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Purpose: Osteoarthritis (OA) is a common disease for human beings, characterized by
severe inflammation, cartilage degradation, and subchondral bone destruction. However,
current therapies are limited to relieving pain or joint replacement and no effective treatment
methods have been discovered to improve degenerative changes. Currently, a variety of
evidences have indicated that aberrant mechanical stimuli is closely associated with articular
joint pathogenesis, while the detailed underlying mechanism remains unelucidated. In the
present study, we determined to investigate the impact of excessive high fluid shear stress
(FSS) on primary chondrocytes and the underlying epigenetic mechanisms.

Materials and Methods: Phalloidin staining and EdU staining were used to evaluate cell
morphology and viability. The mRNA level and protein level of genes were determined by
gPCR, Western blot assay, and immunofluorescence staining. Mechanistic investigation was
performed through RNA-sequencing and CUT&Tag sequencing. In vivo, we adopted uni-
lateral anterior crossbites (UAC) mice model to investigate the expression of H3K4me3 and
ZBTB20 in aberrant force-related cartilage pathogenesis.

Results: The results demonstrated that FSS greatly disrupts cell morphology and signifi-
cantly decreased chondrocyte viability. Aberrant FSS induces remarkable inflammatory
mediators production, leading to cartilage degeneration and degradation. In depth mechan-
istic study showed that FSS results in more than 10-fold upregulation of H3K4me3, and the
modulatory effect of H3K4me3 on cartilage was obtained by directly targeting ZBTB20.
Furthermore, Wnt signaling was strongly activated in high FSS-induced OA pathogenesis,
and the negative impact of ZBTB20 on chondrocytes was also achieved through activating
Wnt signaling pathway. Moreover, pharmacological inhibition of H3K4me3 activation by
MM-102 or treatment with Wnt pathway inhibitor LF3 could effectively alleviate the
destructive effect of FSS on chondrocytes. In vivo UAC mice model validated the dysregu-
lation of H3K4me3 and ZBTB20 in aberrant force-induced cartilage pathogenesis.
Conclusion: Through the combination of in vitro FSS model and in vivo UAC model,
KMT2B-H3K4me3-ZBTB20 axis was first identified in aberrant FSS-induced cartilage
pathogenesis, which may provide evidences for epigenetic-based therapy in the future.
Keywords: osteoarthritis, fluid shear stress, H3K4me3, epigenetic, cartilage degeneration

Introduction

Osteoarthritis (OA) is a prevalent degenerative joint disease which severely impairs
the life quality of human beings. Pathologically, OA is a complex disorder which
may involve cartilage degradation, synovial inflammation, subchondral bone sclero-
sis, infrapatellar fat pad fibrosis, and meniscal damage.'* However, due to the lack

Received: 16 September 2021
Accepted: 5 November 2021
Published: 19 November 2021

Journal of Inflammation Research 2021:14 6067-6083 6067
© 2021 Jin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
v No

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


mailto:xialunguo@hotmail.com
mailto:fangbing@sjtu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Jin et al

Dove

of comprehensive understanding of the underlying
mechanism during OA progression, current therapies are
merely limited to relieving symptoms or slowing down the
disease progression and joint replacement surgery at the
end stage is finally applied.® Therefore, it is of critical
significance to clarify the potential mechanism of OA
pathogenesis to discover innovative therapy methods.

As a site biomechanically related to external forces,
articular cartilage is frequently associated with OA and
mechanical loading is determined as a crucial factor on the
onset and progression of cartilage pathogenesis.*
Physiologically, chondrocytes in articular cartilage are
subjected to a variety of stresses, strains, and pressure
that come from daily activities.’ However, in some cases,
abnormal mechanical overloading of cartilage could lead
to chondrocyte apoptosis, extracellular matrix degenera-
tion, resulting in OA initiation and progression.®® Among
the different kinds of mechanical forces, fluid shear stress
(FSS) serves as an essential physiological and pathological
factor for articular joint.”'® It was indicated that relative
low shear stress (<5 dyne/cm?®) is chondroprotective,
whereas high shear stress (10-20 dyne/cm?) induces
inflammatory responses, promotes matrix-degrading
enzymes expression, consequently results in matrix degra-
dation and OA-like pathological features.>®!' Due to the
limited capacity of cartilage for tissue repair and
regeneration,'” investigation of potential mechanisms
underlying FSS-induced OA pathogenesis is greatly
needed.

In recent years, more and more attention has focused
on epigenetic alterations, which were demonstrated to
mediate various kinds of pathological responses. Various
kinds of histones modifications, including methylation,
phosphorylation and acetylation, regulate key genes
which participate in disease initiation and progression.'
For example, it was reported that elevated NSD3 histone
methylation activity drives the malignant progression of
squamous cell lung cancer and indicates the promising
prospect of NSD3-dependent therapy strategy.'* OA is
a common disease which has gained increasingly more
attention and studied by many researchers. A recent
study has reported an abnormal expression of histone
deacetylases (HDAC) in OA pathogenesis, implying the
prospect of treating OA through regulating specific
HDACs activity.'>'® Another study demonstrated the
importance of EZH2 in OA, providing evidences for epi-
during OA  development.'’

genetic  modifications

Specifically, the data indicated that EZH2 may suppress

OA progression through inhibiting miR-138 expression by
promoting the histone methylation of its promoter.
Although several findings have suggested the potential
functions of epigenetics on OA pathogenesis,'®!” the
detailed regulatory mechanism and the underlying epige-
netic-based therapeutic target have not been discovered
until now. More importantly, the specific mechanism of
epigenetic regulation involved in mechanical force-related
OA pathogenesis remains elusive.

In the current study, we determined to identify the
effect of aberrant FSS on primary chondrocytes and illu-
minate the involvement of H3K4me3 in aberrant FSS-
induced OA. Through in vitro FSS model and in vivo
unilateral anterior crossbites (UAC) mice model, we con-
firmed the impact of aberrant FSS on osteoarthritis-like
pathological changes in joint regions. Moreover, we aimed
to elucidate the involvement of epigenetic regulation in
mechanical-related cartilage pathogenesis and to investi-
gate whether targeting epigenetic event may serve as pro-
mising therapeutic strategy in the future.

Materials and Methods

Ethics

This study was approved by the Ethics Committee of
Shanghai Jiao Tong University. All the animal studies
were approved by the Shanghai Jiao Tong University
Institute Animal Care and Use Committee, and conducted
according to the Guide for Care and Use of Laboratory
Animals (Ministry of Science and Technology of China,
20006).

Primary Chondrocytes Isolation and

Culture

Chondrocytes were obtained from the articular cartilage of
3-week-old male C57BL/6] mice. Specifically, obtained
cartilage was digested in 0.25% trypsin-EDTA in 37°C
for 0.5 h. After being cut into approximately 1 mm?
small pieces, the cartilage was incubated with 0.2% col-
lagenase II at 37 °C for 3 h. Finally, cell suspension was
collected and cultured in DMEM/F12 (Gibco, USA) con-
taining fetal bovine serum (Gibco, BRL) and 1% penicil-
lin-streptomycin. Passage 1-3 from the primary cells were
used for further experiments in this study.

In vitro FSS Experiment
FSS was applied by using a Flexcell FX-4000 strain unit
(Flexcell, FX4000, Burlington, Ontario, Canada). FSS was
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calculated based on the following formula: t = 6pQ/wh? (u
is the dynamic viscosity of perfusate, Q is the flow rate,
w is the width, and h is the channel height). Briefly,
chondrocytes were seeded onto the culture slips at
a density of 2 x 10° cells and put into a parallel-plate
flow system. The system is a six-chamber laminar flow
device which includes a total of six 75 x 25 x 1 mm
culture slips. After being exposed to 20 dyne/cm” FSS
treatment for 2 h, the cells were collected for further
experiments.

Cytoskeleton Staining

The morphology of cells with or without shear stress
treatment was investigated by phalloidin staining
(Yeason, China). Briefly, cells were fixed in 4% parafor-
maldehyde for 30 min and then treated with 0.1% Triton
X-100 solution for 10 min. Cells were incubated with
phalloidin staining for 30 min at room temperature.
Finally, DAPI staining was carried out for 3 min. Stained
samples were observed by an inverted fluorescence micro-

scope (Zeiss, Germany).

Ethynyl-2'-Deoxyuridine (EdU) Staining
Edu staining assay was utilized to evaluate cell viability.
Briefly, cells were firstly incubated in 50 pM EdU solution
for 2 h at 37 °C incubator. Then, 4% paraformaldehyde
was used to fix cells, followed by treatment with 2 mg/ mL
glycine and 0.5% Triton X-100. Afterwards, Apollo reac-
tion solution was added into cells for reaction about 30
min in the dark. Finally, cell nuclei was stained by Hoechst
33342. Random visions were chosen for capturing images
in different samples by using an inverted fluorescence
microscope (Zeiss, Germany).

RNA [solation and RT-qPCR

Chondrocytes were seeded at a density of 2 x 10° cells and
subjected to different treatments. Total RNA of cells or
tissues was extracted by TRIzol reagent (Takara, Japan)
and then synthesized into cDNA by using a PrimeScript
RT reagent kit (Takara, Japan). Real-time PCR was carried
out on an ABI StepOne real-time PCR system (Applied
Biosystems, USA) by using a SYBR Premix Ex Taq
Reagent Kit (Takara, Japan). Reaction conditions were
performed according to manufacturer’s constructions.
The relative expression level of genes was evaluated by
the 2724“T method with GAPDH used as the internal
control. The detailed sequences of primers used in this
study are presented in Table S1.

Immunofluorescence Staining

Firstly, samples were fixed by 4% paraformaldehyde and
permeabilized by 0.1% Triton X-100. Then, samples were
blocked by 10% goat serum plus 3% BSA after which
immunostained with specific primary antibodies including
COLII (1:50, proteintech, UK), SOX9 (1:50, Abcam, UK),
COX-2 (1:50, CST, UK), MMP13 (1:50, proteintech, UK),
H3K4me3 (1:50, CST, UK) overnight at 4 °C. After being
reacted with fluorescent secondary antibody at room tem-
perature for 1 h, cells were stained with DAPI (Yeason,
China) and observed under an inverted fluorescence
microscope (Zeiss, Germany). Three different pictures
were captured in random fields.

Western Blot Assay

Chondrocytes were seeded at a density of 2 x 10° cells and
subjected to different treatments. Total protein of cells
were extracted by SDS lysis buffer (Beyotime, China).
Protein samples were subjected to 4-20% polyacrylamide
gels (Genshare biological, China) electrophoresis and
transferred to polyvinylidene fluoride (PVDF) membranes
(Merck Millipore, USA). After being blocked with 5%
skim milk, membranes were incubated with specific pri-
mary antibodies against COLII (1:1000, proteintech, UK),
SOX9 (1:1000, Abcam, UK), COX-2 (1:1000, CST, UK),
MMP13 (1:1000, proteintech, UK), H3K4me3 (1:1000,
CST, UK), H3K9me3 (1:1000, Abcam, UK), H3K27me3
(1:1000, CST, UK), H3K36me3 (1:1000, ABclonal, USA),
H3K79me3 (1:1000, ABclonal, USA), KMT2B (1:1000,
ABclonal, USA), B-catenin (1:1000, CST, UK), Histone
H3 (1:2000, CST, UK), ZBTB20 (1:1000, proteintech,
UK) and GAPDH (1:10,000, proteintech, USA) at 4 °C
overnight. The membranes were then probed with second-
ary antibodies and visualized on an Amersham 600
Chemiluminescence System by using chemiluminescence
(ECL) substrate kit (Merck Millipore, USA). All the
Western blot bands were quantified by Image-Pro Plus
6.0 software and normalized to an internal control
(GAPDH or Histone H3).

RNA Sequencing and Differential

Expression Analysis

The transcriptome sequencing and differential expression
analysis in this study were performed by OE Biotech Co.,
Ltd. (Shanghai, China). Briefly, constructed RNA libraries
were sequenced on an Illumina HiSeq X Ten platform.
DESeq (2012) R package was utilized to make differential
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expression analysis and differentially expressed genes
(DEGS) in this study were defined as P value < 0.05 and
[logFC| > 1.

RNA sequencing data was uploaded in Gene
Expression Omnibus — NCBI database as GSE186501.

CUT&Tag Library Generation and

Sequencing

CUT&Tag assay was performed using NovoNGS
CUT&Tag 3.0 High-Sensitivity Kit (for
(Novoprotein, China) as indicated. The detailed proce-

[llumina)

dures were in accordance with previous protocols.?’
Briefly, cells were treated with ConA beads after which
were incubated with primary antibody for 2 h at room
After
reacted with

temperature. being washed for three times,

cells were secondary antibody for
1 h. Subsequently, samples were incubated in pAG-Tn5
for 1 h. DNA tagmentation was performed at 37 °C for 1
h and the reaction was stopped with 10% SDS at 55°C for
10 min. After extraction with phenol-chloroform and etha-
nol precipitation, PCR was applied to amplify the libraries.
Sequencing and data analysis

GENEWIZ (Suzhou, China).

was performed by

Adenovirus Overexpression of ZBTB20
GFP-ZBTB20 adenoviral vectors were constructed by
HanBio Technology (Shanghai, China). The multiplicity
of infection was 400. When primary chondrocytes reached
the confluence of about 30-50%, cells were infected with
adenovirus in DMEM/F12 for 8 h at 37 °C.

Flow Cytometry
The apoptosis activities of chondrocytes were determined
by flow cytometry analysis.

Primary chondrocytes were seeded onto 6-well plate at
a density of 2 x 10° cells and then exposed to different
treatments. After being washed by cold PBS for three
times, samples were stained with Annexin V-APC/PI
Apoptosis Detection Kit (KeyGEN BioTECH, China) to
assess apoptosis activities. Specifically, cell suspension was
stained with 5 pL PI staining buffer and 5 pul. Annexin
V staining buffer protected from light for about 15 min and
then analyzed on a Flow Cytometer (BD Biosciences, USA).

In vitro MM-102 or LF3 Treatment
MM-102 (Sellect, USA) and LF3 (Sellect, USA) were
dissolved in DMSO at a storage concentration at —40 °C

until use. A density of 2 x 10° chondrocytes were seeded
at 6-well plate and pretreated with 20 uM MM-102 or 20
uM LF3 for 24 h after which subjected to shear stress or
500 pM sodium nitroprusside (SNP) treatment. SNP was
commonly used to mimic apoptosis of chondrocytes.

Unilateral Anterior Crossbite (UAC)

Model

A total of 22 male C57BL/6J mice (19-22g, 6-week-old)
were provided by the Shanghai Laboratory Animal Center
and all the experimental procedures were conducted accord-
ing to the Guide for Care and Use of Laboratory Animals
(Ministry of Science and Technology of China, 2006). All the
mice were randomly divided into UAC group or sham group.
The UAC animal model used in this study for inducing
temporomandibular joint arthritis (TMJOA) was described
previously.'*? Briefly, metal tubes were used to bond left
maxillary and mandibular incisors to create UAC relation-
ship. The mandibular tubes were curved to form a 135°
labially inclined occlusal plate. Mice in the sham groups
underwent similar procedures without bonded metal tubes.

Micro-CT Analysis

Temporomandibular joint (TMJ) tissues of C57BL/6J mice
in different group were obtained and fixed in 4% parafor-
maldehyde. The slice thickness for the micro-CT scans
was 9.13 um and a total of 450 slices of bone were
scanned for Micro-CT analysis on skyscan1076 (Brooke,
Belgium). Specifically, 2 cubes (each 0.3 x 0.3 x 0.3 mm)
were selected from the midcenter and midposterior of
condylar subchondral bone to be analyzed by CTvol (grey-
level threshold 120-255) for the parameters including the
ratio of bone volume to tissue volume (BV/TV), bone
mineral density (BMD), trabecular thickness (Tb. Th),
trabecular number (Tb. N) and trabecular space (Tb. Sp).

Histology Analysis and

Immunohistochemistry Assay

TMI tissues were collected and demineralized in 10%
(EDTA)
Afterwards, tissue samples were embedded in paraffin

ethylenediaminetetraacetic  acid solution.
and sectioned at a thickness of approximately 5 um.
Samples were deparaffinized, hydrated, and stained with
hematoxylin-eosin (H&E) and Safranin-O-fast green. We
adopted OARSI Score criteria to evaluate cartilage
degeneration as previously stated.”> For immunohisto-
chemistry after and

assay, being deparaffinized

6070

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Jin etal

rehydrated, samples were immersed in 0.3% hydrogen
peroxide to block endogenous peroxidase activities.
Subsequently, samples were incubated with proteinase
K for antigen retrieval after which blocked with 1%
goat serum plus 3% BSA solution. Primary antibodies
against COLII (1:50, Proteintech, USA), SOX9 (1:200,
CST, UK), COX-2 (1:50, CST, UK), MMP13 (1:50,
Proteintech, USA), H3K4me3 (1:50, CST, UK), and
ZBTB20 (1:50, Proteintech, USA) were used to incubate
specimen at 4 °C overnight. After being reacted with the
secondary antibody for 1 h at room temperature, samples
were stained with hematoxylin, dehydrated, cleared and
mounted. Images were analyzed by Image-Pro Plus 6.0
software and the percentage of positive cells was
presented.

Statistical Analysis

All the experiments were performed for three times.
Statistical analysis was performed by SPSS 19.0 software.
Comparisons between two groups or three groups were
evaluated by Student’s t tests and one-way analysis of
variance (ANOVA), respectively. P < 0.05 was determined
as statistically significant throughout this study.

Results
FSS Influences the Morphology and
Viability of Primary Chondrocytes

In this study, we used Flexcell appliance to exert FSS on
chondrocytes and the detailed schematic diagram was pre-
sented in Figure S1. Briefly, cells were seeded in the culture
slips 48 h before FSS treatment. To detect the biological
effect of aberrant high shear stress on chondrocytes, we
applied 2 h treatment of 20 dyne/cm” FSS. Cytoskeleton
staining showed that FSS significantly disrupt cell morphol-
ogy, mainly manifested by the irregular display of F-actin
(Figure 1A). Furthermore, EdU staining which could label
cells in S-phase indicated the decreased cell proliferation and
viability of primary chondrocytes under FSS (Figure 1B).

FSS Induces Proinflammatory Mediators
and Leads to Cartilage Degeneration and
Degradation

We further investigated the effect of FSS on cartilage-
related markers, catabolism responses, inflammatory-
related factors, and extracellular matrix degradation. It
is shown in Figure 1C that the mRNA level of Sox9,
Acan, and Col2 mRNA was remarkably downregulated

after FSS treatment. Meanwhile, hypertrophy-related
markers, such as Coll0, Cox-2, Adamts4, and Adamts5
were significantly upregulated. Multiple matrix metallo-
proteinases, including Mmp3, Mmp9, and Mmp13, and
typical inflammatory factors (TNF-o, IL-1f3, and IL-6)
were also induced. Western blot results demonstrated the
suppression of COLII and SOX9 and a remarkable ele-
vated level of COX-2 and MMPI13 after applying FSS
(Figures 1D and S2). Immunofluorescence assay consis-
tently showed the negative regulatory roles of aberrant
FSS in primary chondrocytes (Figure 1E).

FSS Results in H3K4me3 Activation and
KMT2B Upregulation

Since histone methylation is one of the most significant
epigenetic regulation for gene expression,®* we chose to
detect major histone methylation modifications (H3K4me3,
H3K9me3, H3K27me3, H3K36me3, and H3K79me3) in
FSS-treated chondrocytes. The results suggested that FSS
leads to a remarkable overexpression of H3K4me3 and
a silence of H3K27me3 (Figures 2A and S3). Since
H3K4me3 is defined as a major epigenetic controller
which was closely associated with gene activation, we
chose to further investigate the underlying mechanism of
H3K4me3 in the responses of chondrocytes to FSS.
Consistently,  immunofluorescence  assay  indicated
a remarkable upregulation of H3K4me3 in chondrocytes
exposed to FSS (Figure 2B). Subsequently, we determined
to investigate the potential mechanism underlying FSS-
induced H3K4me3 activation. Analysis of histone methyl-
transferases revealed that the mRNA expression of Kmt2b
was remarkably elevated after FSS treatment (Figure 2C).
Then, Western blot and semi-quantitative analysis suggested
an obvious upregulation of KMT2B protein level in chon-
drocytes under FSS, implying that H3K4me3 activation may

result from KMT2B upregulation (P < 0.01, Figure 2D).

Pharmacological Inhibition of H3K4me3
Activation by MM-102 Partially Rescues
the Destructive Effect of FSS on

Chondrocytes

Given the important mediatory effect of H3K4me3 acti-
vation on OA, we intended to investigate whether its
inhibition by MM-102 has therapy prospect. SNP was
commonly used to mimic apoptosis of chondrocytes.
Firstly, we pretreated cells with 20 uM MM-102 for
24 h and then incubated with 500 uM SNP. Apoptosis
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Figure | The biological effect of aberrant FSS on primary chondrocytes. (A) FSS affects the morphology of primary chondrocytes. (B) FSS significantly decreases primary
chondrocytes viability. (C) mRNA level of cartilage-related markers, hypertrophy-related markers and proinflammatory mediators was regulated by FSS. (D) Western blot
assay demonstrated the protein expression of COLIl, SOX9, COX-2, and MMP|3 was mediated by FSS. (E) Immunofluorescence assay indicated the protein expression of
COLII, SOX9, COX-2, and MMPI3 was mediated by FSS. Scar bar, 50 um. *p < 0.05, **p < 0.01, **p < 0.001.
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activities were evaluated about 24 h later and it was
shown that SNP significantly stimulated chondrocytes
apoptosis while cells pretreated with MM-102 alleviate
the destructive effect of SNP (Figure 3A). More impor-
tantly, MM-102 pretreatment effectively rescued the
negative impact of FSS on chondrocytes, which may
lay a foundation of epigenetic-based therapy on OA
(Figure 3B and C).

Identification of ZBTB20 as
H3K4me3-Target Gene Mediated by FSS

To make an in depth investigation of the molecular
mechanism during FSS-induced OA, we firstly analyzed
the transcriptomic effects of FSS on chondrocytes. A total
of 430 genes were determined as upregulated by the cri-
teria of p < 0.05 and fold change > 2. CUT&Tag sequen-
cing was utilized to confirm the direct target genes of
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H3K4me3. Analysis results indicated that 586 genes were
regulated by H3K4me3. Through the intersection of RNA-
seq of chondrocytes exposed to FSS and CUT&Tag
sequence of H3K4me3 in cells with or without FSS treat-
ment, 10 genes (Capnl2, Cldnl, Gpcepdl, I113ra2, Mex3b,
Nexn, Slc20al, Srekl, Tgifl, and Zbtb20) were finally
screened out (Figure 4A). Further qPCR validation indi-
cated that Zbtb20 is the most significant upregulated gene
after FSS treatment (Figure 4B). Finally, we selected
ZBTB20 as promising H3K4me3-target gene and the
peak of ZBTB20 in corresponding group is displayed in
Figure 4C. CUT&Tag verification suggested Zbtb20 was
directly targeted by H3K4me3 activation caused by FSS
(Figure 4D). Moreover, ZBTB20 protein expression was
also significantly elevated after FSS (P < 0.001,
Figure 4E). Both the elevated mRNA level and protein
level of ZBTB20 was rescued by MM-102 pretreatment
under FSS (Figure 4F and G). The above results demon-
strated that ZBTB20 was directly regulated by FSS-
induced H3K4me3 activation.

ZBTB20 Regulates the Biological
Phenotypes of Chondrocytes Through
Targeting Wnt Signaling

To detect the modulatory effect of ZBTB20 on chondro-
cytes, cells were infected with adenovirus for ZBTB20
overexpression. gPCR and Western blot results validated
the success overexpression of ZBTB20 in primary chon-
drocytes (Figure 5A). It is shown in Figure 5B that apop-
in Ad-ZBTB20-treated
chondrocytes. Moreover, ZBTB20 was identified to sup-

tosis activities were induced
press the mRNA expression of Col2, Sox9, and Acan,
implying its negative impact on chondrocytes (Figure 5C).
Hypertrophy and catabolism-related markers, including
Col10, Cox-2, Adamts4, and AdamtsS were remarkably
5C).
(Mmp3, Mmp9, and Mmpl13) and inflammatory factors

upregulated (Figure Matrix metalloproteinases
(TNF-a, IL-1B, and IL-6) were also induced, suggesting
matrix degradation and inflammatory responses induced
by ZBTB20 (Figure 5C). Consistently, the protein expres-
sion of COLII and SOX9 were significantly downregulated
and a statistical significant elevated level of COX-2 and
MMP13 was observed after ZBTB20 overexpression
(Figure 5D). Since Wnt signaling is an important biological
cascade which is mechanical responsive and closely

25,26

involved in joint homeostasis and joint diseases and

the KEGG enrichment analysis of chondrocytes with or

without FSS contains the Wnt pathway (Figure S4), we
determined to detect whether ZBTB20 exerts its biological
functions through mediating Wnt pathway. Western blot
results showed that ZBTB20 overexpression leads to Wnt
signaling activation, with a more than 3-fold upregulation
of B-catenin level (P < 0.05, Figure 6A). Further rescue
experiments suggested that treatment with Wnt/B-catenin
inhibitor LF3 could effectively alleviate the negative effect
of ZBTB20 on chondrocytes, mainly manifested by
decreased cell apoptosis (Figure 6B). Also, cartilage-
related positive markers Sox9, Col2, and Acan were
improved and markers representing cartilage degeneration
and inflammatory responses were decreased in LF3-treated
chondrocytes with ZBTB20 overexpression (Figures 6C
and S5A). Western blot experiment showed the same
results, manifested by the upregulation of COLII and
SOX9 and downregulation of COX-2 and MMP13 in LF3-
treated cells (Figures 6D and S6).

Whnt Signaling Pathway is Involved in

FSS-Related Cartilage Pathogenesis

Firstly, we found that FSS leads to Wnt signaling activation
(Figure 6E). To further detect whether Wnt signaling path-
way was involved in aberrant FSS-induced cartilage patho-
genesis, specific Wnt/B-catenin inhibitor LF3 was used for
rescue experiments. It was indicated that pretreated with
LF3 could rescue the apoptosis activities caused by SNP
treatment (Figure 6F). Furthermore, Wnt/B-catenin inhibi-
tion by LF3 could alleviate the destructive effect of FSS on
primary chondrocytes, represented by elevated level of
COLII and SOX9 and decreased level of COX-2 and
MMP13 (Figures 6G and H, S5B and S7). Therefore, we
speculated that FSS destroys cartilage through KMT2B-
H3K4me3-ZBTB20-mediated Wnt signaling activation.

Validation of H3K4me3 and ZBTB20 in
UAC Mice Model

In vivo, we adopted UAC model which could produce
abnormalities in bite force direction and distribution to
mimic the natural pathogenesis process of aberrant occlu-
sion-induced TMJOA in human beings as previously
described.*'?"*® Micro-CT analysis results suggested
a decrease of BMD, BV/TV, Tb.Th, and Tb.N in UAC
group while Tb.Sp was increased when compared to sham
controls (Figure 7A). mRNA expression level of Col2 and
Sox9 was downregulated, Cox-2 and Mmp13 was upregu-
lated in UAC group (Figure 7B). H&E staining and
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Figure 3 Pharmacological inhibition of H3K4me3 activation by MM-102 partially rescues the negative effect of FSS on chondrocytes. (A) Pretreatment of MM-102 in
primary chondrocytes could alleviate SNP-induced apoptosis activities. (B) qPCR results indicated the inhibition of H3K4me3 activation by MM-102 partially rescues the
negative effect of FSS on chondrocytes. (C) Western blot results of COLIl, SOX9, COX-2, and MMPI3 in chondrocytes exposed to FSS with or without MM-102
pretreatment. *p < 0.05, *p < 0.0, **p < 0.001.
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of ZBTB20 is significantly induced by FSS. (F) Inhibition of H3K4me3 by MM-102 cou
MM-102 inhibited the upregulated protein level of ZBTB20 by FSS. *p < 0.05, **p <

Safranin O staining showed cartilage degradation and
degeneration in UAC mice, which was illustrated by an
elevated OARSI score and a decreased chondrocyte den-
sity (P < 0.001, Figure 7C). Immunohistochemistry assay
results indicated that tissues from UAC group presented

Id suppress the elevated mRNA level of Zbtb20 caused by FSS. (G) Pretreatment with
0.01, *p < 0.001.

a decreased positive staining intensity of COLII and SOX9
and an increased protein expression of COX-2 and
MMP13 could be observed in UAC mice compared to
sham controls (P < 0.001, Figure 7D). These findings
implies cartilage degradation and degeneration in UAC
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and MMP13 in chondrocytes exposed to FSS with or without LF3 treatment. *p < 0.05, **p < 0.01, ***p < 0.001.

mice. Furthermore, a strong activation of H3K4me3 and ZBTB20-positive cells (P < 0.001, Figure 7D). The dysre-

ZBTB20 was observed in the TMJ tissues of UAC mice,
as manifested by a great larger number of H3K4me3 or

gulation of H3K4me3 and ZBTB20 in aberrant mechanical

force-induced TMJOA model implied the potential
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Figure 8 The overall working model of epigenetics-based mechanism underlying
aberrant FSS-induced OA.

regulatory functions of H3K4me3-ZBTB20 axis in shear
stress-related TMJ pathogenesis. The overall working
model of epigenetics-based mechanism underlying aber-
rant FSS-induced OA is illustrated in Figure 8.

Discussion
OA is a complicated disorder which involves the whole
joint, including cartilage, subchondral bone, synovial

meniscus, 423!

membrane, and infrapatellar fat pa
Emerging clinical treatment methods have limited effects
that merely restricted to symptom relief. Recently, more
and more studies have emphasized the importance of
abnormal mechanical stress in the development and pro-
gression of OA. Mechanical environment was illustrated to
play significant roles in regulating cell biological activities
and maintaining homeostasis.>> Moreover, aberrant
mechanical force may disturb cells and result in unin-
tended responses. For example, shear stress was found to
cause substantial changes in osteoblast cytoskeleton and
nucleus morphology and volume, accompanied by adhe-
sion and structural proteins changes.>® Furthermore, exces-
sive high FSS in vivo could cause injury to BMSCs and
hamper its attachment to the valvular scaffold.** Another
study demonstrated that histone methyltransferase EZH2
was decreased in response to FSS and endothelial gene
expression was altered to result in a state of cell
quiescence.> Similarly, multiple studies focused on chon-
drocytes indicated the associations between aberrant
mechanical stimulation and cartilage pathogenesis. It was
suggested that relatively low FSS (2-10 dynes/cm?) is
chondroprotective while high FSS (10-20 dynes/cmz) has

negative impact on chondrocytes, including inflammatory
and death,
degradation.®® In the current study, we applied in vitro

responses, cell apoptosis and cartilage
FSS model and our results indicated the negative impact
of aberrant high FSS on primary chondrocytes, which was
in compliance with previous studies. We made a relative
comprehensive analysis of cell morphology, cell prolifera-
tion, inflammatory mediators production, cartilage degen-
eration and degradation under FSS treatment. Overall,
aberrant high FSS has important regulatory functions on
cartilage pathogenesis.

Given the potential regulatory mechanism in FSS-
induced chondrocytes destruction, a study showed that
high FSS induced MMP-12 expression via cyclic (c)
AMP- and PGF2a-dependent signaling pathways and sug-
gested critical roles of MMP-12 upregulation during the
onset of OA.>” Another study illustrated an obvious acti-
vation of PI3K, ERK1/2, and JNK signaling, all may
contribute to MMP-9 overexpression.*® Toll-like receptor
4 and caveolin-1 were demonstrated to be binding partners
in chondrocytes and their expression could be temporally
regulated by FSS via upregulating PGE synthase-1 and
L-PGDS.*” All the above mechanistic investigation pre-
sented innovative insights for developing therapeutic stra-
tegies for cartilage-related diseases.

Recent evidences have indicated that epigenetic dysre-
gulation was closely involved in OA pathogenesis, provid-
ing a novel mechanistic and therapeutic target.*’
Specifically, one study demonstrated that EZH2 could
modulate the histone methylation level in the promoter
of miR-138
degeneration.'” Another study found the crucial mediatory

regions so as to influence cartilage

roles of HDAC in OA progression and suggested utilizing
HDAC inhibitors to protect cartilage from disease."
SIRT1

human articular chondrocytes and its status was closely

Moreover, downregulation was observed in
related with OA-like gene expression profiles, suggesting
using SIRT1 as useful tool to protect against OA.*!
Overall, the above results emphasized the importance of
epigenetic regulators in joint diseases, which may serve as
pharmacological candidates. Although epigenetic regula-
tion has been implicated in OA, the specific regulatory
mechanisms of high FSS on cartilage degeneration and
degradation remain poorly defined. Our study firstly illu-
strated the regulation of histone methylation underlying
shear stress-related OA and demonstrated a dramatic acti-
vation of H3K4me3 in chondrocytes exposed to FSS treat-
ment. Through the integrated analysis of transcriptome
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sequencing and H3K4me3 CUT&Tag sequencing, we con-
firmed ZBTB20 as the direct target of H3K4me3 in FSS-
mediated OA pathogenesis.

ZBTB20 is a transcriptional repressor with multiple
functions, such as regulating inflammation, cell death,
immunity and so on.**** A study indicated that mice
lacking ZBTB20 displayed abnormal growth rate, accom-
panied by high fatality and infertility, emphasizing the
importance of ZBTB20 in organisms.** In another study,
ZBTB20 knockout could effectively protect mice from
endotoxin shock and sepsis and further analysis showed
that ZBTB20 may function through promoting NF-kB
activation.*> What is more, ZBTB20 knockdown could
alleviate proinflammatory factors produced by macro-
phages, transforming macrophages from M1 to M2 polar-
ization, implying its essential roles in mediating
inflammatory reactions.*> One study found that chondro-
cyte-specific ZBTB20 knockout mice presented delayed
endochondral ossification and postnatal growth retarda-
tion. In depth investigation illustrated ZBTB20 could
directly repress SOX9 expression to regulate hypertrophic
chondrocytes differentiation.* In line with these findings,
the present study identified ZBTB20 as a critical modula-
tor in the responses of chondrocytes to aberrant FSS dis-
turbance, mainly manifested by inducing inflammatory
responses and repressing cartilage-related markers.
Further investigation illuminated the modulatory functions
of ZBTB20 on chondrocytes were achieved by targeting
Wnt pathway. We validated that Wnt signaling displayed
overactivation in FSS-treated chondrocytes and Wnt inhi-
bition could effectively alleviate FSS-induced destructive
impact, which were consistent with former findings that
excessive activation of Wnt signaling may lead to progres-
sive joint damage.*’”*® Given in vivo validation, we
adopted UAC model by which an overexpression of
H3K4me3 and ZBTB20 was evidently presented in UAC
mice. It is a widely acknowledged animal model by which
osteoarthritis-like cartilage degeneration in the mandibular
condyles could be induced through imposing unilateral
anterior crossbites on mice or rats.??*>**4%% In this
study, we chose this model because it reflects aberrant
stress-induced OA pathogenesis more naturally instead of
injury-caused pathology changes. To get a more compre-
hensive understanding of mechanical-related OA, we may
consider other OA models to validate our findings in the
future.

In summary, we revealed novel epigenetic modifica-

tions during high FSS-related cartilage pathogenesis and

identified H3K4me3-ZBTB20 as
Pharmacological inhibition of H3K4me3 or Wnt signaling

critical mediators.
could partially rescue the destructive effect of FSS on
chondrocytes. To our knowledge, our findings firstly
uncovered the potential relationship between mechanical
stress and epigenetic events during OA pathogenesis,
which could lay a foundation on discovering epigenetics-
based remedies for joint diseases.
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