsequently
embedded in paraffin. The sections were stained for glycosaminoglycan (GAG) deposition
using the Alcian Blue staining. The staining was quantified by loading the images in
Fiji and splitting the color channels. Subsequently, the grey values were measured and
corrected for the grey value of the background and for the number of cells present. The
paired sample t-test was again used to calculate significance.

Transfection with miR-140 mimics

Primary chondrocytes were passaged in a concentration of 4.0x104 cells per well.
After 24 hours, the cells were transfected with hsa-miR-140-3p mimic (Invitrogen) or a
control mimic at 5 nM final concentration using Opti-MEM (Gibco) and Lipofectamine
RNAiMax Transfection reagent (Invitrogen) according to manufacturer’s protocol.
These miRNA mimics are chemically modified double-stranded RNA molecules that
mimic endogenous miRNAs, in this case miR-140-3p. The control mimic consists of a
random miRNA sequence that does not have an effect in human tissues. Approximately
16 hours after transfection, the cells were lysed using TRizol (Thermo Fisher Scientific)
for RNA isolation and stored at -800C until further processing.
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Supplementary Figure 1 - Interconnected network of genes highly correlating (|p|>0.7, FDR<0.05) to
WWP2 in lesioned OA articular cartilage.

The positive correlations are shown in green and the negative correlations are shown in orange. The size of
the nodes in the network indicate the number of connections.
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Supplementary Figure 2 - Overexpression of WWP2.
(A) Monolayer of chondrocytes 3 days after transduction. (B) -ACT values of WWP2 overexpressed pellets

and their controls at day 0 of the 3D pellet culture. (C) Volcano plot of proteomics analysis at day 0 showing

WWP2 being upregulated.
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Supplementary Figure 3 - Volcano plot of proteins differentially expressed between day three and day
zero (A) and day seven and day zero (B) of pellet culture in the control pellets (N=16 pellet cultures,

N=4 donors)
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Supplementary Figure 4 - Overview of WWP2 transcripts as shown by UCSC genome browser.
WWP2 isoform 2, also called WWP2-C, is suggested to be co-expressed with miR-140, while WWP2 isoform 4,
also called WWP2-N, does not contain miR-140.
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Supplementary Figure 5 - GTEx violin plots of WWP2 expression as function of the three OA
susceptibility alleles.
In all three cases, the OA risk allele is associated to higher expression levels of WWP2 across multiple tissues.
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Supplementary tables

Supplementary Table 1 - Baseline characteristics of material included in the current study

Supplementary Table 1A - Sample characteristics of RNA-seq data for correlation

RNA-seq data (N=35)

Participants 35

Age (SD) 68,6 (9,0)
BMI (SD)* 28,3 (3,4)
Knees (Hips) 28 (7)
Females (Males) 27 (7)

* Available for 21 out of 35
patients.

Supplementary Table 1B - Sample characteristics of functional experiments

Lentiviral particle mediated Lentiviral particle Transfection
overexpression of WWP2 mediated overexpression miR-140
(Gene expression, N=8) of WWP2 (proteomics, N=4) (N=7)
Age (SD) 71.1(9.2) 75.5 (11.6) 71.6 (9.8)
Knees (Hips) 8(0) 4(0) 7 (0)
Females (Males) 5(3) 2(2) 5(2)
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Supplementary Table 2 (partially) - Spearman correlations between expression levels of WWP2 and
genes expressed in articular cartilage (N=20048 genes) in lesioned OA cartilage samples.

The top 50 highest absolute correlations are shown here, the rest of the table can be found in the online
supplement: https://doi.org/10.1016/j.joca.2022.09.009

Ensembl ID Gene Name p P-value FDR

ENSG00000256321 = AC087235.2 | 0.84 3.26E-10 6.54E-06
ENSG00000152661 = GJAl -0.81 2.93E-09 2.93E-05
ENSG00000126562 = WNK4 0.81 4.56E-09 3.04E-05
ENSG00000196715 & VKORCIL1 -0.80 6.71E-09 3.36E-05
ENSG00000100744 | GSKIP -0.79 1.59E-08 5.64E-05
ENSG00000138107 | ACTR1A -0.79 1.75E-08 5.64E-05
ENSG00000269113 = TRABD2B 0.79 1.97E-08 5.64E-05
ENSG00000112208 | BAG2 -0.79 2.30E-08 5.76E-05
ENSG00000128602 | SMO 0.78 2.89E-08 6.44E-05
ENSG00000112742 | TTK -0.78 4.36E-08 8.58E-05
ENSG00000182481 = KPNA2 -0.77 4.95E-08 8.58E-05
ENSG00000089775 | ZBTB25 0.77 5.13E-08 8.58E-05
ENSG00000113739 | STC2 0.77 6.96E-08 1.01E-04
ENSG00000154767 | XPC 0.77 7.08E-08 1.01E-04
ENSG00000150753 | CCT5 -0.76 9.05E-08 1.19E-04
ENSG00000157766 | ACAN 0.76 9.53E-08 1.19E-04

ENSG00000257337 = AC068888.1 0.76 1.08E-07 1.22E-04

ENSG00000174013 | FBX045 -0.76 1.09E-07 1.22E-04
ENSG00000131747  TOP2A -0.76 1.21E-07 1.24E-04
ENSG00000164626 | KCNK5 0.76 1.30E-07 1.24E-04

ENSG00000256995 | AC084816.1 0.76 1.30E-07 1.24E-04

ENSG00000141527 | CARD14 0.76 1.36E-07 1.24E-04
ENSG00000111450 | STX2 -0.75 1.66E-07 1.45E-04
ENSG00000131236 | CAP1 -0.75 1.90E-07 1.52E-04
ENSG00000167037 = SGSM1 0.75 1.90E-07 1.52E-04
ENSG00000147010 = SH3KBP1 -0.75 2.13E-07 1.59E-04
ENSG00000158710 = TAGLN2 -0.75 2.27E-07 1.59E-04

ENSG00000226696 @ LENGS8-AS1 0.75 2.27E-07 1.59E-04

ENSG00000056558 | TRAF1 0.75 2.31E-07 1.59E-04
ENSG00000166226 @ CCT2 -0.75 2.58E-07 1.70E-04
ENSG00000136457 | CHAD 0.75 2.75E-07 1.70E-04
ENSG00000170312 | CDK1 -0.75 2.75E-07 1.70E-04
ENSG00000183726 = TMEM50A -0.74 2.88E-07 1.70E-04
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Ensembl ID Gene Name p P-value FDR

ENSG00000091317 | CMTM6 -0.74 2.93E-07 1.70E-04
ENSG00000124209  RAB22A -0.74 2.97E-07 1.70E-04
ENSG00000136108 = CKAP2 -0.74 3.22E-07 1.72E-04
ENSG00000172349 | IL16 0.74 3.22E-07 1.72E-04
ENSG00000150687 | PRSS23 -0.74 3.27E-07 1.72E-04
ENSG00000148672 | GLUD1 -0.74 3.59E-07 1.85E-04
ENSG00000184009 | ACTG1 -0.74 3.76E-07 1.88E-04
ENSG00000186350 = RXRA 0.74 3.88E-07 1.90E-04
ENSG00000132849 | PAT] 0.74 4.06E-07 1.94E-04
ENSG00000276791 | AC092117.1 0.74 4.45E-07 2.01E-04
ENSG00000104660 = LEPROTL1 -0.74 4.52E-07 2.01E-04
ENSG00000116741 | RGS2 -0.74 4.52E-07 2.01E-04
ENSG00000224963 @ U82695.1 0.74 4.66E-07 2.03E-04
ENSG00000144908 @ ALDH1L1 0.74 4.95E-07 2.07E-04
ENSG00000167552 | TUBA1A -0.74 4.95E-07 2.07E-04
ENSG00000006451 = RALA -0.73 5.50E-07 2.25E-04
ENSG00000163466 | ARPC2 -0.73 6.48E-07 2.60E-04
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Supplementary Table 4 - Gene expression level differences upon upregulation of WWP2.

Category Gene Fold change P-value
Cartilage markers COL2A1 0.6 1.05E-02
ACAN 0.8 3.45E-02
SO0X9 0.77 1.84E-01
FN1 0.93 8.22E-01
Cartilage degeneration markers EPAS1 1.56 4.19E-03
POSTN 1.25 1.12E-01
RUNX2 0.8 8.70E-02
ADAMTS5 1.15 2.57E-01
Genes correlating to WWP2 GDF10 0.62 2.21E-03
STC2 0.73 3.63E-02
GJA1 0.76 8.28E-02
WNK4 2.61 2.52E-01
WDR1 0.98 5.36E-01

198



WWP2 upregulation shows detrimental effects on cartilage matrix

Supplementary Table 5 (partially) - Differential protein expression on day three and day seven relative
to day zero of pellet culture in our 3D chondrocyte pellet cultures.
The top 50 proteins with highest abundance ratio da7/day0 are shown here, the rest of the table can be found
in the online supplement: https://doi.org/10.1016/j.joca.2022.09.009

Abundance Abundance

# Unique Ratio: Ratio:
Accession Name # Peptides Peptides day3/day0 day7/day0
P27658 COL8A1 6 6 13.27 40.19
P02458 COL2A1 67 61 2.68 32.94
P22914 CRYGS 9 9 12.54 31.15
P02461 COL3A1 109 108 11.89 27.14
Q06828 FMOD 8 8 7.68 25.00
Q02388 COL7A1 7 7 6.74 23.52
P02452 COL1A1 109 105 7.03 2297
P49747 COMP 21 21 5.31 20.25
Q07507 DPT 5 5 6.86 16.10
P08123 COL1A2 94 93 4.99 14.41
P16112 ACAN 43 43 5.28 13.75
Q15063 POSTN 39 39 431 12.43
000339 MATN2 22 22 5.10 11.95
P12107 COL11A1 35 28 3.11 10.84
Q15782 CHI3L2 9 9 9.03 10.04
P51888 PRELP 12 12 4.07 9.67
P55001 MFAP2 4 4 5.28 9.44
P05090 APOD 7 7 5.83 9.43
P21810 BGN 12 11 3.73 9.34
Q8IUX7 AEBP1 38 37 3.90 8.02
P05997 COL5A2 50 48 3.61 7.87
P13611 VCAN 27 27 2.80 7.65
P20908 COL5A1 37 30 3.23 6.27
P07996 THBS1 34 33 3.19 6.06
P24821 TNC 106 106 3.45 5.86
P14555 PLA2G2A | 4 4 1.90 5.79
Q07092 COL16A1 17 17 2.71 5.78
Q5JTB6 PLAC9 4 4 454 5.75
Q16790 CA9 6 6 4.47 5.54
Q8TF66 LRRC15 7 7 1.26 4.89
P10915 HAPLN1 15 15 2.86 4.39
P35555 FBN1 101 95 2.79 4.38
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Abundance Abundance
# Unique Ratio: Ratio:
Accession Name # Peptides Peptides day3/day0 day7/day0
P02462 COL4A1 9 9 3.42 4.29
Q15582 TGFBI 33 33 3.30 417
Q6UX71 PLXDC2 7 7 2.61 4.16
P09486 SPARC 12 12 1.93 4.06
Q9Y6C2 EMILIN1 38 38 3.09 3.88
Q92954 PRG4 57 57 1.67 3.71
Q15113 PCOLCE 16 16 2.55 3.69
Q92743 HTRA1 10 10 2.69 3.53
P02751 FN1 98 98 2.12 3.51
P02795 MT2A 4 1 1.90 3.49
Q658P3 STEAP3 7 7 2.36 3.38
P35556 FBN2 17 11 3.00 3.34
Q14112 NID2 33 32 2.94 3.32
P02792 FTL 10 10 3.43 3.31
P12111 COL6A3 165 165 2.53 3.10
Q76M96 CCDC80 13 13 1.59 3.04
Q13451 FKBP5 21 20 2.77 3.02
Q14767 LTBP2 23 23 1.29 2.99
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Supplementary Table 6 (partially) - Differential protein expression between chondrocyte pellet
cultures with and without upregulation of WWP2.

The top 50 proteins with highest abundance ratio WWP2/control are shown here, the rest of the table can be
found in the online supplement: https://doi.org/10.1016/j.joca.2022.09.009

Abundance
# Unique Ratio:
Accession Name # Peptides Peptides WWP2/control
000308 WWP2 31 28 10.10
P09914 IFIT1 2 1 1.89
P26022 PTX3 2 2 1.78
Q16832 DDR2 2 2 1.53
Q96LR5 UBE2E2 4 2 1.52
P33897 ABCD1 2 2 1.52
P51965 UBE2E1 3 1 1.44
P28300 LOX 3 3 1.43
Q96B36 AKT1S1 2 2 1.38
Q9P2K8 EIF2AK4 3 3 1.37
Q969T4 UBE2E3 3 1 1.36
Q9UBX5 FBLN5S 5 5 1.33
P54652 HSPA2 27 14 1.32
Q01780 EX0SC10 2 2 1.32
P21741 MDK 3 3 1.31
Q96GY0 ZC2HC1A 2 2 1.31
Q9Y4K4 MAP4K5 2 2 1.31
Q92541 RTF1 3 3 1.30
P05161 ISG15 3 3 1.30
P47974 ZFP36L2 2 1 1.30
P25205 MCM3 2 2 1.30
P61077 UBE2D3 3 2 1.30
P62837 UBE2D2 3 2 1.30
Q9Y4F5 CEP170B 2 2 1.30
Q13613 MTMR1 3 3 1.30
Q9H7D7 WDR26 2 2 1.29
000148 DDX39A 14 3 1.29
Q5RI15 C0X20 2 2 1.28
Q13586 STIM1 2 2 1.28
Q9Y625 GPC6 6 6 1.28
P55290 CDH13 6 6 1.27
Q9HA77 CARS2 4 4 1.26
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Abundance
# Unique Ratio:
Accession Name # Peptides Peptides WWP2/control
Q9H6T3 RPAP3 2 2 1.26
Q9H2KS8 TAOK3 3 2 1.26
Q5TIL3 WLS 2 2 1.26
Q5RKV6 EXO0SC6 3 3 1.26
Q8IVF2 AHNAK2 15 13 1.26
Q8IWTO ZBTB80S 2 2 1.25
Q05655 PRKCD 3 2 1.25
094804 STK10 7 6 1.25
Q96RK0 CIC 2 2 1.25
P83111 LACTB 4 4 1.25
Q9UM22 EPDR1 2 2 1.25
Q9BQE4 SELENOS 2 2 1.25
Q9HAV7 GRPEL1 2 2 1.25
P28845 HSD11B1 3 3 1.25
P29373 CRABP2 3 3 1.25
Q93062 RBPMS 2 2 1.24
Q5VWZ2 LYPLAL1 2 2 1.24
043172 PRPF4 4 4 1.24
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Supplementary Table 7 - Gene expression level differences upon upregulation of miR-140-3p.

Category Gene Fold change P-value

WWP2 transcripts WWP2-FL 1.22 1.63E-02
WWP2-isoform2 0.92 3.29E-01
WWP2-isoform4 0.63 1.63E-02
WWP2-isoformé 1.29 5.67E-02

Genes correlating to WWP2 WDR1 1.79 1.19E-03
STC2 1.55 7.51E-02
GJA1 1.07 9.24E-01
ACAN 0.88 2.44E-01
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