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ABSTRACT

Objectives Recently, necroptosis has attracted
increasing attention in arthritis research; however,

it remains unclear whether its regulation is involved

in osteoarthritis (OA) pathogenesis. Since receptor-
interacting protein kinase-3 (RIP3) plays a pivotal role in
necroptosis and its dysregulation is involved in various
pathological processes, we investigated the role of the
RIP3 axis in OA pathogenesis.

Methods Experimental OA was induced in wild-type
or Rip3 knockout mice by surgery to destabilise the
medial meniscus (DMM) or the intra-articular injection
of adenovirus carrying a target gene (Ad-Rip3 and
Ad-Trim24 shRNA). RIP3 expression was examined in
OA cartilage from human patients; Trim24, a negative
regulator of RIP3, was identified by microarray and in
silico analysis. Connectivity map (CMap) and in silico
binding approaches were used to identify RIP3 inhibitors
and to examine their direct requlation of RIP3 activation
in OA pathogenesis.

Results RIP3 expression was markedly higher in
damaged cartilage from patients with OA than in
undamaged cartilage. In the mouse model, adenoviral
RIP3 overexpression accelerated cartilage disruption,
whereas Rip3 depletion reduced DMM-induced OA
pathogenesis. Additionally, TRIM24 knockdown
upregulated RIP3 expression; its downregulation
promoted OA pathogenesis in knee joint tissues. The
CMap approach and in silico binding assay identified AZ-
628 as a potent RIP3 inhibitor and demonstrated that it
abolished RIP3-mediated OA pathogenesis by inhibiting
RIP3 kinase activity.

Conclusions TRIM24-RIP3 axis perturbation promotes
OA chronicity by activating RIP3 kinase, suggesting that
the therapeutic manipulation of this pathway could
provide new avenues for treating OA.

INTRODUCTION

Osteoarthritis (OA), a degenerative disease charac-
terised by articular cartilage destruction, is caused
by anabolic and catabolic factor imbalance due to
mechanical stress." These factors alter biochemical
pathways in chondrocytes and reduce their ability
to produce extracellular matrix (ECM), degrade
ECM molecules via catabolic matrix-degrading
enzymes and exert inflammatory responses.” *
Increasing evidence suggests that chondrocyte death
is involved in OA pathogenesis.* ° Apoptosis is
thought to eliminate dedifferentiated chondrocytes
without releasing type II collagen or other ECM

Key messages

What is already known about this subject?

» Osteoarthritis (OA) is a degenerative disease
characterised by the destruction of articular
cartilage.

» Necroptosis has attracted increasing attention;
however, it is unclear whether its regulation is
involved in OA pathogenesis.

> Receptor-interacting protein kinase-3 (RIP3)
plays a pivotal role in necroptosis, and its
dysregulation is involved in various pathological
processes; however, its physiological and
pathological roles in cartilage have not yet been
addressed.

What does this study add?

» The TRIM24-RIP3 axis regulates RIP3-mediated
OA pathogenesis in mice by modulating the
expression of catabolic factors.

» The Connectivity map approach identified
AZ-628 as a potent RIP3 inhibitor whose
inhibition of RIP3 kinase activity abolished OA
pathogenesis.

How might this impact on clinical practice or

future developments?

» Modulation of the TRIM24-RIP3 axis could
be a novel molecular mechanism of OA
pathogenesis.

» RIP3 kinase inhibitors could be a potential
clinical intervention for treating OA.

components.® Necroptosis is a recently described
form of pathophysiological cell death that causes the
cell membrane to burst, exerting detrimental effects
on surrounding tissues. Necroptotic cells release
damage-associated molecular patterns that trigger
robust inflammatory responses; thus, necroptosis
is markedly more immunogenic than apoptosis and
promotes inflammation and ECM degradation.”
Necroptosis is mainly mediated by receptor-
interacting protein kinase 1 (RIP1), receptor-
interacting protein kinase-3 (RIP3) and mixed
lineage kinase domain-like protein (MLKL).* °
Assembly and activation of the RIP1-RIP3 complex
is dependent on the kinase activity of both
proteins.'®'* RIP3 activation leads to the phos-
phorylation of MLKL, which translocates to and
disrupts the cell membrane."*™'® RIP3’s complex
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role in cell death, inflammation, tumorigenesis and metabo-
lism has been widely studied, as have tissue injury mediators
and circulating markers of disease progression and severity.'’ ™
RIP1 and RIP3 inhibition reportedly improves the outcomes
of numerous pathological mouse models, including kidney,
brain and heart ischaemic—reperfusion injury; pancreatitis; and
acetaminophen-induced hepatitis models.® 2°*' Moreover, RIP3
can act both dependently and independently of its substrate,
MLKL, suggesting that RIP3 and MLKL may exert tissue-specific
effects.”?

A recent report suggested that RIP3 promotes arthritis patho-
genesis via the TLR-TRIF-RIP3-IL-1B axis independent of
MLKL?; another study found that the pSSTNFR-IKK2-RIP3
axis orchestrates synovial fibroblast arthritogenic and cell death
responses.”* However, the physiological and pathological roles
of RIP3 in cartilage have not yet been addressed,”® % and it
remains unclear whether RIP3-mediated necroptosis regula-
tion is involved in OA pathogenesis. Herein, we investigated
the possible functions and underlying molecular mechanisms of
RIP3 in OA pathogenesis using human OA cartilage samples and
destabilisation of the medial meniscus (DMM) surgery-induced
OA mouse models. We determined whether RIP3 promotes OA
progression by activating necroptosis signalling in RIP3 knockout
(KO) mice and used a connectivity map (CMap) approach to
identify novel RIP3 inhibitors. We believe that our study paves
the way for future research investigating RIP3 blockade as an
optimal therapeutic strategy for OA.

METHODS

Human OA cartilage samples and experimental OA mouse
models

Human cartilage samples were obtained from individuals
63-80years old undergoing total knee arthroplasty (online
supplementary table S1). All patients provided written informed
consent; sample collection was approved by the Institutional
Review Board (IRB) of the Catholic University (UC14CNSI0150).
Male C57BL/6 and Rip3” mice (C57BL/6; provided by Dr V.M.
Dixit, Genentech, San Francisco, USA) were housed in the Labo-
ratory Animal Research Center of Ajou University and main-
tained according to the guidelines of its Institutional Animal
Care and Use Committee, which approved all animal proce-
dures. To produce experimental OA models, 12-week-old male
mice were subjected to surgical DMM and sacrificed 10 weeks
post-surgery; female mice were not used because of the effects of
female hormones on OA pathogenesis.”® *” The following adeno-
viruses for intra-articular injection were purchased from Vector
Biolabs (Malvern, USA): Ad-C (1060), Ad-Rip3 (ADV-270614)
and Ad-shRNA Trim24 (shADV-274975). Wild-type (WT) mice
were injected in the knee joint twice weekly with adenovirus
(1x10° PFUs/10 uL) and sacrificed 3 weeks after the first adeno-
viral injection.

Reagents

Antibodies were purchased from Enzo Biochem (New York,
USA; RIP3), BD-Transduction Laboratories (Breda, Netherlands;
RIP1), Santa Cruz Biotechnology (Dallas, USA; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), Actin, inhibitor of
nuclear factor kappa B (IkBo), Vimentin), Cell Signalling Tech-
nology (Danvers, USA; p-ERK, phospho-the c-jun n-terminal
kinase (p-JNK), poly (ADP-ribose) polymerase (PARP), Caspase
3, phospho-Receptor-interacting protein kinase 1 (p-RIPK1),
NIK), Abcam (Cambridge, UK; p-MLKL, p-RIP3), MLKL,
TRIM24, cyclooxygenase-2 (COX2), matrix metalloproteinase

3 (MMP3), matrix metalloproteinase 13 (MMP13)) and Sigma-
Aldrich (St Louis, USA; LC3B, Vinculin). Tumour necrosis
factor-o. (TNF-a) and zVAD were obtained from R&D Systems
(Minneapolis, USA). Cycloheximide, Pepstatin A and MG132
were purchased from Calbiochem (San Diego, USA). Chloro-
quine diphosphate (CQ) and AZ-628 were obtained from Sigma-
Aldrich. GSK’872 was purchased from Selleckchem (Houston,
USA). Selumetinib was obtained from Abcam. Neratinib was
purchased from MedChemExpress (Princeton, USA). HS-1371
was made in-house.”®

Statistical analysis

All experiments were independently performed at least four
times. Two independent groups were compared using the
Shapiro-Wilk normality test, Levene’s homogeneity of variance
test and a two-tailed independent t-test. Multiple comparisons
were made using the Shapiro-Wilk test, Levene’s test and one-
way analysis of variance with Bonferroni’s post hoc test. Data
based on ordinal grading systems were analysed using non-
parametric Mann-Whitney U tests.

RESULTS
RIP3 overexpression-mediated gene signatures are associated
with OA
To investigate the role of necroptosis in cartilage degeneration,
we examined RIP3 and MLKL expression patterns in various
mouse tissue samples. Although RIP3 expression did not differ
significantly between tissues, MLKL expression was extremely
low in cartilage (online supplementary figure S1A,B) and
primary mouse articular chondrocytes, which are the predom-
inant cell type in cartilage (figure 1A; online supplementary
figure S1C). Low MLKL expression was not due to protein
insolubility, constitutive protein turnover or protein stability
since neither proteasome (MG132) nor lysosome (CQ, E64d/
Pep A) inhibitors changed the MLKL protein levels (online
supplementary figure S1D,E). Prototypical necroptotic stimuli
(TNF-0.+zVAD+SMAC mimetic; TSZ) can activate RIP3,
which phosphorylates MLKL to induce necroptosis."’ Following
TSZ treatment, MLKL phosphorylation was detected strongly in
mouse embryonic fibroblast (MEF) cells but not in chondrocytes
(figure 1B; online supplementary figure S1F,G), whereas TNF
failed to induce necroptosis in chondrocytes, likely due to defec-
tive MLKL phosphorylation (online supplementary figure STH).
To explore the possible role of RIP3 in cartilage, we exam-
ined RIP3 expression in human OA undamaged and damaged
cartilage samples. RIP3 expression was significantly higher in
damaged OA cartilage than in undamaged samples (figure 1C,D;
online supplementary figure S2A), whereas MLKL and p-MLKL
expression did not differ and was undetectable. Next, we
expressed RIP3 ectopically in primary mouse articular chondro-
cytes infected with Ad-Rip3. RIP3 overexpression did not cause
MLKL phosphorylation (figure 1E; online supplementary figure
S2B), which can induce necroptosis®® *’; thus, RIP3 overex-
pression in OA pathogenesis may be distinct from its canonical
necroptosis-dependent functions. Studies suggested that upreg-
ulated RIP3 expression leads to RIP1-independent necroptosis
through MLKL phosphorylation.”” *' Nevertheless, to test this,
we overexpressed RIP3 in RIP1-deficient MEFs to show that
RIP3 activation is sufficient to trigger the downstream events.
Upregulated RIP3 expression potentiated MLKL phosphoryla-
tion in the absence of RIP1 phosphorylation, suggesting that the
role of RIP3 in OA development is unlikely necroptosis indepen-
dent (online supplementary figure S2C).
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Figure 1

Ad-C vs Ad-Rip3

Non-canonical role of receptor-interacting protein kinase-3 (RIP3) in chondrocytes is related to osteoarthritis (OA) pathogenesis. (A)

Expression levels of necroptosis regulators in chondrocytes. Proteins extracted from wild-type and mixed lineage kinase domain-like protein (MLKL)
knockout mouse embryonic fibroblasts (MEFs), bone marrow-derived monocytes (BMDMs), macrophages, cartilage tissue and primary mouse articular
chondrocytes were analysed by western blotting (n=3). (B) MEFs and chondrocytes were treated with TSZ (TNF+zVAD+SMAC mimetic) and cell
lysates analysed by western blotting (n=3). (C) Undamaged and damaged human cartilage stained with Alcian blue, Safranin O, and RIP3, p-MLKL
and MLKL immunostaining (n=>5). Scale bar: 100 ym. (D) R/IP3 expression in undamaged and damaged human OA cartilage measured by quantitative
PCR (n=5). Values are expressed as the mean+SEM. Statistical analyses were performed using two-tailed t-tests. (E) Western blot analysis of RIP3,
p-RIP3, MLKL and p-MLKL in chondrocytes infected with Ad-C (control) or Ad-Rip3 at the indicated multiplicity of infection (MOI) (n=3). (F) Gene set
enrichment analysis of RIP3-related genes (listed in online supplementary table S2) in treated cells compared with controls.

Next, we performed genome-wide expression profiling
using microarrays to investigate transcriptomic changes
in Ad-Rip3-infected chondrocytes. RIP3 overexpression
increased the expression of catabolic factors—matrix metal-
loproteinase 3 (MMP3; online supplementary figure S2D)—
that play key roles in OA pathogenesis, inflammation, MMP
activation and ECM degradation.** Functional enrichment
analysis revealed that RIP3 overexpression-induced genes
involved in TNF-o signalling and inflammation (online
supplementary figure S2E). To further assess RIP3-induced
gene expression, we examined the expression of 150 upreg-
ulated and 71 downregulated genes in OA cartilage (online
supplementary table $2)** by Gene set enrichment analysis
(GSEA), finding that OA-signature genes were upregulated
in RIP3-overexpressing chondrocytes (figure 1F).

RIP3 modulates OA pathogenesis

MMP3, MMP13, ADAMTS4 and ADAMTSS are known to
play a crucial role in OA pathogenesis; COX2 is primarily
involved in inflammation and eventually leads to cartilage
matrix degradation by collagenase and aggrecanase acti-
vation.! ** We next investigated the association between
elevated RIP3 expression and OA pathogenesis, finding
upregulated catabolic factor (MMP3, MMP13, COX2 and
ADAMTS4) and downregulated anabolic factor (Col2al and
Aggrecan) expression in articular chondrocytes (figure 2A-C;
online supplementary figure S3A,B), which are all known
to disrupt OA cartilage.>® Moreover, MMP3 and MMP13

have collagenase activity; Adamts4 and AdamtsS primarily
function as aggrecanase 1 and 2, respectively.” ® We found
that aggrecanase and collagenase activity is upregulated by
Ad-Rip3 infection (figure 2D). Consistent with our findings
in chondrocytes, Ad-Rip3 induced severe cartilage destruc-
tion and OA symptoms in WT mice compared with Ad-C
(figure 2E), with immunohistochemical staining indicating
that Ad-Rip3 triggered RIP3 overexpression in cartilage and
increased MMP3, MMP13 and COX2 expression (figure 2F;
online supplementary figure S3C). To verify these effects,
we established DMM-induced OA models, most suitable for
human OA development,®® in Rip3-deficient mice. Cartilage
destruction, OA manifestations and catabolic factor expres-
sion were markedly reduced in these mice compared with
WT mice (figure 3A,B; online supplementary figure S3D).
Consistent with RIP3 upregulation in human OA cartilage,
RIP3 deficiency was found to attenuate OA in the DMM-
induced mouse model, suggesting that RIP3 plays a key role
in OA pathogenesis.

Since OA and elevated RIP3 expression are both strongly
associated with cell death,”” ** we investigated whether
RIP3 overexpression triggers the cell death pathway to
accelerate OA pathogenesis by examining cytotoxicity in
Ad-Rip3-infected chondrocytes. Ad-Rip3-induced RIP3
overexpression did not alter chondrocyte morphology or
lactate dehydrogenase (LDH) release (online supplementary
figure S3E) or induce PARP cleavage, despite TNF-mediated
apoptosis-induced PARP and caspase 3 cleavage (online
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Figure 2 Modulation of receptor-interacting protein kinase-3 (RIP3) expression is correlated with osteoarthritis (OA). (A and B) Reverse
transcription PCR (RT-PCR) (left), quantitative PCR (qPCR) (right) (A) and western blot (B) analysis of RIP3, matrix metalloproteinase 3 (MMP3), matrix
metalloproteinase 13 (MMP13) and COX2 in chondrocytes infected with Ad-C or Ad-Rip3 at the indicated multiplicity of infection (MOI) (n=5). (C)
gPCR analysis of Adamts4, Adamts5, aggrecan and Col2a1 in Ad-Rip3-infected chondrocytes (n=5). (D) Aggrecanase (left) and collagenase (right)
activity by Ad-Rip3 infection in chondrocytes (n=5). (E) Cartilage destruction and OA development in mouse knee joints intra-articularly injected

with Ad-C and Ad-Rip3 assessed by Safranin-O staining, Osteoarthritis Research Society International (OARSI) grading, osteophyte formation and
subchondral bone plate thickness (n=9). (F) RIP3, MMP3, MMP13, COX2, MLKL and p-MLKL immunostaining in Ad-C-injected or Ad-Rip3-injected
cartilage. Statistical analyses were conducted using one-way analysis of variance with Bonferroni's test (A, C and D), non-parametric Mann-Whitney U
tests (E, OARSI grading, osteophyte formation) or two-tailed t-tests (E, subchondral bone plate thickness). Scale bar: 100 pm.

supplementary figure S3F), suggesting that cell death is not
implicated in RIP3-mediated OA pathogenesis. However,
RIP3 overexpression did induce TNF-mediated signalling
(online supplementary figure S3G), indicating that RIP3
upregulation may potentiate OA pathogenesis via non-
canonical MLKL-independent functions.

TRIM24 negatively regulates RIP3-mediated OA pathogenic
signatures

To understand the mechanism underlying RIP3-mediated
alterations in chondrocyte molecular patterns, we performed
Ingenuity Pathway Analysis to predict the upstream regulators
responsible for such changes. Consequently, we found 367
differentially expressed gene transcripts (figure 4A). Among
the 69 negative upstream regulators, we selected TRIM24, an
important transcriptional coregulator that modulates TNF-o
signalling via Nuclear factor kappa B (NF-xB)*” and interacts
with retinoic acid receptor alpha (RARa) in a ligand-dependent
manner to attenuate RARo-mediated transcription in mice.*®
Although previous studies report the function of TRIM24 in
other tissues and diseases,***! TRIM24 modulation is still unde-
fined in cartilage and other joint tissues. To determine whether
TRIM24 is a negative upstream regulator of RIP3 transcription,

we knocked down its expression in primary mouse articular
chondrocytes using Ad-Trim24 shRNA. Although TRIM24
downregulation enhanced Rip3 mRNA expression (figure 4B,C;
online supplementary figure S4A,B), RIP3 overexpression did
not affect TRIM24 mRNA or protein expression (figure 4D;
online supplementary figure S4C), indicating that TRIM24 is a
negative upstream regulator of RIP3 transcription.

Next, we investigated whether regulating RIP3 transcrip-
tion via TRIM24 knockdown in MEFs elicits OA-related gene
expression patterns. Ad-Trim24 shRNA-infected MEFs displayed
increased Mmp3, Mmp13 and Cox2 mRNA expression, as well
as RIP3 and COX2 protein expression (online supplementary
figure S4D). Similar to this, Ad-Trim24 shRNA-infected chon-
drocytes displayed also increased RIP3, MMP3, MMP13 and
COX2 expression (figure 5A,B; online supplementary figure
S4E,F), suggesting that RIP3 could be a molecular target of
TRIM24-mediated negative regulation. Ad-Trim24 shRNA-
mediated TRIM24 knockdown in the knee joint tissues of mice
markedly increased cartilage destruction, osteophyte forma-
tion, subchondral bone plate thickness (figure 5C) and catabolic
factor expression (MMP3, MMP13 and COX2; figure 5D;
online supplementary figure S5A). To clarify the contribution
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subchondral bone plate thickness). Scale bar: 100 pm.

of the TRIM24-RIP3 axis to OA disease onset or progression, Identification of drugs that correlate with RIP3 expression

we examined the time-course expression profiles of Trim24 and using CMap

RIP3 in mouse OA cartilage samples after DMM surgery. OA Targeting TRIM24 is risky in drug development because of
manifestations, such as cartilage destruction, osteophyte forma-
tion and subchondral bone sclerosis, were gradually increased
at 4~6 weeks after DMM surgery (online supplementary figure
S5B), whereas Trim24 was decreased in the early stages of OA i . . 43 44 o
pathogenesis and RIP3 expression was increased at OA onset with a CMap approac?h, as descr1bec¥ previously. Briefly,
(figure SE; online supplementary figure S5C). Thus, TRIM24 we searched the drug-induced transcriptome data of ~20000

the diverse functions of TRIM24 as a transcriptional coregu-
lator.** ** Therefore, we identified drugs to block OA patho-
genesis by inhibiting RIP3 using in silico compound screening

may negatively regulate elevated RIP3 expression to accelerate small molecules from the CMap database for compounds with
OA pathogenesis. opposite expression signatures following RIP3 overexpression,
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Figure 4  RIP3 overexpression alters gene expression patterns via the negative regulator TRIM24. (A) Transcriptional regulators were analysed by
Ingenuity Pathway Analysis (IPA) software (QIAGEN, https://www.giagenbioinformatics.com/products/ingenuitypathway-analysis) to predict upstream
regulators based on microarray data. Analysed data were filtered by activation Z-score >1or <-1, and regulators were not required to be expressed
in the samples analysed. (B) Mouse embryonic fibroblasts (MEFs) and (C) chondrocytes were infected with Ad-C or Ad-Trim24 shRNA at the indicated
multiplicity of infection (MOI). Cell lysates were analysed by western blotting (left) (n=3) and quantitative PCR (qPCR) (right) (n=4). (D) Western blot
analysis of RIP3, p-RIP3 and TRIM24 in chondrocytes infected with Ad-C or Ad-Rip3 (left) (n=3). qPCR analysis of Rip3 and Trim24 in chondrocytes
infected with Ad-C or Ad-Rip3 (right) (n=4). Values are expressed as the mean=SEM. Statistical analyses were performed using two-tailed t-tests.
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Figure 5 TRIM24 is an upstream regulator of receptor-interacting protein kinase-3 (RIP3) expression. (A and B) Reverse transcription PCR (RT-PCR)
(left), quantitative PCR (qPCR) (right) and western blot (B) analysis of TRIM24, RIP3, matrix metalloproteinase 3 (MMP3) and COX2 in chondrocytes
infected with Ad-C or Ad-Trim24 shRNA at the indicated multuplicity of infection (MOI) (n=5). (C and D) Knee joint cartilage of wild-type (WT)

mice intra-articularly injected with Ad-C or Ad-Trim24 shRNA stained with Safranin-0 (n=9). (C) Cartilage destruction, osteophyte formation and
subchondral bone thickness were assessed by scoring. (D) TRIM24, RIP3, MMP3, matrix metalloproteinase 13 (MMP13) and COX2 immunostaining in
cartilage injected with Ad-C or Ad-Trim24 shRNA. (E) Relative expression levels of the indicated proteins were determined from immunohistochemistry
of cartilage every 2 weeks after destabilise the medial meniscus (DMM) surgery (n=9). Values are expressed as the mean and were analysed by one-
way analysis of variance with Bonferroni's test (A), a non-parametric Mann-Whitney U test (C; Osteoarthritis Research Society International (OARSI)
grading, osteophyte formation), or a two-tailed t-test (C; subchondral bone plate thickness). Scale bar: 100 pm.

prioritising downregulated genes that were upregulated by RIP3 kinase inhibition abrogates Rip3 activity in OA

RIP3 overexpression in chondrocytes (figure 6A). We identified pathogenesis

the following candidate compounds that have not been previ- Known RIP3 kinase inhibitors have a type I (DAB and GSK’843),
ously associated with OA: selumetinib, neratinib and AZ-628 II (sorafenib, GSK’067 and HS-1371), III, or unclassified
(figure 6A; online supplementary figure S6A). Molecular (GSK’872, GSK’840) kinase binding mode,”® whereas DAB
docking analysis revealed that nine compounds had good RIP3 and HS-1371 have shown potential in the treatment of RIP3-

binding affinity (binding energy <—7.0kcal/mol) and five had mediated inflammatory diseases.”® To examine their ability to
moderate RIP3 interactions (binding energy >—7.0kcal/mol;  regulate RIP3, we investigated the in vitro binding affinity of
figure 6B). DAB, GSK’872, HS-1371 and AZ-628 (online supplementary

We tested the cytotoxic effect of these compounds in chon-  figure S7A,B) and examined their effects on RIP3-overexpressing

drocytes and found that AZ-628 and selumetinib had no  chondrocytes. All four compounds almost completely inhibited
toxicity at 2puM, whereas neratinib had no toxicity at 1uM RIP3 phosphorylation (figure 6D; online supplementary figure
(online supplementary figure S6B). Next, we examined whether S7C), yet Mmp3 and Cox2 expression only decreased in AZ-628-
these compounds inhibited RIP3-mediated OA pathogenesis, treated chondrocytes (figure 6E; online supplementary figure
finding that they reduced RIP3 overexpression-induced MMP3, S7D). GSK’872 and HS-1371 exerted greater cytotoxic effects
MMP13 and COX2 expression in a dose-dependent manner on the chondrocytes than AZ-628 (figure 6F; online supplemen-
(figure 6C; online supplementary figure S6C,D), suggesting tary figure S7E), suggesting that their binding may have caused
that these compounds may inhibit RIP3 activity. Since AZ-628 conformational changes in RIP3 and induced chondrocyte
displayed higher binding affinity than selumetinib or neratinib apoptosis (online supplementary figure S7E). Collectively, our
and inhibited the OA manifestations in RIP3-overexpressing data suggest that AZ-628 is a potent RIP3 kinase inhibitor that
chondrocytes more effectively (figure 6C), it was investigated could block RIP3-mediated OA pathogenesis. TRIM24-RIP3
further. High RIP3 expression leads to its spontaneous auto- axis perturbation accelerated OA pathogenesis by altering gene
phosphorylation and may potentiate OA pathogenesis; thus, expression but not RIP3-mediated necroptotic cell death in
OA could be attenuated by inhibiting RIP3 kinase activity with chondrocytes, while RIP3 kinase activity inhibition by AZ-628
anticancer drugs—dabrafenib (DAB) and sorafenib—targeting attenuated OA-related gene expression without chondrocyte
RIP3 kinase.*’ cytotoxicity. Thus, the involvement of RIP3 kinase activity in
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Figure 6 AZ-628 attenuated receptor-interacting protein kinase-3 (RIP3) kinase activity and reduced RIP3-mediated osteoarthritis (OA)
pathogenesis. (A) Schematic illustration of in silico drug screening using a Connectivity map (CMap) approach and the top 10 predicted
compounds. (B) Binding affinities of AZ-628, neratinib and selumetinib to RIP3 using AutoDock Vina. (C) Matrix metalloproteinase 3 (MMP3), matrix
metalloproteinase 13 (MMP13) and COX2 expression determined by reverse transcription PCR (upper) and western blotting (lower) in chondrocytes
infected with Ad-C or Ad-Rip3 in the presence/absence of AZ-628, selumetinib or neratinib at the indicated dose (n=5). (D) Inhibition of RIP3 kinase
activity by AZ-628. Chondrocytes were infected with adenovirus Ad-C or Ad-Rip3 and treated with GSK'872, AZ-628 and HS-1371. Cell lysates were
analysed by western blotting (n=3). (E) Quantitative PCR analysis of Mmp3 under the same conditions as (C) (n=9). (F) Cell cytotoxicity assessed
using an lactate dehydrogenase (LDH) release assay (n=6). (G) Diagram of RIP3-mediated OA and the inhibitory effects of AZ-628. Values are
expressed as the mean+SEM. Statistical analyses were performed using two-tailed t-tests.

cartilage pathophysiology suggests that modulating RIP3 expres-
sion and activity may help treat OA (figure 6G; online supple-
mentary figure S7F).

DISCUSSION

RIP3 is a crucial regulator of necroptosis with roles in various
human diseases—inflammatory bowel disease, multiple sclerosis
and toxic epidermal necrosis (TEN).? Previously, we demon-
strated that elevated RIP3 expression in keratinocytes from
patients with TEN leads to spontaneous autophosphorylation
and inopportune necroptosis via MLKL phosphorylation.?’ 3
Lee at al reported that interferon-y (IFN-y)-deficient collagen-
induced arthritic mice showed exacerbation of cartilage damage
and joint inflammation as well as acceleration of MLKL, RIP1
and RIP3 production in the joints.* Recent reports suggested
a possible link between cartilage injury and necroptotic
processes, depending on oxidative stress and cytokine release
in OA disease.*® ¥’ These studies immunohistochemically anal-
ysed the expression of necroptosis markers—RIP3, MLKL and
p-MLKL—as evidence of the presence of necroptotic chondro-
cytes in fractured human and murine cartilage. However, most

studies have focused on manipulating the RIP3-MLKL axis to
regulate necroptosis and disease processes; however, our findings
suggest that RIP3 plays an MLKL-independent role in cartilage.
Moreover, in TRIM24-knockdown knee joints, TRIM24 was
found to negatively regulate RIP3 transcription, with TRIM24
loss upregulating RIP3-mediated changes in molecular patterns
of OA pathogenesis. Although TRIM24 negatively regulated
RIP3 expression, further studies are required to elucidate how/
why TRIM24 is downregulated during OA. Nevertheless, RIP3
activation remains a key factor for promoting OA pathogenesis
alongside catabolic factor expression.

Since upregulated RIP3 expression is related to disease
pathology via either MLKL-dependent necroptotic cell death or
altered gene expression under both MLKL-dependent and inde-
pendent conditions, it is important to regulate RIP3 activity in
RIP3 hyperactivation-driven diseases.’® * Known RIP3 kinase
inhibitors have type 1, II or III kinase binding modes; however,
few RIP3 inhibitors have been discovered and the development
of novel RIP3 kinase inhibitors has been limited as highly flex-
ible and unpredictable inhibitor-induced changes in RIP3 confor-
mation may increase apoptosis.*’ A recent study proposed that
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tyrosine kinase inhibitors could be repurposed to develop RIP3
kinase inhibitors with off-target effects in a low micromolar-
nanomolar range.’® Despite difficulties separating the primary
on-target and secondary off-target effects against RIP3 kinase
activity, drug repurposing could allow the development of novel
drugs with faster clinical application.

Several RIP1 inhibitors are currently in clinical trials for rheu-
matoid arthritis,”! suggesting that off-target or specific RIP3
kinase inhibitors could be used to treat OA. The drug AZ-628,
which was found to correlate with RIP3 expression, is a novel
pan-Raf inhibitor whose cross-reactivity profile suggests that it
may have similar functions to DAB.** Cellular arrays suggested
that AZ-628 affects RIP3 kinase activity to prevent RIP3 phos-
phorylation without chondrocyte cytotoxicity and reduces the
molecular pattern of OA pathogenesis. Thus, our study is the
first to demonstrate that AZ-628 inhibits RIP3 activation and
reduces OA pathogenesis without chondrocyte cytotoxicity.
Although GSK’872 and HS-1371 are potent RIP3 kinase inhibi-
tors, they exerted cytotoxic effects in chondrocytes, which may
complicate their clinical development. Thus, the therapeutic
potential of RIP3 inhibitors in OA should be considered further.
Despite many specificity and safety factors that must be over-
come before kinase inhibitors can be repurposed to treat OA,
RIP3 blockade remains a promising therapeutic strategy for OA.

Author affiliations

"Department of Pharmacology, Ajou University School of Medicine, Suwon,
Gyeonggi-do, Republic of Korea

“Department of Biomedical Sciences, Graduate School, Ajou University School of
Medicine, Suwon, Republic of Korea

3CIRNO, Sungkyunkwan University, Suwon, Republic of Korea

*Department of Biochemistry & Molecular Biology, Ajou University School of
Medicine, Suwon, Republic of Korea

>Department of Biological Sciences, Sungkyunkwan University, Suwon, Republic of
Korea

®Intellectual Information Team, Future Medicine Division, Korea Institute of Oriental
Medicine, Daejeon, Republic of Korea

"Department of Orthopaedic Surgery, Uijeongbu St. Mary's Hospital, The Catholic
University of Korea College of Medicine, Uijeongbu, Republic of Korea
®Department of Physiology, Ajou University School of Medicine, Suwon, Republic of
Korea

°Department of Life Science, Chung-Ang University, Seoul, Republic of Korea

Correction notice This article has been corrected since it published Online First.
The author’s name, Seong-il Eyun, has been corrected.

Acknowledgements We thank Vishva Dixit (Genentech, San Francisco, California,
USA) for providing the Rip3 mouse model. We also thank Jae Youn Cheong for
providing Ingenuity Pathway Analysis (IPA).

Contributors JJ and HIN designed and conducted most of the in vitro and in
vivo experiments and analysed the data. HL, HHP and YJH conducted some of the
in vitro and in vivo experiments. HHP, HL, HCK and SE carried out computational
analyses of the microarrays and GEO analysis. SJK obtained and analysed the
data from the human OA patients. SY and YSK conceived the study, designed and
conducted the research, analysed the data, wrote the manuscript and directed the
project.

Funding This work was supported by grants provided by the National

Research Foundation of Korea (NRF), funded by the Korean government (Nos.
2017R1A2B3002343, 2018R1C1B3001650, and SRC 2017R1A5A1014560) and
by a grant from the Korea Health Technology R&D Project through the Korea Health
Industry Development Institute (HI16C0992).

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting or dissemination plans of this research.

Patient consent for publication Obtained.

Ethics approval Human cartilage samples were obtained from individuals 63-80
years old undergoing total knee arthroplasty (online supplemental table S1). All
patients provided written informed consent, and sample collection was approved
by the IRB of Catholic University (UC14CNSI0150). All animal experiments were
approved by the Institutional Animal Care and Use Committee at Ajou University
School of Medicine, Suwon, Korea.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access
repository. Data are available on reasonable request. All data relevant to the study
are included in the article or uploaded as supplementary information. All data will be
available after accepted.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.0/.

ORCID iDs
Siyoung Yang http://orcid.org/0000-0002-6374-0140
You-Sun Kim http://orcid.org/0000-0001-6488-3015

REFERENCES

1 Kim J-H, Jeon J, Shin M, et al. Regulation of the catabolic cascade in osteoarthritis by
the zinc-ZIP8-MTF1 axis. Cell 2014;156:730-43.

2 Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in development and
disease. Nat Rev Mol Cell Biol 2014;15:786-801.

3 Kapoor M, Martel-Pelletier J, Lajeunesse D, et al. Role of proinflammatory cytokines in
the pathophysiology of osteoarthritis. Nat Rev Rheumatol 2011;7:33-42.

4 Ryu J-H, ShinY, Huh YH, et al. Hypoxia-Inducible factor-2c. regulates Fas-mediated
chondrocyte apoptosis during osteoarthritic cartilage destruction. Cell Death Differ
2012;19:440-50.

5 Thomas CM, Fuller CJ, Whittles CE, et a/. Chondrocyte death by apoptosis
is associated with cartilage matrix degradation. Osteoarthritis Cartilage
2007;15:27-34.

6 Charlier E, Relic B, Deroyer C, et al. Insights on molecular mechanisms of chondrocytes
death in osteoarthritis. Int J Mol Sci 2016;17:2146.

7 (CaiZ Zhang A, Choksi S, et al. Activation of cell-surface proteases promotes
necroptosis, inflammation and cell migration. Cell Res 2016;26:886—900.

8 Grootjans S, Vanden Berghe T, Vandenabeele P. Initiation and execution mechanisms
of necroptosis: an overview. Cell Death Differ 2017;24:1184-95.

9 Dondelinger Y, Hulpiau P, Saeys Y, et al. An evolutionary perspective on the necroptotic
pathway. Trends Cell Biol 2016;26:721-32.

10 ChoYS, Challa S, Moquin D, et al. Phosphorylation-driven assembly of the RIP1-RIP3
complex regulates programmed necrosis and virus-induced inflammation. Ce//
2009;137:1112-23.

11 He S, Wang L, Miao L, et al. Receptor interacting protein kinase-3 determines cellular
necrotic response to TNF-alpha. Cell 2009;137:1100-11.

12 Zhang D-W, Shao J, Lin J, et a/. Rip3, an energy metabolism requlator that switches
TNF-induced cell death from apoptosis to necrosis. Science 2009;325:332-6.

13 Zhao J, Jitkaew S, Cai Z, et al. Mixed lineage kinase domain-like is a key receptor
interacting protein 3 downstream component of TNF-induced necrosis. Proc Natl Acad
SciUSA 2012;109:5322-7.

14 LiJ, McQuade T, Siemer AB, et al. The RIP1/RIP3 necrosome forms a functional amyloid
signaling complex required for programmed necrosis. Celf 2012;150:339-50.

15 CaiZ, Jitkaew S, Zhao J, et al. Plasma membrane translocation of trimerized MLKL
protein is required for TNF-induced necroptosis. Nat Cell Biol 2014;16:55-65.

16 Wang H, Sun L, Su L, et al. Mixed lineage kinase domain-like protein MLKL
causes necrotic membrane disruption upon phosphorylation by RIP3. Mo/ Cell
2014;54:133-46.

17 Choi ME, Price DR, Ryter SW, et al. Necroptosis: a crucial pathogenic mediator of
human disease. JC/ Insight 2019;4:¢128834.

18 Hockendorf U, Yabal M, Herold T, et al. RIPK3 restricts myeloid leukemogenesis by
promoting cell death and differentiation of leukemia initiating cells. Cancer Cell
2016;30:75-91.

19 Yang Z,Wang Y, Zhang Y, et al. Rip3 targets pyruvate dehydrogenase complex
to increase aerobic respiration in TNF-induced necroptosis. Nat Cell Biol
2018;20:186-97.

20 Martens S, Hofmans S, Declercq W, et al. Inhibitors targeting RIPK1/RIPK3: old and
new drugs. Trends Pharmacol Sci 2020;41:209-24.

21 Galluzzi L, Kepp O, Chan FK-M, et al. Necroptosis: mechanisms and relevance to
disease. Annu Rev Pathol 2017;12:103-30.

22 ZhangY, Zhang J, Yan R, et al. Receptor-Interacting protein kinase 3 promotes platelet
activation and thrombosis. Proc Natl Acad Sci U SA 2017;114:2964-9.

23 Lawlor KE, Khan N, Mildenhall A, et al. RIPK3 promotes cell death and NLRP3
inflammasome activation in the absence of MLKL. Nat Commun 2015;6:6282.

24 Armaka M, Ospelt C, Pasparakis M, et al. The p55TNFR-IKK2-Ripk3 axis orchestrates
arthritis by regulating death and inflammatory pathways in synovial fibroblasts. Nat
Commun 2018;9:618.

25 Silke J, Rickard JA, Gerlic M. The diverse role of RIP kinases in necroptosis and
inflammation. Nat Immunol 2015;16:689-97.

1642 Jeon J, et al. Ann Rheum Dis 2020;79:1635—1643. doi:10.1136/annrheumdis-2020-2 17904


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-6374-0140
http://orcid.org/0000-0001-6488-3015
http://dx.doi.org/10.1016/j.cell.2014.01.007
http://dx.doi.org/10.1038/nrm3904
http://dx.doi.org/10.1038/nrrheum.2010.196
http://dx.doi.org/10.1038/cdd.2011.111
http://dx.doi.org/10.1016/j.joca.2006.06.012
http://dx.doi.org/10.3390/ijms17122146
http://dx.doi.org/10.1038/cr.2016.87
http://dx.doi.org/10.1038/cdd.2017.65
http://dx.doi.org/10.1016/j.tcb.2016.06.004
http://dx.doi.org/10.1016/j.cell.2009.05.037
http://dx.doi.org/10.1016/j.cell.2009.05.021
http://dx.doi.org/10.1126/science.1172308
http://dx.doi.org/10.1073/pnas.1200012109
http://dx.doi.org/10.1073/pnas.1200012109
http://dx.doi.org/10.1016/j.cell.2012.06.019
http://dx.doi.org/10.1038/ncb2883
http://dx.doi.org/10.1016/j.molcel.2014.03.003
http://dx.doi.org/10.1172/jci.insight.128834
http://dx.doi.org/10.1016/j.ccell.2016.06.002
http://dx.doi.org/10.1038/s41556-017-0022-y
http://dx.doi.org/10.1016/j.tips.2020.01.002
http://dx.doi.org/10.1146/annurev-pathol-052016-100247
http://dx.doi.org/10.1073/pnas.1610963114
http://dx.doi.org/10.1038/ncomms7282
http://dx.doi.org/10.1038/s41467-018-02935-4
http://dx.doi.org/10.1038/s41467-018-02935-4
http://dx.doi.org/10.1038/ni.3206
http://ard.bmj.com/

Osteoarthritis

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Huang H, Skelly JD, Ayers DC, et al. Age-Dependent changes in the articular cartilage
and Subchondral bone of C57BL/6 mice after surgical destabilization of medial
meniscus. Sci Rep 2017,;7:42294.

Ma H-L, Blanchet TJ, Peluso D, et al. Osteoarthritis severity is sex dependent in a
surgical mouse model. Osteoarthritis Cartilage 2007;15:695-700.

Park H-H, Park S-Y, Mah S, et al. HS-1371, a novel kinase inhibitor of RIP3-mediated
necroptosis. Exp Mol Med 2018;50:125.

Kim SK, Kim W-J, Yoon J-H, et al. Upregulated RIP3 expression potentiates MLKL
phosphorylation-mediated programmed necrosis in toxic epidermal necrolysis. J Invest
Dermatol 2015;135:2021-30.

Choi S-W, Park H-H, Kim S, et al. PELI1 selectively targets kinase-active RIP3 for
Ubiquitylation-Dependent proteasomal degradation. Mol Cell 2018;70:920-35.

Cook WD, Moujalled DM, Ralph TJ, et al. RIPK1- and RIPK3-induced cell death mode
is determined by target availability. Cell Death Differ 2014;21:1600-12.

Jeon J, Kang L-J, Lee KM, et al. 3'-Sialyllactose protects against osteoarthritic
development by facilitating cartilage homeostasis. / Cell Mol Med 2018;22:57-66.
Kim S, Han S, Kim Y, et al. Tankyrase inhibition preserves osteoarthritic cartilage by
coordinating cartilage matrix anabolism via effects on SOX9 PARylation. Nat Commun
2019;10:4898.

Han L, Grodzinsky AJ, Ortiz C. Nanomechanics of the cartilage extracellular matrix.
Annu Rev Mater Res 2011;41:133-68.

Blom AB, van Lent PL, Libregts S, et al. Crucial role of macrophages in matrix
metalloproteinase-mediated cartilage destruction during experimental osteoarthritis:
involvement of matrix metalloproteinase 3. Arthritis Rheum 2007;56:147-57.

Fang H, Huang L, Welch |, et al. Early changes of articular cartilage and Subchondral
bone in the DMM mouse model of osteoarthritis. Sci Rep 2018;8:2855.

Fong K-W, Zhao JC, Song B, et al. Trim28 protects TRIM24 from SPOP-mediated
degradation and promotes prostate cancer progression. Nat Commun 2018;9:5007.
Tisserand J, Khetchoumian K, Thibault C, et al. Tripartite motif 24 (Trim24/Tif1o) tumor
suppressor protein is a novel negative regulator of interferon (IFN)/signal transducers
and activators of transcription (STAT) signaling pathway acting through retinoic acid
receptor o (Rarar) inhibition. J Biol Chem 2011;286:33369-79.

Borlepawar A, Rangrez AY, Bernt A, et al. Trim24 protein promotes and TRIM32
protein inhibits cardiomyocyte hypertrophy via regulation of dysbindin protein levels. /
Biol Chem 2017;292:10180-96.

40

4

42

43

44

45

4

47

48

49

50

51

52

Groner AC, Cato L, de Tribolet-Hardy J, et al. Trim24 is an oncogenic transcriptional
activator in prostate cancer. Cancer Cell 2016;29:846-58.

Perez-Lloret J, Okoye IS, Guidi R, et al. T-cell-intrinsic Tif10/Trim24 regulates IL-1R
expression on Th2 cells and Th2 cell-mediated airway allergy. Proc Nat/ Acad Sci U S A
2016;113:E568-76.

Herquel B, Ouararhni K, Khetchoumian K, et a/. Transcription cofactors TRIM24,
Trim28, and TRIM33 associate to form regulatory complexes that suppress murine
hepatocellular carcinoma. Proc Nat/ Acad Sci U S A 2011;108:8212-7.

Subramanian A, Narayan R, Corsello SM, et al. A next generation connectivity map:
L1000 platform and the first 1,000,000 profiles. Cell 2017;171:e17:1437-52.

Hong S-K, Lee H, Kwon O-S, et a/. Large-Scale pharmacogenomics based drug
discovery for ITGB3 dependent chemoresistance in mesenchymal lung cancer. Mo/
Cancer 2018;17:175.

Lee SH, Kwon JY, Kim S-Y, et a/. Interferon-Gamma regulates inflammatory cell
death by targeting necroptosis in experimental autoimmune arthritis. Sci Rep
2017;7:10133.

Riegger J, Brenner RE. Evidence of necroptosis in osteoarthritic disease: investigation
of blunt mechanical impact as possible trigger in regulated necrosis. Cell Death Dis
2019;10:683.

Stolberg-Stolberg J, Sambale M, Hansen U, et al. Cartilage trauma induces
Necroptotic chondrocyte death and expulsion of cellular contents. Int J Mol Sci
2020;21:4204.

Khan N, Lawlor KE, Murphy JM, et al. More to life than death: molecular determinants
of necroptotic and non-necroptotic RIP3 kinase signaling. Curr Opin Immunol
2014;26:76-89.

Mandal P, Berger SB, Pillay S, et a/. Rip3 induces apoptosis independent of pronecrotic
kinase activity. Mol Cell 2014;56:481-95.

Li J-X, Feng J-M, Wang Y, et al. The B-Raf(V600E) inhibitor dabrafenib selectively
inhibits RIP3 and alleviates acetaminophen-induced liver injury. Cell Death Dis
2014;5:e1278.

Weisel K, Scott NE, Tompson DJ, et a/. Randomized clinical study of safety,
pharmacokinetics, and pharmacodynamics of RIPK1 inhibitor GSK2982772 in healthy
volunteers. Pharmacol Res Perspect 2017;5.

Karoulia Z, Gavathiotis E, Poulikakos PI. New perspectives for targeting Raf kinase in
human cancer. Nat Rev Cancer 2017;17:676-91.

Jeon J, et al. Ann Rheum Dis 2020;79:1635—1643. doi:10.1136/annrheumdis-2020-217904

1643


http://dx.doi.org/10.1038/srep42294
http://dx.doi.org/10.1016/j.joca.2006.11.005
http://dx.doi.org/10.1038/s12276-018-0152-8
http://dx.doi.org/10.1038/jid.2015.90
http://dx.doi.org/10.1038/jid.2015.90
http://dx.doi.org/10.1016/j.molcel.2018.05.016
http://dx.doi.org/10.1038/cdd.2014.70
http://dx.doi.org/10.1111/jcmm.13292
http://dx.doi.org/10.1038/s41467-019-12910-2
http://dx.doi.org/10.1146/annurev-matsci-062910-100431
http://dx.doi.org/10.1002/art.22337
http://dx.doi.org/10.1038/s41598-018-21184-5
http://dx.doi.org/10.1038/s41467-018-07475-5
http://dx.doi.org/10.1074/jbc.M111.225680
http://dx.doi.org/10.1074/jbc.M116.752543
http://dx.doi.org/10.1074/jbc.M116.752543
http://dx.doi.org/10.1016/j.ccell.2016.04.012
http://dx.doi.org/10.1073/pnas.1522287113
http://dx.doi.org/10.1073/pnas.1101544108
http://dx.doi.org/10.1016/j.cell.2017.10.049
http://dx.doi.org/10.1186/s12943-018-0924-8
http://dx.doi.org/10.1186/s12943-018-0924-8
http://dx.doi.org/10.1038/s41598-017-09767-0
http://dx.doi.org/10.1038/s41419-019-1930-5
http://dx.doi.org/10.3390/ijms21124204
http://dx.doi.org/10.1016/j.coi.2013.10.017
http://dx.doi.org/10.1016/j.molcel.2014.10.021
http://dx.doi.org/10.1038/cddis.2014.241
http://dx.doi.org/10.1002/prp2.365
http://dx.doi.org/10.1038/nrc.2017.79
http://ard.bmj.com/

	TRIM24-­RIP3 axis perturbation accelerates osteoarthritis pathogenesis
	Abstract
	Introduction﻿﻿
	Methods
	Human OA cartilage samples and experimental OA mouse models
	Reagents
	Statistical analysis

	Results
	RIP3 overexpression-mediated gene signatures are associated with OA
	RIP3 modulates OA pathogenesis
	TRIM24 negatively regulates RIP3-mediated OA pathogenic signatures
	Identification of drugs that correlate with RIP3 expression using CMap
	RIP3 kinase inhibition abrogates Rip3 activity in OA pathogenesis

	Discussion
	References


