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The role of TNFRSF11B in development of
osteoarthritic cartilage

Alejandro Rodriguez Ruiz', Margo Tuerlings', Ankita Das’,
Rodrigo Coutinho de Almeida ® ', H. Eka D. Suchiman ® ', Rob G. H. H.
Nelissen?, Yolande F. M. Ramos ® '* and Ingrid Meulenbelt ® **

Abstract

Objectives. OA is a complex genetic disease with different risk factors contributing to its development. One of
the genes, TNFRSF11B, previously identified with gain-of-function mutation in a family with early-onset OA with
chondrocalcinosis, is among the highest upregulated genes in lesioned OA cartilage (RAAK-study). Here, we deter-
mined the role of TNFRSF11B overexpression in development of OA.

Methods. Human primary articular chondrocytes (9 donors RAAK study) were transduced using lentiviral particles
with or without TNFRSF11B. Cells were cultured for 1 week in a 3D in-vitro chondrogenic model. TNFRSF11B over-
expression was confirmed by RT-gPCR, immunohistochemistry and ELISA. Effects of TNFRSF11B overexpression
on cartilage matrix deposition, matrix mineralization, and genes highly correlated to TNFRSF11B in RNA-
sequencing dataset (r >0.75) were determined by RT-gPCR. Additionally, glycosaminoglycans and collagen depos-
ition were visualized with Alcian blue staining and immunohistochemistry (COL1 and COL2).

Results. Overexpression of TNFRSF11B resulted in strong upregulation of MMP13, COL2A1 and COLI1AT.
Likewise, mineralization and osteoblast characteristic markers RUNX2, ASPN and OGN showed a consistent in-
crease. Among 30 genes highly correlated to TNFRSF11B, expression of only eight changed significantly, with
BMP6 showing the highest increase (9-fold) while expression of RANK and RANKL remained unchanged indicating
previously unknown downstream pathways of TNFRSF11B in cartilage.

Conclusion. Results of our 3D in vitro chondrogenesis model indicate that upregulation of TNFRSF11B in lesioned
OA cartilage may act as a direct driving factor for chondrocyte to osteoblast transition observed in OA pathophysi-
ology. This transition does not appear to act via the OPG/RANK/RANKL triad common in bone remodeling.
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Introduction

OA is a common degenerative disorder characterized by
cartilage extracellular matrix degradation (ECM) and
changes in subchondral bone. Being marked by pain
and disability, no effective therapy is available, and cur-
rent treatments are focussed on pain relief or joint sur-
gery at end-stage disease, creating a great social and
economic burden [1, 2]. To characterize the OA patho-
physiological process, multiple studies [3, 4] have per-
formed transcriptome-wide analyses of preserved and
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lesioned cartilage. Among the most consistent and high-
ly upregulated genes in lesioned OA cartilage is the TNF
receptor superfamily member 11b (TNFRSF11B) at the
CCAL1 (chondrocalcinosis) locus [4, 5], encoding osteo-
protegerin (OPG). OPG is a decoy receptor for the bind-
ing of nuclear factor KB ligand (RANKL) to the receptor
activator of the nuclear KB factor (RANK). Together, this
triad is well known for tightly regulating osteoclastogen-
esis, hence playing a critical role in bone formation,
endochondral ossification and bone remodelling [ 5, 6].
A gain of function mutation in OPG (c1205A=>T; p.
Stop402Leu) was identified in multiple families with early
onset OA (FOA) characterized by chondrocalcinosis [5,
7]. With this mutation, the underlying importance of
OPG was further confirmed, not only in bone turnover
but also in cartilage homeostasis and OA onset. Given
the eminent cross-talk between bone and cartilage, it
was suggested that aberrant OPG function can affect
the delicate balance between subchondral bone forma-
tion and resorption [8], making OPG essential in joint
homeostasis. A drug called strontium ranelate has been
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The role of TNFRSF11B in development of osteoarthritic cartilage

Rheumatology key messages

o TNFRSF11B in cartilage is a direct driving factor for chondrocyte-to-osteoblast transition observed in

OA pathophysiology.

o Chondrocyte-to-osteoblast transition in cartilage does not act via the OPG/RANK/RANKL triad, common in

bone remodeling.

o Likely, the TNFRSF11B-induced cartilage mineralization is accomplished via BMP6 signalling.

administered in the clinic in order to fight osteoporosis
by increasing OPG expression and impairing bone re-
sorption processes [9]. This drug is also used to treat
OA, but controversial results have been shown in pre-
clinical and clinical studies [10, 11]. To study whether
the observed upregulation of TNFRSF11B in OA can
trigger unbeneficial mineralization of cartilage, a tailored
human 3D in vitro OA tissue model was applied in
which aberrant gene function was mimicked by lentiviral
overexpression of TNFRSF11B in spherical cartilage pel-
lets. Potential effects on anabolic, catabolic and mineral-
ization markers involved in cartilage homeostasis were
investigated. Moreover, to better comprehend the path-
ways in which TNFRSF11B acts in articular cartilage
and during OA, a selected panel of genes that showed
high co-expression with TNFRSF11B during OA patho-
physiology was studied.

Materials and methods
Sample description

RNA sequencing data previously obtained of n =57 pre-
served and n =44 lesioned OA cartilage samples (RAAK
study) and previously assessed [4], were taken for in sil-
ico TNFRSF11B correlation analyses. RNA sequencing
was used to identify genes co-expressed with
TNFRSF11B, where a Spearman correlation was per-
formed. Genes were considered to be correlated if the
P-value was lower than 0.05 and the absolute r-value
was higher than 0.75. Quality control of the data was
performed as previously described [4]. Human primary
articular chondrocytes (hPACs) obtained from knee re-
placement surgeries of n=9 participants (four females
and five males with average age of 69.4 (+11.1)) of the
RAAK study were isolated and cultured to perform lenti-
viral transduction.

The RAAK study was approved by the medical ethics
committee of the Leiden University Medical Center
(P08.239/P19.013). Written informed consent was
obtained from all donors.

Cloning of TNFRSF11B in lentivirus plasmid

The  Porf9-Htnfrsf11b V04  plasmid and the
pLV.CMV.bc.eGFP lentivirus vector (kindly provided by
Prof. Dr R. Hoeben) were digested with Agel and Nhel
(New England Biolabs-BIOKE, Leiden, The Netherlands).

https://academic.oup.com/rheumatology

The full gene TNFRSF11B was ligated into the Agel and
Nhel sites of the K4_pLV.CMV.bc.eGFP plasmid by
using the Takara Mighty Mix ligation kit (Takara Bio
Europe AB, Goéteborg, Sweden). DNA was obtained by
Maxiprep ~ Kit  (ThermoFisher, = Landsmeer, The
Netherlands), and Sanger sequencing was performed to
confirm successful cloning of the lentivirus plasmid.

Lentiviral production and cell culture

Lentiviral production was performed in HEK293T cells
using the Lenti-vpak Lentiviral Packaging Kit (Origene
Technologies, Rockville, MD 20850, USA). In short, HEK
293T cells were expanded in DMEM high glucose (Life
Technologies Europe BV, Bleiswijk, The Netherlands),
supplemented with 10% foetal calf serum (FCS; Life
Technologies Europe BV, Bleiswijk, The Netherlands)
100U/ml  penicillin, 100 pg/ml streptomycin (Life
Technologies Europe BV, Bleiswijk, The Netherlands),
and lentivirus particles were collected and titrated.

Following their isolation, hPACs were transduced at
passage 1 with either control (pLV.CMV.bc.eGFP) or
TNFRSF11B Lentivirus (MOI of 1). After 16h, the me-
dium was refreshed [DMEM high glucose (Life
Technologies Europe BV, Bleiswijk, The Netherlands)
supplemented with 10% FCS (Life Technologies Europe
BV, Bleiswijk, The Netherlands), 100 U/ml penicillin and
100 pg/ml streptomycin (Life Technologies Europe BV,
Bleiswijk, The Netherlands), and 0.5ng/ml bFGF-2
(PeproTech, London, UK)] and hPACs were further cul-
tured for another passage. Subsequently, neo-cartilage
was generated from 250 000 transduced hPACs in 3D
pellets for seven days, as described before [12], and
keeping the conditions between both groups equal. All
data were analysed 7days following the 3D
chondrogenesis.

RNA isolation and RT-qgPCR

RNA was isolated from four biological replicates for
each patient and condition (control and TNFRSF11B-
overexpressing chondrocytes) while pooling two pellets
together to generate two independent samples for
downstream analyses. lIsolations were performed as
described previously [12]. Total mRNA (150ng) was
processed with the first strand cDNA kit according to
the manufacturer’s protocol (Roche Applied Science,
Almere, The Netherlands). CDNA was further diluted five
times, and preamplification with TagMan preamp master
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mix (Thermo Fisher, Landsmeer, The Netherlands) was
performed. Gene  expression  was measured
(Supplementary Table S1, available at Rheumatology on-
line) with RT-qPCR, and average of the two biological
replicates was determined as relative levels (—ACt val-
ues) using expression levels of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and Acidic ribosomal
phosphoprotein PO (ARP) as housekeeping genes.
Quality control of the results was performed as
described before [12].

Selection criteria for gene expression analyses

TNFRSF11B expression was analysed to quantify over-
expression. To determine matrix homeostasis, metabolic
activity and mineralization status, a list of 16 relevant
genes was selected from the literature (Supplementary
Table S1, available at Rheumatology online).
Additionally, to identify potential new downstream path-
ways, a two-step approach was taken for selection of
genes. Firstly, a TNFRSF11B co-expression network
was created based on correlations of genes significantly
differentially expressed between preserved (n=57) and
lesioned (n=44) OA cartilage from our previously pub-
lished RNA sequencing dataset (n=2387 genes) [4].
Genes with r > 0.80 were selected for expression ana-
lysis (n=21 genes). Secondly, genes with r > 0.75 were
designated on the basis of their functionality in cartilage
homeostasis and mineralization (six genes), or based on
previously identified protein—protein interactions with
TNFRSF11B within the online available webtool STRING
[13] (three genes). This resulted in a total of 30 genes.
Finally, GAPDH and ARP were used as housekeeping
genes.

Histology and immunohistochemistry

Following chondrogenesis, pellets were fixed in 4% for-
maldehyde and embedded in paraffin. After sectioning,
deparaffinization and rehydration sections were analysed
by histology [1% Alcian Blue 8-GX (Sigma-Aldrich,
Zwijndrecht, The Netherlands)] and immunohistochemis-
try [COL2 (MAB1330 1:100; Merck-Milipore, Zwijndrecht,
The Netherlands), COL1 (ab34710 1:100; Abcam,
Amsterdam, The Netherlands) and OPG (EPR3592
1:100; Epitomics-Abcam, Amsterdam, The
Netherlands)], as described before [12]. Pixel intensity
quantification was performed for Alcian Blue staining by
Imaged, and surface area of the pellets were measured
with the CellSens Dimension software (Olympus,
Leiderdorp, The Netherlands).

ELISA and DMMB assay

The osteoprotegerin human instant ELISA™ Kit (Thermo
Fisher, Landsmeer, The Netherlands) and the
Dimethylmethylene Blue assay (DMMB; Sigma-Aldrich,
Zwijndrecht, The Netherlands), respectively, were used
following the manufacturer’s instructions for OPG and
GAG quantification in the conditioned media of three
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independent pellets with or without TNFRSF11B overex-
pression for each patient.

Statistical analysis

To determine statistical differences between the controls
and samples with TNFRSF11B overexpression, a paired
sample t test was performed. P-value <0.05 was con-
sidered significant.

Results

No change in matrix deposition upon TNFRSF11B
overexpression

Lentiviral transduction of primary chondrocytes resulted
in consistent and significant upregulation of TNFRSF11B
mRNA as well as OPG protein (Supplementary Fig. S1,
available at  Rheumatology  online). Following
TNFRSF11B overexpression, hPACs were subjected to
a 3D in vitro chondrogenesis model, and neo-cartilage
formation was characterized at day seven.

Alcian Blue staining was performed to visualize pellets
and the presence of glycosaminoglycans (GAGs). The
relative pixel intensity of the GAG staining showed no
significant differences in the presence of higher OPG
levels (=18, P-value=3.4x 10 "; Fig. 1). Likewise,
GAG release in the medium was similar (n=27, P-val-
ue =5.3x 10~"). Furthermore, no significant difference in
pellet size was observed between controls and
TNFRSF11B (n=72, P-value=5.5x 107"). Together,
these data indicate that TNFRSF11B upregulation does
not change capacity of chondrocytes to deposit matrix
at day 7.

Collagen type | and collagen type Il become
upregulated upon TNFRSF11B overexpression

To study the effect of TNFRSF11B overexpression on
matrix characteristics, RT-gPCR was performed for
anabolic and catabolic genes involved in cartilage
homeostasis (Supplementary Table S2, available at
Rheumatology online, Fig. 2). Of note was the high and
significant  upregulation of MMP13 (FD=14.76,
P-value=2.0x 107% following overexpression of
TNFRSF11B (Fig. 2). Furthermore, overexpression of
TNFRSF11B resulted in significantly higher upregulation
of COL2A1 (FD=4.77, P-value =4.8x 10~%) and COL1A1
(FD=1.88, P-value=1.3x 1072) and a modest downre-
gulation of COMP (FD = 0.69, P-value =2.0x 10~2) during
chondrogenesis. Hypertrophic marker COL10A1 showed
no significant difference (FD =4.24, P-value=6.3x 107").
Immunohistochemistry of collagen type 2 (COL2) and col-
lagen type 1 (COL1) showed a visual higher expression
for both collagens in the OPG overexpressing group con-
current with respective gene expression levels (Fig. 3). As
such, COL1 staining showed a darker and wider layer of
staining towards the edges of the pellet when compared
with the control group. COL2 differences were less strong
between both conditions; nevertheless, a more consistent

https://academic.oup.com/rheumatology
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Fic. 1 Alcian blue staining of neo-cartilage
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(A) Representative images of 1-week neo-cartilage pellets as indicated (left: control chondrocytes; right: chondrocytes
with TNFRSF11B overexpression). Scale bars: 50 um. (B) Area of the pellets (n=72), GAG-release in the medium

(n=27) and Alcian blue pixel intensity quantification

chondrocytes.

staining was observed in the ECM and retained within
the cells cytoplasm in the OPG overexpressing group.

High gene expression of osteogenic markers, yet no
alteration in the TNFRSF11B triad upon TNFRSF11B
overexpression

To investigate our hypothesis that upregulation of
TNFRSF11B with OA pathophysiology directly induces
cartilage mineralization, we next explored the
expression of genes involved in matrix mineralization
(Supplementary Table S2, available at Rheumatology
online). First, we explored expression of TNFRSF11A
encoding RANK and TNFSF11 encoding RANKL,
which together with OPG are known to tightly regulate
bone turnover. Remarkably (Fig. 4), neither TNFSF11
(FD=1.06, P-value=3.9x 107") nor TNFRSF11A
(FD=2.45, P-value=7.8x 107 ") did significantly re-
spond to the lentiviral-induced upregulation of
TNFRSF11B. Nonetheless, the osteogenic markers
RUNX2 (FD=4.51, P-value=4.0x 107%), POSTN
(FD=1.75, P-value=4.0x 1072, OGN (FD=1.68, P-
value=2.3x 1072 and ASPN (FD=2.61, P-

https://academic.oup.com/rheumatology

(n=18) for control and TNFRSF11B overexpressing

value=1.0x 107%) were significantly higher upregu-
lated in chondrocytes upon TNFRSF11B
overexpression.

A novel set of signalling pathways is discovered in
highly correlated genes with TNFRSF11B upon
TNFRSF11B overexpression

After assessing the effect of TNFRSF11B-induced over-
expression on known related genes, we next performed
an exploratory analysis to identify potential novel
TNFRSF11B signalling pathways in cartilage. To do so,
we generated a TNFRSF11B co-expression network
with differentially expressed genes between preserved
and lesioned OA cartilage as previously assessed
(n=2387 genes) [4]. We found 51 genes highly corre-
lated with TNFRSF11B with absolute r-values >0.75
(Supplementary Table S3, available at Rheumatology on-
line). Among the highest positively correlated genes, we
found CDH19 (r=0.88), ATP1A1 (r=0.87) and DIXDC1
(r=0.85), whereas the highest inverse correlation was
observed for SLC15A3 (r =—0.81), MAPK11 (r = -0.81)
and HLA-E (r =-0.8). Of these 51 genes, 30 were
selected for expression analysis based on their
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Fic. 2 Expression of matrix-related genes in neo-cartilage
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-ACt values for anabolic and catabolic genes in 1-week neo-cartilage pellets [control chondrocytes vs chondrocytes
with TNFRSF11B overexpression (n = 18; *P-value <0.05; **P-value <1073, ** P-value <1079)].

Fic. 3 COL1 and COL2 immunohistochemistry of neo-
cartilage

Control

coL1

coL2

Representative images of 1-week neo-cartilage pellets
as indicated (left: control chondrocytes; right: chondro-
cytes with TNFRSF11B overexpression). Scale bars:
50 pm.

correlation with TNFRSF11B and additional functional
connection in STRING (Supplementary Fig. S2, available
at Rheumatology online). As shown in Supplementary
Table S4, available at Rheumatology online and Fig. 5,
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we found eight genes to be significantly differentially
expressed upon lentiviral-induced TNFRSF11B overex-
pression. The strongest increased expression was found
for BMP6 (FD=9.34, P-value=2.6x 1072 while the
SLC15A3 gene was 2.5-fold downregulated (FD=0.4,
P-value=4.0x 107%. Around 2-fold increase was
observed for FITM2 (FD=2.28, P-value=1.4x 10*2),
CDON (FD=2.03, P-value=5.0x 1073, and SLC16A7
(FD=1.97, P-value=1.8x 1072). Moderate effects were
found for CDH19 (FD = 1.53, P-value = 4.5x 107?), P3H2
(FD=1.48, P-value=4.7x 107?) and WNT16 (FD=0.81,
P-value=4.3x 1072).

Discussion

In the current study, we investigated the role of
increased TNFRSF11B in OA pathophysiology. To this
end, lentiviral upregulation of TNFRSF11B was estab-
lished in a 3D in vitro chondrogenic model
(Supplementary Fig. S1, available at Rheumatology on-
line). As reflected by the particularly high upregulation of
MMP13 (FD=14.76, P-value=2.0x 103 in combin-
ation with the upregulation of characteristic osteogenic
genes RUNX2, POSTN, BMP6, ASPN and OGN and in
absence of differential expression of the mineralization
markers COL710A7 and ALPL, we advocate that
TNFRSF11B affects OA pathophysiology by advancing
chondrocyte to osteoblast transition [14]. This finding is

https://academic.oup.com/rheumatology
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Fic. 4 Expression of osteogenic-related genes in neo-cartilage
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chondrocytes with TNFRSF11B overexpression (n = 18; *P-value <0.05; **P-value <10~3; **P-value <1079)].

in line with the observed chondrocalcinosis phenotype
observed in previously described members of the family
with early-onset OA and carriers of read-through muta-
tion in TNFRSF11B also known as the CCALT1 locus [7].

With TNFRSF11B encoding the decoy receptor OPG,
which competes for binding of RANKL to the RANK re-
ceptor, we next examined expression of TNFRSF11A
(encoding RANK) and TNFSF11 (encoding RANKL) upon
TNFRSF11B upregulation. Even though this triad, and
particularly the RANKL/OPG ratio, is known to be an im-
portant determinant of bone mass and skeletal integrity
[5, 6], no significant changes in TNFRSF11A or
TNFSF11 levels were observed (Fig. 4, Supplementary
Table S2, available at Rheumatology online). This, to-
gether with the fact that we did not find a high correl-
ation of expression between TNFRSF11B with
TNFRSF11A or TNFSF11 in preserved and lesioned OA
cartilage, would suggest that, in cartilage, the interaction
among the triad may not play such an important role as
in bone. This is in line with the findings of Komuro et al.
and Tat et al. [15, 16], showing no alterations in RANK
and OPG expression upon adding exogenous RANKL to
chondrocytes.

OPG at high concentration is well known to decrease
TNF-related apoptosis-inducing ligand (TRAIL) in chon-
drocytes, as such inhibiting apoptosis [17, 18]. Given
that we observed high upregulation of MMP13 in com-
bination with the upregulation of characteristic

https://academic.oup.com/rheumatology

osteogenic genes RUNX2, POSTN, BMP6, ASPN and
OGN (Fig. 4), which is an opposite response to that of
OPG binding to TRAIL [19], we advocate that OPG ra-
ther affects OA pathophysiology in cartilage by advanc-
ing chondrocyte to osteoblast transition [14]. On the
other hand, in our spherical neo-cartilage pellets model,
we have studied the effect of OPG overexpression at an
early timepoint in postmitotic chondrocytes that are
stimulated to deposit matrix without further proliferation.
As such, this model may not be optimal to provide in-
sight into TRAIL-related signalling role of OPG.

In order to determine the co-expression network of
OPG signalling in articular cartilage and with OA
pathophysiology, we explored a previously assessed
RNA sequencing dataset of preserved and lesioned
OA cartilage for correlation with TNFRSF11B [4]. We
found 51 genes that highly correlated with
TNFRSF11B (r>0.75), such as CDH19 (r=0.88)
encoding for cadherins involved in calcium-dependent
cell-cell adhesion, or SLC15A3 (r =—0.81) encoding
histidine and osteoclast transporters [20]. From this
network, expression of 30 genes were compared be-
tween control and TNFRSF11B overexpressing chon-
drocytes. Despite the high correlations with
TNFRSF11B, notably only eight genes were found to
be responsive to TNFRSF11B upregulation (26.6%;
CDON, BMP6, CDH19, P3H2, WNT16, SLC16A7,
SLC15A83 and FITM2). This may be explained partly by
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Fic. 5 Expression of TNFRSF11B-correlated genes in neo-cartilage
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the fact that genes are upstream of OPG.
Alternatively, genes may be correlated to TNFRSF11B
as a general result of ongoing OA disease processes.
Notable among the TNFRSF11B correlated and re-
sponsive genes were BMP6 and SLC15A3 (Fig. 5).
BMP6 (r=0.77), encoding bone morphogenic protein
6, is well known to be involved in bone formation [21],
and SLC15A3 (r =—0.81) an osteoclast transporter of
which lower expression would likely result in a reduc-
tion of the number of available osteoclasts.
Additionally, we identified increased expression of
FITM2 (r=0.76) and SLC16A7 (r=0.77), genes
involved in lipid droplet formation and metabolite
transport, respectively. Lipid droplets have been
reported in OA cartilage [22] and during the osteogen-
esis process, where osteoprogenitors and osteoblasts
synthesize them to use them as energy supplies for
the differentiation process [23]. More importantly, it
has recently been confirmed in mice that fat metabol-
ism is a critical antagonist of cartilage health and in-
tegrity [24]. Notable as being co-expressed and highly
responsive to TNFRSF11B was CDON (Cell Adhesion
Associated, Oncogene Regulated; r=0.83). Although
little is known about its direct role in cartilage or bone
homeostasis, cadherin signalling is known to be es-
sential for successful cell differentiation, as it has
been previously shown for osteogenesis [25, 26].
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Lastly, expression of ANKH (r=0.84), a gene previous-
ly associated with chondrocalcinosis and early OA [27,
28], was not affected by TNFRSF11B upregulation.
This would confirm the work performed in porcine
chondrocytes by Williams et al. [5] and translate it to
primary human chondrocytes where ANKH would af-
fect chondrocalcinosis by a TNFRSF11B-independent
mechanism.

Remarkably, the study by Zhu et al. [29] showed a dif-
ferent signalling outcome upon overexpression of OPG
(CCAL1) in primary human chondrocytes from OA
patients. In contrast to the results shown here, they
observed a fibrotic effect, dominated by reduced ex-
pression of COL2A1 and SOX9 and a higher expression
of COL1A1. Several factors may have contributed to this
disparity in results. Likely, the most important difference
is the use of a 2D model that was previously demon-
strated to rather result in a hypertrophic phenotype [30].

Additionally, a previously published trial claimed min-
imal but debatable effects in OA joints upon treatment
with strontium ranelate, a drug licensed for osteoporosis
[31, 32].

Strontium ranelate increased bone formation while
decreasing bone resorption via stimulation of OPG and
was thought to target unbeneficial changes in subchon-
dral bone with OA. Considering our current results
showing the effect of OPG on cartilage, we advocate

https://academic.oup.com/rheumatology
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that the risk of such an oral treatment to OA patients is
seriously underestimated and bound to considerably in-
crease the burden of OA.

A potential limitation of our study is that we have
mainly focussed on gene expression responses of
hPACs by RT-gPCR at day 7 of matrix deposition.
Henceforth, due to the early timepoint taken for these
analyses and the inherently lower sensitivity and more
challenging quantification methods that regular protein
analyses such as immunoblotting offer, we have not ex-
tensively quantified our changes at a protein level. To
further confirm, for example, whether the high upregula-
tion of MMP13 results in significant changes in protein
expression or, for that matter matrix degeneration, later
harvesting timepoints (day 14 or day 21) and increasing
sample sizes may be required.

In conclusion, we here highlighted the role of
TNFRSF11B upregulation in OA pathophysiology. Results
of our 3D in vitro chondrogenesis model indicate that the
observed consistent upregulation of TNFRSF11B in
lesioned OA cartilage may act as a direct driving factor
for chondrocyte to osteoblast transition occurring in OA
pathophysiology. Moreover, we showed that this transi-
tion does not act via the OPG/RANK/RANKL triad, known
for that matter in bone remodeling. Together, our results
merit further exploration of TNFRSF11B as a promising
disease OA modifying factor.
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