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Abstract

To define the role of SETD2 in the WNT5a signaling in the context of osteoclastogenesis, we exploited two different
models: in vitro osteoclast differentiation, and K/BxN serum-induced arthritis model. We found that SETD2 and WNT5a
were upregulated during osteoclast differentiation and after induction of arthritis. Using gain- and loss-of-function
approaches in the myeloid cell, we confirmed that SETD2 regulated the osteoclast markers, and WNT5a via modulat-
ing active histone marks by enriching H3K36me3, and by reducing repressive H3K27me3 mark. Additionally, during
osteoclastic differentiation, the transcription of Wnt5a was also associated with the active histone H3K9 and H4K8
acetylations. Mechanistically, SETD2 directed induction of NF-k[3 expression facilitated the recruitment of H3K9Ac and
H4K8Ac around the TSS region of the Wnt5a gene, thereby, assisting osteoclast differentiation. Together these findings
for the first time revealed that SETD2 mediated epigenetic regulation of Wnt5a plays a critical role in osteoclastogen-

esis and induced arthritis.
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Introduction

Osteoclasts are large, multinucleated cells of myeloid
origin. They are the primary effectors of bone resorption
and thus play a critical role in maintaining bone homeo-
stasis; however, dysregulation of these cells causes bone
loss in arthritis [1]. Therefore, targeting the differentia-
tion process of osteoclasts might be an effective approach
for the prevention and treatment of bone disorders.
Osteoclast formation and differentiation are triggered by
a series of RANKL and M-CSF-induced signaling events
that lead to the activation of transcription factors such as
NFATcl and NF-«B. These transcription factors induce
the expression of osteoclast specific genes such as TRAP,
CTSK, and MMP9 [2, 3].
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Epigenetic modifications play critical role in both
activation and repression of the gene expressions and
histone methylation is one of the most important and
complex epigenetic modifications [4]. The histone 3
lysine 36 (H3K36) methyltransferase, which is respon-
sible for tri-methylation of H3K36 (H3K36me3), and
is the only histone H3K36-specific methyltransferase
identified to date in mammals exists within the SET
domain containing 2 (Setd2) gene [5-7]. The recruitment
of SETD2 is frequently occurred to the sites of active
transcription by interaction with RNA polymerase II
when it is phosphorylated [8]. The acetylation of H3 on
lysine 27 (H3K27Ac), tri-methylation at histone H3 Lys4
(H3K4me3) and H3K36me3 is commonly marked by the
chromatin landscape when a gene is actively transcribed.
The genetic distribution of the H3K27Ac and H3K4me3
marks are tightly localized around the transcription start
site (TSS), however, the distribution of the H3K36me3
modification is mostly in the downstream of the gene,
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can be throughout the transcribed gene. These H3K27Ac,
H3K4me3, and H3K36me3 histone modifications inhibit
enzymatic activity through chromatin binding to the
polycomb repressive complex 2 (PRC2) [9-11]. In addi-
tion, H3K27me3 is preferentially deposited at the CpG-
dense promoter region by PRC2 complex, which contain
EZH2, H3K27 methyltransferase molecules to repress the
transcription of a gene [12].

Wnt signaling has an important role in osteoclastic
differentiation. Both hyper and hypoactivation of Wnt
signaling results in cartilage breakdown [13]. Wnt3a
and Wntl are categorized as canonical ligands, whereas
and Wnt5a and Wntll are believed to be non-canon-
ical ligands. Canonical Wnt signaling suppresses bone
resorption and promotes osteoblast differentiation. In
contrast, non-canonical Wnt5a-Ror2 signals enhance
receptor activator of NF-kB expression in osteoclast pre-
cursors by triggering JNK and recruiting c-Jun on the
promoter of the RANK gene, thereby enhancing RANK
ligand (RANKL)-induced osteoclastogenesis [14]. Several
Wnt signaling molecules, such as WNT3A, WNT5A,
WNT4, and WNT16 tightly regulate osteoclast differen-
tiation and function to maintain bone mass under physi-
ological conditions [15-17]. However, it is unclear how
non-canonical Wnt signaling regulates bone resorption
and the fundamental mechanisms involved within.

The importance of SETD2 in osteoclastogenesis and
the relation with Wnt signaling remain largely unknown.
Herein, we provide evidence that the SETD2 mediated
H3K36me3 recruitment plays an essential role in osteo-
clastic differentiation by modulating the transcriptional
initiation and elongation of the Wnt5A. Furthermore,
using a K/BxN serum-induced arthritis (RA) model, we
shed light on the role of SETD2 in the expression Wnt
signaling molecules.

Results

Effect of osteoclastic differentiation on SETD2 expression
To investigate the changes in SETD2 expression lev-
els during osteoclastic differentiation, sSRANKL, and
MCSF-induced in vitro osteoclastogenesis model was
utilized. Faithful osteoclastic differentiation was con-
firmed by TRAP staining (Fig. 1a), and higher mRNA
expression levels of osteoclast-specific genes, such as
Nfatcl, TRAP, and Cathepsin K and osteoclast-asso-
ciated inflammatory gene, Mmp9 were observed on
days 4 and 6 of osteoclastic differentiation (Fig. 1b).
The quantitative RT-PCR results revealed that mRNA
levels of Setd2 were increased 2.1- and 7.2-fold
respectively on days 4 and 6 of osteoclast differen-
tiation (Fig. 1c). Additionally, western blot (Fig. 1d)
and immunofluorescence staining (Fig. le) analy-
sis confirmed the increased levels of SETD2 protein
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expression after osteoclastic differentiation. These
results confirmed that upon induction of osteoclast
differentiation, osteoclast cell exhibited upregulation
of SETD2 molecule.

Impact of SETD2 alterations on osteoclast markers

To assess how SETD2 influences the osteoclastogen-
esis, gain-of-function, and loss-of-function approaches
were applied to the osteoclast precursor cells. Western
blot and immunofluorescence analyses showed success-
fully knocked down and overexpressed SETD2 protein
(Fig. 2a—d respectively). After establishing the SETD2
upregulation during osteoclastic differentiation; we
were inclined to find the influence of SETD2 on osteo-
clast specific markers such as Nfatcl, Trap and Cathep-
sin K genes. The qRT-PCR analysis revealed that SETD2
knockdown resulted in a reduced level of Nfatcl, Trap,
and Cathepsin K expression (Fig. 2e). In contrast, the
transcriptional activation of Nfatcl, Trap, and Cathepsin
K was enhanced after overexpression of SETD2 molecule
(Fig. 2f). These results confirmed that SETD2 can facili-
tate the transcriptional activation of osteoclast markers
in monocytes and thereby effecting osteoclastogenesis
process.

Effect of osteoclast differentiation on Wnt signaling

We next tested the influence of osteoclast differentiation
on the Wnt signaling pathway molecules. To determine
the fate of canonical and non-canonical Wnt signaling,
we analyzed Wnt molecules in osteoclast differentiated
cells. Western blot analysis revealed that non-canonical
WNT5a-b protein expression was increased 4.9- and
5.2-fold on day 4 and day 6, respectively, during osteo-
clastic differentiation compared to undifferentiated
cells; conversely, WNT3a expression was remarkably
reduced (Fig. 3a, b). We also analyzed the expression
level of downstream Wnt pathway molecules that are
involved in both canonical and non-Canonical Wnt path-
way such as DVL3 and Axin [18, 19]. We found that the
expression level of DVL3 was increased with osteoclas-
tic differentiation (Fig. 3a) whereas, Axin remain almost
unchanged. For further confirmation about the repres-
sion of canonical WNT3a molecule during osteoclastic
differentiation, the protein level of NAKED1 (a WNT3a/
[-catenin pathway antagonist) was analyzed, and 1.7- and
1.9-fold increase in protein expressions were found on
days 4 and 6 of differentiation respectively, compared to
undifferentiated cells (Fig. 3a). These observations con-
firmed that canonical Wnt signaling molecule WNT3a
is reduced and non-canonical WNT5a/b is enhanced in
differentiated osteoclast cells. This finding indicates the
possible involvement of SETD2 in the regulation of the
non-canonical WNT5A in myeloid cells.
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Fig. 1 Elevated SETD2 expressions during osteoclastic differentiation. a TRAP staining was performed to detect differentiated osteoclasts at days
4 and 6. b Relative gene expression of Nfatc1, Trap, Cathepsin K, and Mmp9 were determined in differentiated cells using gRT-PCR keeping 3-Actin
as an internal control. ¢ The relative gene expression of Setd2 was determined in differentiated cells. d Protein levels of SETD2 were detected by
western blot and the protein expression level was analyzed by ImageJ software. The protein expression level was normalized by using GAPDH
expression level and graphically represented. e Imunofluorescence analysis of SETD2 expression in osteoclast differentiated samples

Effect of SETD2 modulations on Wnt signaling

After confirming expression profile of the Wnt pathway
molecules in myeloid cells, we were inquisitive to identify
the effects of SETD2 modulations on canonical and non-
canonical Wnt signaling pathway molecules. Based on
our data (Figs. 1, 3a) we hypothesized that SETD2 might
modulate the Wnt signaling protein expressions dur-
ing osteoclastic differentiation. To establish this hypoth-
esis, we analyzed WNT5A and WNT3A expressions by
western blotting and immunofluorescence staining after
SETD2 knockdown or overexpression in RAW 264.7
cells. We found that the SETD2 knockdown resulted in
a decreased level of WNTb5a expression, and SETD2
overexpression resulted in an increased level of WNT5a
expression (Fig. 3¢, d).

In contrast, the loss of SETD2 level resulted in
increased level of canonical WNT3a expression (Fig. 3c).
Whereas, increased SETD2 expression resulted in a
decreased expression of WNT3a protein (Fig. 3c). Other

Wnt signaling pathway molecules, such as Dvl3 were also
decreased with SETD2 knockdown and increase with
SETD2 overexpression (Fig. 3c). Levels of Axin remained
unchanged after the alteration of SETD2 (Fig. 3c). Inter-
estingly, the canonical Wnt pathway inhibitory molecule,
NAKED1 expression was supported by SETD2 over-
expression conditions and suppressed in the absence of
SETD2. These results suggest that SETD2 can positively
regulate non-canonical Wnt signaling molecules, which
play a critical role in osteoclastogenesis.

Transcriptional regulation of Wnt5a by histone
modifications during osteoclastic differentiation

To our knowledge, no such experimental evidences exist
on the transcriptional regulation of non-canonical Wnt5a
during osteoclast differentiation, or the involvement of
SETD?2 in this process. UCSC genome browser analysis
has shown the enrichment of H3K27me3 mark on Wnt5a
and Wnt5b genes in wild type RAW 264.7 cells (Fig. 4a).
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Fig. 2 SETD2 induced osteoclast markers expression. Levels of SETD2 was detected by western blot and immunofluorescence after
siRNA-mediated knockdown (a, b, e), and overexpression (¢, d, f) of SETD2 in RAW264.7 cells. Relative mRNA level expression of Nfatc1, Trap, and
Cathepsin K were analyzed by gRT-PCR in SETD2 knocked down and overexpressed samples (e, f, respectively)

This indicates epigenetic control mechanism plays a key
role in Wnt5a regulation during osteoclastogenesis. We
next sought to evaluate the alteration of histone modi-
fications profile on around the TSS region of Wnt5a.
After chromatin immunoprecipitation (ChIP), we found
that the H3K36me3 and H3K27mel enrichment on the
intragenic region of the Wnt5a gene in osteoclast dif-
ferentiated cells. Additionally, occupancy of active
enhancer marks, H3K27Ac, were also elevated around
the TSS region of Wnt5a (Fig. 4b). In contrast, promoter-
H3K27me3 occupancy was significantly decreased
(Fig. 4b). H3K36me3, H3K27mel, and H3K27Ac are,
however, more strongly enriched in the Day 6 osteoclast
differentiated cells than the Day 4 differentiated cells. We
believe that this specific arrangement of histone marks
on the Wnt5a gene could be responsible for the elevated
level of Wnt5a expression observed during osteoclastic
differentiation.

As SETD?2 is involved in H3K36me3 recruitment, we
postulated, SETD2 may induce transcription of Wnt5a
gene. Moreover, our experimental data suggested that
SETD2 positively regulates WNT5A expression. Based
on this evidence we were inclined to find out whether
SETD2 may affect the histone modification pattern
of WntSa transcription. To establish the involve-
ment of SETD2 in Wnt5a transcription, SETD2 was
knocked down and overexpressed in RAW 264.7 cells
and subjected to ChIP analysis. The evaluation of his-
tone marks revealed a reduced level of SETD2 expres-
sion resulted reducing levels of intragenic, H3K36me3,
and H3K27mel marks on Wnt5a gene. In contrast,
H3K27me3 occupancy was increased on the Wnt5a
promoter region (Fig. 4c). Conversely, SETD2 overex-
pression resulted in elevated levels of H3K36me3 and
H3K27mel marks and loss of the H3K27me3 mark.
However, the occupancy of enhancer H3K27Ac mark
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Fig. 3 Canonical and non-canonical Wnt pathway molecules during osteoclastic differentiation, and after SETD2 overexpression and knockdown.
a Western blot detection of Wnt signaling molecules during osteoclastic differentiation of RAW264.7 cells. b Detection of WNT5a and WNT3a
molecules in cells during osteoclastic differentiation by immunofluorescence method. C. Western blot detection of Wnt signaling molecules after
knockdown and overexpression of SETD2 in RAW264.7 cells. d Detection of WNT5A molecules in cells after overexpression and knockdown of
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does not change significantly with the change of SETD2
expression. Though, a slight increase of H3K27Ac was
found with the elevated SETD2 expression (Fig. 4c). In
conclusion, the transcription of Wnt5a is associated
with very distinguished histone mark patterns that were
identified upstream and within transcribed regions of
the Wnt5a gene. Verifying this, we confirmed the posi-
tive role of SETD2 on the transcription of Wnt5a via
altering the histone modification profile.

SETD2 mediated expression of NF-kp effects on H3K9Ac
and H4K8Ac marks on Wnt5a gene

Previous reports indicate that the elevated level H3K9Ac
and H4K8Ac facilitated the recruitment of RNA polymer-
ase II and elongation of the osteoclast specific gene such
as Tnfsfl11/Rank, Beclinl, Tnf-a [20]. Moreover, NF-kf3
involves in the recruitment of H3K9Ac and H4K8Ac
marks [21-23]. Next, we analyzed the p65 (RelA) subu-
nit of NF-«kp expression during osteoclastogenesis and
observed the higher level of p65 mRNA expression in

osteoclast cells (Fig. 5a). Interestingly, the p65 expression
was increased with SETD2 overexpression, and loss of
SETD2 led to suppression of P65 transcription (Fig. 5a).
To understand if there is a role of SETD2 in the recruit-
ment of H3K9Ac and H4K8Ac on the Wut5a gene via
NEF-kB, we performed the ChIP analysis experiments.
The analysis revealed that osteoclastic differentiation
significantly increased the active histone marks H3K9Ac
and H4K8Ac around the TSS region of Wnt5a (Fig. 5b).
To further examine whether SETD2 is involved in this
regulation, SETD2 overexpress and knocked down sam-
ples were also subjected to H3K9Ac and H4K8Ac ChIP
analysis. The analysis revealed that the overexpression of
SETD?2 significantly increased the enrichment of active
histone marks H3K9Ac, and H4K8Ac on the WntSa gene
(Fig. 5¢). Conversely, SETD2 knock down significantly
decreased the H3K9Ac and H4K8Ac occupancy (Fig. 5¢).
These data suggest that not only H3K36me3 was influ-
enced by SETD2 expression but also SETD2 positively
regulated NF-k[} expression thus recruitment of H3K9Ac
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Fig. 4 Transcriptional regulations of Wnt5a via SETD2. a UCSC genome browser analysis of RAW 264.7 cell line. The image is showing the
enrichment pattern of H3K36me3, H3K27Ac, and H3K27me3 marks on the Wnt5a/b gene in wild type untreated RAW 264.7 cells. Red star (*)
marks are specific regions that were analyzed by ChIP-qRT-PCR on the Wnt3a gene. b Quantitative RT-PCR analysis of ChIP-DNA for H3K36me3,
H3K27me1, H3K27me3, and H3K27Ac enrichment on the Wnt5a gene using specific primers designed from the intragenic and upstream region of
TSS in osteoclast differentiated cells. ¢ ChIP was performed for H3K36me3, H3K27me1, H3K27me3, and H3K27Ac marks on the Wnt5agene in SETD2
knocked down and overexpressed cells. ChIP with IgG rabbit served as a negative control for all ChIP analyses

and H4K8Ac on Wwut5a which altogether resulted in
WNTS5A expression during osteoclast differentiation.

Effect of K/BxN serum-induced arthritis on SETD2 and Wnt
signaling molecules

After in vitro confirmation, we sought to determine
whether the mechanistic regulation of SETD2 is per-
sistent in induced arthritis model. The K/BxN serum-
induced arthritis (RA) model was established in C57BL6
mice (Fig. 6a). After arthritic inflammation for 8 days,
ankle thickness was measured, which showed signifi-
cantly higher ankle thickness in induced arthritic mice

compared to control mice (Fig. 6b). Real-time PCR analy-
sis of bone marrow monocytes revealed that Setd2 was
significantly upregulated in arthritic mice compared to
control (Fig. 6c). Additionally, significantly increased
levels of Wnt5a and decrease the level of Wnt3a gene
expressions were observed in RA samples (Fig. 6¢). As
expected, immunofluorescence staining of osteoclastic
cells, differentiated from bone marrow precursor cells,
revealed higher expression levels of SETD2, WNT5a, but
not WNT3a in RA-induced mice compared to controls
(Fig. 6d). These observations suggested that SETD2 plays
an important role in osteoclastic differentiation as well as
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in arthritic development, which is associated with non-
canonical Wnt signaling.

To determine how Whut5a was transcriptionally regu-
lated, we performed similar ChIP experiments in primary
bone marrow cells isolated from control and induced
arthritic mice and obtained the similar distribution pat-
tern of all histone marks (Fig. 6e). The analysis confirmed
that not only in vitro myeloid cells, but also in vivo pri-
mary murine cells transcriptional expression of Wnt5a
in arthritis associated with enrichment of active marks
such as H3K36me3, and H3K27Ac, and reduced lev-
els of H3K27me3 around the TSS region of respective
genes (Fig. 6e). Consistent with the previous results,
murine data also confirmed that H3K36me3, H3K27me3,
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H3K27mel, and H3K27Ac marks play significant roles in
regulating Wnt5a genes during osteoclastic differentia-
tion and arthritis development.

Discussion

Understanding the mechanisms controlling osteoclast
differentiation has enormous clinical importance, espe-
cially in arthritis, where hyperactivated osteoclasts are
found. Transcriptional activation of osteoclastic markers
such as NFATc1, TRAP, and inflammatory genes matrix-
metalloproteinase 9, transcription factor, NF-kB, and
osteoclastogenesis associated genes receptor, Cathepsin
K, are key to myeloid cell activation, osteoclast differenti-
ation, and RA pathogenesis [20, 24—28]. Epigenetic states
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of a gene are directly related to the transcriptional acti-
vation or repression, and modulation in this epigenetic
profile or epigenetic modifiers are associated with disease
development. Several studies have shown that epigenetic
regulations such as genomic DNA methylation, histone
acetylation, and miRNA mediated gene silencing contrib-
ute to the RA pathogenesis [29-31].

Our study focused on defining the regulation of the
Wnt5a molecule via SETD2 the onset of osteoclast dif-
ferentiation. To our knowledge, this is the first study to
show that SETD2 expression is upregulated in osteo-
clasts (Fig. 1). Here, we used SETD2 loss-of-function
and gain-of-function systems to establish the effect of
SETD2 on osteoclastogenesis. Our findings of SETD2
mediated increase transcription of osteoclast inducers,
NFATcl1, TRAP, cathepsin K, provide a clear knowledge
about SETD2 induced monocyte activation and osteo-
clastic differentiation (Fig. 2). Next, we asked how SETD2
affected Wnt signaling onset of osteoclastogenesis. It
is well-known that the osteoclast precursors cells pro-
vide a suitable microenvironment for osteoclastogenesis
by inducing Wnt5a-Ror2 signaling and elevated level of
RANK molecules [14, 32, 33]. Additionally, it has been
previously reported that Dvl2 and DvI3 can involve in
both canonical and non-canonical Wnt signaling path-
ways, such as Wnt5a-Ror-Dishevelled signaling [34].
Moreover, DvI3 is also essential for Wnt5a activation
[35]. However, the canonical or non-canonical pathway
activation by a given Wnt ligand determined with the cel-
lular context. As an example, non-canonical Wnt5a can
both activate and repress Wnt/B-catenin signaling [36].
To resolve this complexity, we have analyzed canonical
(Wnt3a), non-canonical (Wnt5a), Wnt signaling associ-
ate (DVL3, AXIN), and antagonist of Wnt3a/p-catenin
(NAKED1) [37] molecules (Fig. 3). Our results confirm
only the activation of the non-canonical Wnt5a pathway
not canonical wnt3a signaling, during osteoclastic differ-
entiation. Interestingly, this finding is also strongly sup-
ported by the increased expression of canonical Wnt3a
pathway inhibitor, Nakedl. Similarly, the elevated level
of Dv13 indicated the involvement of the non-canonical
WNTS5A-DVL3 axis in osteoclastic differentiation.

We hypothesized that SETD2-mediated direct or indi-
rect regulation of WNT5A, in myeloid cells could be
the key to osteoclast differentiation. To test our hypoth-
esis, we altered SETD2 expression in myeloid cells and
established that SETD2 induced the upregulation of
non-canonical WNT5A molecule and impaired canoni-
cal Wnt pathway by reducing the WNT3A expression, as
well as promoting NAKED1 transcription (Fig. 3). It was
reported that WNT3A directly inhibits osteoclast differ-
entiation through both B-catenin and cAMP/PKA path-
ways [33]. Our data supported a mechanism of SETD2
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mediated positive regulation of Wnt5a which facilitated
osteoclastogenesis.

Histone lysine methylation and acetylation are two of
the most important histone post-translational modifica-
tions that regulate chromatin structure. In past decades,
the study of SETD2 primarily focuses on their func-
tion in cancer biology. Only a few reports have been
established in SETD2 related function on bone biology
but no data available on SETD2 mediated regulation of
osteoclastogenesis. The PRC2 component, PHF19, binds
to H3K36me3 and demethylated H3K36me3 through
NO66-demethylase to recruit H3K27me3 by EZH2. This
model demonstrated that the PRC2 complex uses the
unmethylated H3K36 as a signal to recruit H3K27me3
and enrichment of H3K36me3 is inversely related to
H3K27me3 level [11]. Our UCSC data analysis has shown
that in untreated RAW 264.7 cells H3K36me3 level is low,
whereas, H3K27me3 occupancy is high. In our study, we
performed ChIP analysis and identified that after osteo-
clastic differentiation on the gene body region of Wnt5a,
H3K36me3 and H3K27mel occupancies were signifi-
cantly increased whereas, H3K27me3 level is reduced.
Previously reported that the co-existence of H3K27mel
and H3K36me3 can lead to the high mobility of his-
tones and nucleosomes with open chromatin structure
to facilitate recruitment of the RNA pol II that eventually
lead to transcriptional initiation and elongation which
is mutually exclusive with repressive mark, H3K27me3
[38, 39]. Our data indicated that the SETD2-dependent
H3K36 trimethylation could induce the transcription of
Wht5a during osteoclastogenesis. Additionally, it is also
described that global loss of H3K27me3 resulted in accu-
mulation of active enhancer mark, H3K27Ac [40-43].
We observed that the enrichment of H3K27Ac on the
Wnt enhancer region, which revealed enhancer activa-
tion of the Wnt5a gene during osteoclast differentiation
(Fig. 4). The results proved that the co-occurrence of
H3K27Ac and H3K36me3 marks and depletion of the
H3K27me3 mark facilitated the transcriptional induction
of the Wnt5a gene.

Previously described that the presence or absence of
H3K9Ac and H4K8Ac marks have a significant role dur-
ing osteoclastogenesis [25, 27]. H3K9Ac and H4K8Ac
facilitated the transcriptional elongation of the osteoclast
specific gene such as Tnfsfl1/Rankl [22] and inflamma-
tory genes such as Nfkb and Tuf-a [20] by recruiting the
RNA Pol II. Keeping this in mind, next we tried to find
out whether increased SETD2 expression has any effect
on the occupancy of H3K9Ac and H4K8Ac around TSS
region of Wnt5a. Our previous study has shown that the
transcriptional activity of NF-kp plays a crucial role in
osteoclastogenesis. During monocytic activation, optimal
NEF-kB-DNA binding requires interaction with several
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Control Rheumatoid Arthritis
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Arthritis

Fig. 6 K/BxN serum-induced arthritis effects on SETD2 and Wnt signaling molecules. a Ankle morphology (arrowhead) after induced arthritic
development. b Measured ankle thickness is shown graphically after arthritic development. Star (*) indicates p < 0.05. ¢ Relative gene expressions
of Setd2, Wnt5a, and Wnt3a were determined in bone marrow monocytes after induction of arthritis in mice using gRT-PCR keeping B-Actin as
an internal control. d Immunofluorescence analysis of SETD2, WNT5A, and WNT3A protein expression in bone marrow monocytes after arthritic

development. e ChIP-qRT-PCR analysis of H3K36me3, H3K27me1, H3K27me3, and H3K27Ac enrichment on the Wnt5a gene in bone marrow
monocytes after arthritic development. ChIP with IgG rabbit served as a negative control
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key coactivators such as steroid receptor coactivator
(SRC)-1, PCAF, and p300/CBP [20]. Studies revealed that
CBP-P300, an H3K9 acetyltransferase [21], and GCN5-
PCAF, an H3K9 and H4K8 acetyltransferase [22], are
co-existed in most of the promoters and enhancers of
NF-«B-regulated genes. It is observed that NF-kB ini-
tially binds to the promoter to facilitate the assembly of
IRF and ATF-2/c-Jun which serve as a platform for P300
and PCAF recruitment to acetylate the histone molecules
[23]. From these studies, it can believe that NF-«kB posi-
tively regulated the recruitment of H3K9Ac and H4K8Ac
marks. We observed that NF-kB (p65) is overexpressed

during osteoclast differentiation and increase SETD2
expression is associated with an elevated level of NF-xB
expression whereas, SETD2 depletion repress the expres-
sion of p65. Next, ChIP data have shown the enrichment
of H3K9Ac and H4K8Ac marks around the TSS region of
the Wnt5a gene in osteoclast differentiated cells. Moreo-
ver, SETD2 can positively regulate the level of H3K9Ac
and H4K8Ac binding on Wnt5a thus transcription. These
data prove that increase SETD2 expression not only
influences H3K36me3 enrichment but also induce NF-xB
expression which eventually resulted in H3K9Ac and
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H4K8Ac recruitment and facilitated WntS5a transcription
and osteoclast differentiation (Fig. 5).

Increased osteoclast differentiation and activity leading
to rapid bone resorption, which caused RA pathogenesis
[44]. During RA pathogenesis, monocytes become acti-
vated and along with inflammation, osteoclast-mediated
cartilage and bone erosion lead to disease development
[20, 24-27, 45]. To investigate the association of SETD2
in arthritis, K/BxN serum-induced RA was examined in
mice. Our findings revealed that not only osteoclastogen-
esis, RA development is also associated with increased
Setd2 and non-canonical Wnt5a expressions. We also
found that enhanced Wnt5a expressions are facilitated
by enrichment of SETD2 guided active H3H36me3 and
enhancer H3K27Ac marks, which facilitated by the
reducing level of H3K27me3 mark (Fig. 5). This explains
the involvement of SETD2 in RA development and
pathogenesis.

In addition, H3K36me3 also participates in cross-talk
with other chromatin marks, including DNA meth-
ylation. Depending on the cellular micro-environment
H3K36me3 may help to established de novo DNA meth-
ylation via DNMT3A/B [46] or decreased level of SETD2
can also be associated with increased DNA methylation
at intergenic regions in disease condition such as, cancer
[47]. The CpG island DNA methylation mainly regulates
chromatin accessibility and help to repress transcription
of a gene [48].

Along with histone modification DNA methylation also
involved in RA pathogenesis. Previously described that
gene specific DNA hypomethylation in CD1C gene, and
/or hypermethylation in TNFSF10 gene, also involved in
RA pathogenesis in human [49]. Our analysis on previ-
ously published data sets on human synovial membrane
samples [50] confirmed that Wnt5A is overexpressed in
RA samples (Additional file 1: Figure S1). It was shown
that the Wnt signaling plays critical role in immune cell
regulation [51-53]. Additionally, DNA methylation data
of human RA samples available on epigenome-wide asso-
ciation study (EWAS) datahub established that the level
of CpG island DNA methylation was decreased dur-
ing RA condition on the Wnt5A gene (Additional file 2:
Figure S2). All together these data indicate that along
with rearrangement of histone modification pattern,
decreased level of transcription repressor mark, DNA
methylation, may have a very important role in the ele-
vated level of Wnt5a expression during RA. Based on the
previously published and our analyzed data indicate that
the SETD2 might be involved in establishing the DNA
methylation patten during RA development.

In sum, we found that the SETD2 is one of the key epi-
genetic regulators of osteoclastogenesis. In this study,
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we also reveal novel epigenetic mechanisms of non-
canonical Wnt5a regulation via SETD2. Enrichment of
H3K36me3 and NF-«kB arbitrated H3K9Ac and H4K8Ac
marks, regulated by SETD2 in monocyte cell to control
Wnt5a transcription, thus, involve in osteoclastogenesis
and RA development (Fig. 6). Herein, we provide a novel
pathway of osteoclastogenesis by SETD2 that sheds light
on the interaction of regulatory molecules in the context
of RA pathogenesis.

Materials and methods

Cell culture and in vitro osteoclastic differentiation

RAW 264.7 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Thermo Fisher Scientific Inc.)
supplemented with 10% fetal bovine serum (FBS; Gibco,
Life Technologies Corporation) and 100 U/mL PSG at
37 °C with 5% CO,. Osteoclast differentiation was per-
formed with earlier established methods [25, 27]. Briefly,
sRANKL (40 ng/mL) and M-CSF (20 ng/mL) were added
for 4 to 6 days in DMEM supplemented with 10% FBS
and 100 U/mL PSG. Fresh medium was replaced every
other day along with stimulants and supplements. For,
EPZ-6438 treatment, RAW 264.7 cells were cultured
with sSRANKL (40 ng/mL), M-CSF (20 ng/mL) and EPZ-
6438 (2.5 nM) for 4 to 6 days in DMEM supplemented
with 10% FBS and 100 U/mL PSG. Fresh medium was
replaced every other day along with stimulants, supple-
ments, and inhibitor.

TRAP staining

Differentiated osteoclasts were detected by TRAP
staining following the manufacturer’s protocol. Briefly,
monocytes were cultured on the coverslips in a 6-well
plate for differentiation into osteoclasts in the pres-
ence of sSRANKL (40 ng/mL) and M-CSF (20 ng/
mL). On days 4 and 6 of the culture, coverslips were
removed from the plate, and cells were fixed for
20 min at room temperature with 4% paraformalde-
hyde in PBS and then washed with PBS. Next, cells on
each coverslip were pre-incubated for 30 s with a mix
of 5 pl of sodium nitrite solution and 5 pl Fast Gar-
net GBC base solution. Cells were then incubated for
1 h at 37 °C in water bath protected from light with
a mix of solutions containing 5 pl of acetate, 10 ul of
naphthol AS-BI phosphate, 20 ul of tartrate and 450 pl
deionized water (pre-warmed to 37 °C) for each well.
After incubation, coverslips were rinsed with deion-
ized water thoroughly, mounted on a glass slide, and
examined under a light microscope, (Olympus IX81).
TRAP-positive cells (purple) containing at least three
nuclei were characterized as osteoclast cells.
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SETD2 overexpression and knockdown

Five million RAW 264.7 cells were plated in a 100-mm
dish a day prior to over-expression and knockdown
experiments. For SETD2 overexpression, cells were
transfected with SETD2 containing vector (GFP-SETD2)
or empty vector (EV) as a control, using lipofectamine
2000. Conversely, Knockdown of SETD2 was achieved
by using ON-TARGETplus Mouse Setd2 siRNA (Dhar-
macon) keeping non-specific siRNA (NS), as control and
transfected with Lipofectamine 2000 (Thermo Fisher Sci-
entific; 11668019). After 48 h of transfection, significant
SETD2 overexpression was observed by GFP expression
and western blotting. SETD2 knockdown was observed
by protein analysis.

RNA extraction and quantitative RT-PCR

Total RNA was extracted with Trizol reagent (Invitro-
gen) according to the manufacturer’s instructions. The
concentration and quality of the total RNA samples were
measured using Nanodrop2000. Complementary DNA
was synthesized from 1 pg of total RNA using Prime-
Script RT-PCR Kit following the manufacturer’s proto-
col. RT-qPCR was performed with SYBR-Green RT-PCR
Master Mix (Applied Biosystems, Foster City, CA) using
the specific primers listed in Additional file 3: Table S1.
All mRNA quantities were normalized against p-actin
level.

Immunofluorescence (IF) staining

RAW 264.7 cells (1.0 x 10°/well) were seeded on a glass
slide placed in a 6-well plate and specific treatment was
performed with precise time durations. After treatment,
cells were fixed with 4% paraformaldehyde for 15 min
and permeabilized with Triton X-100 (0.5%) in PBS for
5 min. Cells were then blocked for 30 min with 5% BSA
in PBS and incubated overnight at 4 °C with SETD2,
WNT3A, and WNT5A, primary antibodies in 5% BSA.
After washing, cells were incubated with anti-rabbit or
anti-mouse Alexa Fluor 488 or Alexa Fluor 647 secondary
antibody (1:500 dilution; Thermo Fisher Scientific, USA)
for 1 h in dark conditions. After incubation, cells were
washed thrice with PBS and mounted with 4, 6-diamid-
ino-2-phenylindole, dihydrochloride (DAPI, Invitrogen)
on glass slides and sealed with transparent nail varnish.
Slides were viewed under a fluorescence microscope and
images were captured digitally using an Olympus I1X81
microscope with Slide book 5.0 x 64 software.

Western blotting

For western blotting analysis, the cells were lysed in
100 pl pre-cooled lysis buffer containing 0.5% Triton
X100, 150 mM NaCl, and 0.1 U/ml aprotinin in 100 mM
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Tris—HCI buffer for 30 min on ice and centrifuged at
12,000 x g for 10 min. The concentration of the protein
collected in the supernatant was estimated by Bradford’s
reagent using bovine serum albumin (BSA) as a stand-
ard. Equal amounts of proteins (40 pg) were separated
in SDS-PAGE gels and transferred to PVDF membranes
(Bio-Rad Inc, Irvine, CA). After blocking with 5% BSA for
1 h at room temperature, the membranes were probed
with primary antibodies overnight at 4 °C. Antibod-
ies against SETD2 (Cell Signaling Technology, 23,486),
Wnt3a (Cell Signaling Technology, 2915), Wnt5a/b (Cell
Signaling Technology, 2915), DvI3 (Cell Signaling Tech-
nology, 2915), Naked1 (Cell Signaling Technology, 2915),
Axin (Cell Signaling Technology, 2915), and GAPDH
(Cell Signaling Technology, 2901), were used. Then mem-
branes were incubated with appropriate horseradish per-
oxidase (HRP)-labeled secondary antibodies for 2 h at
room temperature. Immunoreactive protein bands were
visualized by ECL (Amersham Pharmacia Biotech, Pis-
cataway, NJ), and kept the band detections within the lin-
ear range. GAPDH was used as an internal control for the
whole protein. Developed bands were analyzed by Image]
software and relative intensity towards the control was
reported. Each experiment was repeated 3 times (n=23)
and a p value less than 0.05 was considered significant.

ChIP-gPCR assays

The chromatin immunoprecipitation (ChIP) assays were
performed using the Imprint® Chromatin Immunopre-
cipitation Kit (Sigma) following the manufacturer’s pro-
tocol and earlier established protocol [54]. Chromatin
was immunoprecipitated against several histone marks,
such as H3K36me3, H3K27mel, H3K27me3, H3K4me3,
and H3K27Ac. Briefly, isolated RAW 264.7 cells were
fixed in 1% formaldehyde, fragmented by sonication.
H3K36me3 (Active Motif, 61101), H3K27me3 (Abcam,
ab6002), H3K27Ac (Diagenode, C15410174), H3K27mel
(Active Motif, 61015), and negative control IgG (Abcam,
ab37373) antibodies were used for immunoprecipita-
tion. After washing and reverse-crosslinking, the precipi-
tated DNA was amplified by primers and quantified by
the StepOnePlus real-time-PCR machine (ABI). Primer
sequences are provided in the Additional file 4: Table S2.
After RT-qPCR, % of input was calculated by using the
following formula: ACt (normalized ChIP) =[Ct (ChIP)—
{Ct (Input)—Log2 (Input Dilution Factor)}]. Where
Input Dilution Factor = (Fraction of the input chromatin
saved) ™. Percent (%) Input =2 (-ACt [normalized ChIP])

K/BxN serum-induced arthritis development in mice
To collect the arthritic serum for induction of inflamma-
tory arthritis, K/BxN mice were generated by crossing
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KRN, TCR-transgenic B6 mice (a kind gift from Dr.
Diane Mathis, Harvard Medical School, Boston, MA)
with NOD mice (Jackson Laboratory, Bar Harbor, ME) by
following established protocol [24, 25, 55]. K/BxN serum
was collected from 8-week-old arthritic K/BxN mice
and pooled for each experiment. Arthritis was induced
in each mouse (=7, C57BL/6 background 6-8 weeks
old, 3 male and 4 female) by intraperitoneal injection
of 150 pl of K/BxN serum on days 0 and 2 following an
earlier established protocol [56]. Equal amounts of PBS
were injected into the control mice (n=7). Ankle thick-
ness was measured every day until sacrifice on day 8 fol-
lowing the first injection of K/BxN serum. Limb bones
were used for the isolation of bone marrow, which was
used for ChIP analysis, IP assays, and total RNA isola-
tion. TTUHSC IACUC approved all animal experiments.
Osteoclast precursors derived from bone marrow were
stimulated in triplicate wells with sSRANKL (40 ng/mL)
and M-CSF (20 ng/mL) for 6 days in DMEM supple-
mented with 10% FBS and 100 U/mL PSG. Fresh medium
was replaced every other day along with stimulants and
supplements.

Statistical analysis

All experiments were performed at least 3 times in tripli-
cate, and the results were displayed as Mean + SEM. Sta-
tistical analyses were performed using Graph Pad Prism
5.0 for Windows (Graph Pad Software, San Diego, CA,
USA). Student’s t-test was used to perform statistical
analysis of RT-qPCR and western blot graph results and p
values less than 0.05 were considered significant.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-021-01125-2.

Additional file 1: Figure S1. The Wnt5A expression in human Synovial
membrane samples. Using the previously publish dataset [51], expres-
sion pattern of Setd2 and Wnt5A was analyzed in 33 in human synovial
membrane samples [normal (N) = 10, RA (N) = 13, osteoarthritis (V) =
10]. AThe detail list of all 33 synovial membrane samples. B Graphical
representation of Wnt5A expression level in normal, RA, and osteoarthritis
samples where it shows an elevated expression of Wnt5A in RA samples
compared to control samples. [The microarray data from these 33 samples
were available as GEO dataset: GDS5403]. C Cluster heatmap of the mRNA
expression of Setd2 and Wnt5A in all samples. Cluster heat map also dem-
onstrate that a higher level of Setd2 and Wnt5A expression in RA samples
compared to control samples. Pearson correlation and complete linkage
algorithm from GDS cluster analysis software was used to represent the
cluster data.

Additional file 2; Figure S2. Epigenetic regulation of immune cells is
crucial for the development and maintenance of autoimmune diseases
like RA. Based on the previous data it showed that B cells are highly
relevant to RA pathogenesis, and Wnt5A-B signaling is necessary for
immune responses [52-54]. DNA methylation profile of the Wnt5A gene in
RA and control samples in CD19+ B cells, lukocyte and peripheral blood
mononuclear cells. Analysis showed that DNA methylation level of Wnt5A
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is decreased in CD19+ B cells of RA compared to healthy samples. [We
used EWAS data hub (https://ngdc.cncb.ac.cn/ewas/datahub/index) and
CpG probe (cg17246714) to detect DNA methylation level of Wnt5A in
normal and RA samples].

Additional file 3: Table S1. Real-time PCR primers used in determining
gene expression.

Additional file 4: Table S2. Real-time PCR primer sequences used in ChIP
assays.
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