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Abstract

As a m6A methylation modifier, METTL3 is functionally involved in various biological processes. Nevertheless, the role
of METTLS3 in osteogenesis is not determined up to date. In the current study, METTLS3 is identified as a crucial regulator
in the progression of osteogenic differentiation. Loss of METTLS3 significantly augments calcium deposition and enhances
alkaline phosphatase activity of mesenchymal stem cells, uncovering an inhibitory role of METTLS3 in osteogenesis. More
importantly, the underlying molecular basis by which METTL3 regulates osteogenesis is illustrated. We find that METTL3
positively regulates expression of MYDS8, a critical upstream regulator of NF-kB signaling, by facilitating m6A methyla-
tion modification to MYD88-RNA, subsequently inducing the activation of NF-kB which is widely regarded as a repressor
of osteogenesis and therefore suppressing osteogenic progression. Moreover, the METTL3-mediated m6A methylation is
found to be dynamically reversed by the demethylase ALKBHS. In summary, this study highlights the functional importance
of METTL3 in osteogenic differentiation and METTL3 may serve as a promising molecular target in regenerative medicine,
as well as in the field of bone tissue engineering.
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Abbreviations Introduction

MSCs Mesenchymal stem cells

mo6A N6-methyladenosine As it is well known, the osteogenic differentiation of mes-

MenSCs Menstrual blood-derived mesenchymal stem enchymal stem cells (MSCs) is a fundamental process for
cells repair and regeneration of bone defects, as well as embry-

ALP Alkaline phosphatase onic development. Due to the strong differentiation ability

into multiple cell types, MSCs are widely accepted as a
promising candidate for regenerative medicine. Numerous
studies have shown that the stem cell-based therapy is an
ideal choice for these bone tissue-related disorders [1-5].
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Therefore, investigating the underlying molecular basis of
osteogenesis is a central point for promoting the develop-
ment of stem cell-based clinical treatment of these dysfunc-
tional bone defects.

A number of signaling pathways are implicated in mediat-
ing osteogenesis, especially NF-kB which is a critical regu-
lator consisting homo- or heterodimers of RelA (p65), RelB,
or c-Rel. Increasing evidence showed that the activation of
NF-«B signaling has an inhibitory effect on the progression
of osteogenic differentiation [6—8], emphasizing the func-
tional importance of NF-kB in osteogenic progression. Thus,
targeting NF-xB pathway may be an effective strategy to
restore those bone tissue dysfunctions.

Recently, RNA modifications, especially N6-methyl-
adenosine (m6A) RNA methylation, have been reported to
play critical roles in multiple biological processes such as
stem cell renewal, development, tissue homeostasis, and dis-
ease progression [9—12]. To date, m6A is widely regarded
as one of the most widespread modifications of mRNAs in
higher eukaryotes, contributing to the regulation of gene
expressions through mediating mRNA export, stability,
translation, and other mRNA processing steps [13-16].
m6A methylation, often catalyzed by the methyltransferase
METTLS3 and its partner METTL14 and WTAP [17-21],
can be dynamically reversed by the demethylase ALKBHS
or FTO [22-24]. Thus, the methyltransferases usually coop-
erate with the demethylases to regulate the m6A status of
specific mRNA, maintaining a balanced expression level of
some key regulators.

In this project, we identified METTL3 as a crucial regu-
lator of osteogenic differentiation. Attenuation of METTL3
significantly enhanced both calcium deposition and alkaline
phosphatase activity of MSCs, demonstrating an inhibitory
role of METTLS3 in the regulation of osteogenesis. More
interestingly, we find that METTL3 is involved in modulat-
ing the activity of NF-kB which is an important inhibitor for
osteogenic differentiation. Therefore, these findings illustrate
the regulatory function of METTLS3 in the progression of
osteogenesis via NF-kB signaling.

Materials and methods

Isolation and culture of MenSCs

The menstrual bloods were first isolated from female donors
and then subjected to standard Ficoll procedures. Subse-

quently, the detailed protocol for MenSCs isolation and cul-
ture was performed as previously described [25].
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Antibodies and reagents

Anti-IkBa (#10268-1-AP), anti-METTL3 (15073-1-AP),
anti-MYD88 (#23230-1-AP), anti-ALKBHS5 (#16837-1-AP),
and anti-p65 (#10745-1-AP) antibodies were purchased from
Proteintech Group Inc. Anti-m6A (#202003) antibody was
purchased from Synaptic Systems. Anti-p-actin (#A5441) was
purchased from Sigma. The chemical reagents Bay 11-7082
(#B5556), Alizarin Red S (#A5533), BCIP/NBT liquid
substrate (#B1911), and osteogenic differentiation medium
(#SCM121) were all purchased from Sigma.

Alizarin Red S and ALP assays

For Alizarin Red assay, MenSCs were first fixed with 70% eth-
anol, followed by 1% Alizarin Red solution staining for 1 min.
The detailed protocol was performed as previously described
[25]. For ALP assay, a BCIP/NBT liquid substrate composed
of 0.1 M 2-amino-2-methyl-1-propanol, 1 mM MgCl,, and
8 mM p-nitrophenyl phosphate disodium was incubated with
cell homogenates at 37 °C for 30 min, and then was stopped
by the addition of 0.1 N NaOH. Finally, the absorbance was
measured at 405 nm.

Constructs and lentiviral infection

The shRNA targeting METTL3 was inserted into a pLV-H1
lentiviral vector. The sequence for sMETTL3 is 5'- CTGCAA
GTATGTTCACTATGA -3'. The siRNAs for ALKBHS and
FTO were all purchased from Thermo Fisher. The overexpres-
sion vector of METTL3 was amplified by RT-PCR, and then
cloned into a lentiviral vector as previously reported [25]. For
lentivirus infection, the detailed protocol was performed as
previously described [25].

Quantitative RT-PCR

RNAs were extracted from MenSCs by using Trizol reagent,
followed by reverse transcription, according to the manufac-
turers’ instructions. Real-time quantitative PCR was carried
out as previously reported [25]. The primer sequences for
gRT-PCR are: F. 5'-GGACGAGGCAAGAGTTTCAC-3,
R. 5'-GAGGCGGTCAGAG AACAAAC-3' (RUNX2); F.
5'-CACAGCTCTTCTGACTGTCTG-3', R. 5'-CTGGTG
AAATGCC TGCATGGAT-3' (SP7); F. 5'-CATGAGAAG
TATGACAACAGCCT-3', R. 5~ AGTCCTTCCACGATACC
AAAGT-3' (GAPDH); F. 5'-CAAGCTGCACTTCAGACG
AA-3',R. 5'-GCTTGGCGTGTG GTCTTT-3' (METTL3).
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RNA immunoprecipitation (RIP) assay

Approximately 107 cells were scraped off from dishes
using a cell scraper. After washing for three times with
PBS, the cell pellets were resuspended with 1 ml Buffer
A (10 mM Hepes pH 7.5, 1.5 mM MgCl,, 10 mM KCL,
1.0 mM DTT, 0.5 mM PMSF, 1 X protease inhibitor cock-
tail) and centrifuged at 1000xg for 5 min. the swollen
cells were resuspended and then lysed with 0.8 ml RIP
buffer (30 mM Hepes pH 7.5, 1.5 mM MgCl,, 0.3 M NaCl,
20% glycerol, 0.5% NP40, 1.0 mM DTT, 0.5 mM PMSF).
The debris were pelleted by centrifugation at 13,000 RPM
for 10 min, and the supernatants were collected and incu-
bated with indicated antibodies for 4 h at 4 °C with gentle
rotation. Add 30 pl protein A beads and rotate at 4 °C
for additional 1 h for immunoprecipitation. The immuno-
precipitates were washed three times with the RIP buffer
and additional two times with a high salt buffer (50 mM
Tris—HCI pH 7.5, 300 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% SDS, 0.5 mM PMSF). The co-immunopre-
cipitated RNAs were extracted and analyzed by qRT-PCR.
The primer sequence of MYDS88 used in RIP assays were
F. 5"-GAGACACAAGCGGACCCC-3’, R. 5'-CTGTTC
CAGTTGC CGGATCA-3'".

Statistical analysis

All results in this project are derived from at least three
independent experiments and shown as mean + SD. All
statistical analyses were performed using Prism5 (Graph-
Pad). Student’s ¢ test was used for comparisons between
two groups, and one-way ANOVA followed by Tukey post
hoc test was used to compare more than three groups. p
Value < 0.05 was considered statistically significant.
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Fig.1 METTL3 expression is decreased after osteogenic induction.
a METTLS3 expression in MenSCs was examined by qRT-PCR assay
after osteogenic medium treatment for 14 and 21 days. b Expressions
of representative osteogenic markers RUNX2 and SP7 were measured

Results

METTL3 expression is decreased after osteogenic
induction

To study the potential role of METTL3 in osteogenic dif-
ferentiation, mesenchymal stem cells were isolated from
menstrual bloods of the female donors, and then subjected
to osteogenic induction, using a commercial osteogenic
medium. We observed the dynamic changes of METTL3
expression after osteogenic induction for 7 and 14 days.
Interestingly, expression of METTL3 was significantly
downregulated when the menstrual blood-derived mesen-
chymal stem cells (MenSCs) were exposed to the osteogenic
medium treatment (Fig. 1a), indicating a possible role of
METTL3 in the regulation of osteogenesis. Meanwhile, we
examined expressions of representative osteogenic marker
genes, and found that RUNX2 and SP7 expressions were
dramatically elevated after osteogenic induction (Fig. 1b).

METTL3 represses osteogenesis of MenSCs

To determine the regulatory function of METTLS3 in osteo-
genesis. We first depleted METTL3, using a specific ShRNA,
and then performed Alizarin Red S staining analysis. As a
consequence, attenuation of METTL3 remarkably enhanced
calcium deposition of the MenSCs (Fig. 2a). To further con-
firm this data, the activity of alkaline phosphatase (ALP) of
MenSCs with or without METTL3 knockdown was meas-
ured by a BCIP/NBT liquid substrate. Consistently, ALP
activity was found to be augmented when METTL3 was
silenced (Fig. 2b). To further validate the inhibitory effect
of METTL3 on osteogenesis, we next assayed expressions
of the osteogenic markers. qRT-PCR analysis revealed
that knockdown of METTL3 significantly upregulated the
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using qRT-PCR analysis after osteogenic medium treatment for 14
and 21 days. All data are from biological triplicates and are shown as
mean+SD. n=3. *p <0.05,%*%p <0.01, ***p <0.001 versus Ctrl
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Fig.2 METTL3 negatively regulates osteogenesis. a The effect of
METTL3 on calcium deposition was determined by Alizarin Red S
staining. MenSCs with or without METTL3 knockdown were sub-
jected to Alizarin Red S staining analysis. b The effect of METTL3
on alkaline phosphatase activity, determined by ALP assay. METTL3
in MenSCs, with or without osteogenic induction for 14 days, was
depleted and then lysed for measuring ALP activity. ¢ qRT-PCR
analysis in MenSCs showing the effect of METTL3 on expressions
of osteogenic markers RUNX2 and SP7. d The effect of enforced

representative osteogenic marker genes RUNX2 and SP7
(Fig. 2c). Moreover, enforced overexpression of METTL3
inhibited both the calcium deposition and expressions of
those osteogenic markers (Fig. 2d, e). Collectively, those
observations suggest that METTL3 serve as a critical sup-
pressor for osteogenic differentiation of mesenchymal stem
cells.

METTL3 negatively regulates osteogenesis
through NF-kB signaling

Previous studies reported that NF-xB is a critical regula-
tor of osteogenesis. The activation of NF-kB signaling can
inhibit osteogenic differentiation. Therefore, we ask whether
METTLS3 regulates osteogenesis, at least in part, through
NF-«B signaling. To prove this concept, we first examined
the effect of METTL3 on IxkBa degradation and the phos-
phorylation status of p65 at S536 site, a crucial modifica-
tion which is responsible for NF-kB activity [26]. Western
blotting analysis showed that METTL3 knockdown not
only blocked proteasome-mediated IxBa degradation but
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Relative RNA level
S m

METTL3 overexpression on calcium deposition in MenSCs with
osteogenic induction for 21 days, determined by Alizarin Red S stain-
ing. e METTL3 overexpression was performed in MenSCs to exam-
ine the influence of METTL3 on RUNX2 and SP7 expressions in the
presence of osteogenic induction for 14 days, using qRT-PCR assay.
f, g The knockdown and overexpression efficiency of METTL3 were
measured in MenSCs by Western blot analysis. All data are from
biological triplicates and are shown as mean+SD. n=3. *p<0.05,
**p <0.01, ***p <0.001. (Color figure online)

also restrained the phosphorylation level of p65 at S536
site (Fig. 3a). To confirm the regulatory role of METTL3
for the activation of NF-«xB signaling, we conducted frac-
tionation experiment to observe the effect of METTL3
on NF-xB nuclear translocation. Consequently, highly
expressed METTL3 remarkably facilitated p65 accumula-
tion in nuclear fraction (Fig. 3b), suggesting a positive role
of METTL3 for the activation of NF-kB. Next, we assayed
the functional importance of NF-kB signaling in METTL3-
mediated osteogenesis. Consistent with the prior report, ALP
activity assay showed that METTL3 overexpression had an
inhibitory effect on the osteogenesis of MenSCs (Fig. 3c).
However, this inhibitory effect disappeared after treatment
with NF-kB-specific inhibitor Bay 11-7082 (Fig. 3c), dem-
onstrating the crucial role of NF-kB signaling in METTL3-
mediated osteogenesis of MenSCs. Furthermore, this finding
was further validated by the expression changes of these
osteogenic marker genes using a qRT-PCR assay (Fig. 3d,
e). Overall, these observations suggest that METTL3 sup-
presses osteogenic differentiation, at least in part, through
enhancing the activity of NF-kB signaling.
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Fig.3 METTL3 regulates the activity of NF-kB signaling. a Men-
SCs, with or without METTL3 knockdown, were subjected to West-
ern blot analysis to observe the effect of METTL3 on IkBa degra-
dation and the phosphorylation status of p65 at S536 site. b The
effect of METTL3 on cellular location of NF-kB was examined by
Western blot assay. Fractionation experiments were conducted in
MenSCs after METTL3 depletion, follow by cellular localization
analysis of p65 and RelB using Western blot assay. ¢ The effect of
NF-xB on alkaline phosphatase activity was examined by ALP assay.

METTL3 regulates MYD88 expression in a m6A
modification manner

Given the critical role of METTL3 in the regulation of
NF-kB signaling, we next sought to define the precise
molecular basis by which METTL3 regulates the activity
of NF-xB. We first examined the influence of METTL3
on the expression of MYDS88, a widely accepted regulator
of NF-kB. Western blot analysis evidenced that METTL3
knockdown significantly repressed MYDS88 expression
(Fig. 4a). Thus, we hypothesized that METTL3 is involved
in MYD88-RNA m6A methylation. To test the hypothesis,
we performed RNA immunoprecipitation (RIP) asssay,
with an antibody against METTL3. The RIP result showed
that METTL3 obviously interacts with MYD88-RNA
(Fig. 4b). Moreover, anti-m6A RIP assays were employed
to further confirm the effect of METTL3 on m6A modi-
fication of MYD88-RNA. Consequently, we found that
attenuation of METTL3 dramatically abrogated the m6A
status of MYD88 (Fig. 4c). Increasing evidences reveal that
m6A modification is a dynamic reversable process, which
can be reversed by specific demethylase, such as FTO and
ALKBHS. Therefore, we next performed shRNA-mediated
knockdown of FTO and ALKBHS, respectively, and then
measured MYD88 expression. Interestingly, ALKBHS, but

Bay PBS

METTL3-overexpressed MenSCs in the presence or absence of Bay
11-7082 (0.5 pM, 7 days) treatment were subjected to ALP assay.
d, e Enforced overexpression of METTL3 was performed to exam-
ine the effect of METTL3 on expressions of osteogenic marker genes
RUNX?2 and SP7. MenSCs were treated with or without Bay 11-7082
(0.5 pM, 7 days) upon osteogenic induction condition after METTL3
overexpression. All data are from biological triplicates and are shown
as mean+SD. n=3. ¥*p<0.05, **p <0.01

not FTO, knockdown significantly augmented the expres-
sion of MYDS8S8 (Fig. 4d). RIP assays further confirmed
the significant association of ALKBHS5 with MYD88-RNA
(Fig. 4e). In summary, those findings suggest that METTL3
positively regulates MYD88 expression through controlling
m6A methylation status of MYD88-RNA, therefore leading
to the activation of NF-kB signaling.

Discussion

The regulation of osteogenesis is a central step for stem cell-
based therapy in bone tissue repair and regeneration. In this
study, we first characterized METTLS3 as a critical regulator
for osteogenic differentiation. Inhibition of METTL3 can
enhance calcium deposition, using Alizarin Red S stain-
ing analysis. Moreover, we further examined the effect of
METTL3 on the activity of alkaline phosphatase and found
that METTL3 knockdown significantly augmented alkaline
phosphatase activity. These results demonstrate the criti-
cal inhibitory role of METTL3 in regulation of osteogenic
differentiation.

Multiple signaling pathways are functionally involved
in the progression of osteogenic differentiation, especially
NF-xB signaling. Increasing evidences revealed that the
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Fig.4 METTL3 regulates m6A methylation status of MYD88-RNA.
a Western blot assays showing the effect of METTL3 on MYD88
expression. Knockdown of METTL3 was performed in MenSCs, and
then subjected to Western blot analysis. b Anti-METTL3 RIP assays
were performed in MenSCs to test the association of METTL3 with
MYDS88-RNA. ¢ RIP assays, with an antibody against m6A, were
conducted in MenSCs to determine the effect of METTL3 on m6A

activation of NF-kB can suppress osteogenesis [8]. There-
fore, we tested the relationship between METTL3 and
NF-xB. Intriguingly, we identified METTL3 as a cru-
cial activator of NF-kB. Knockdown of METTL3 can
inhibit the proteasome-mediated IkBa degradation and
the phosphorylation status of p65 at S536 site, therefore
restraining NF-kB nuclear translocation and leading to
its transcriptional repression. Here, we demonstrated the
significant role of METTL3 in the regulation of NF-kB
signaling activity.

As a methyltransferase responsible for m6A modification,
METTLS3 is implicated in the post-transcriptional regulation
of many key mediators [24, 27]. In the current study, we dis-
covered that METTL3 specially interacts with MYD88-RNA
and regulates its expression through a m6A methylation
mechanism. Depletion of METTLS3 significantly downregu-
lates the expression of MYDS8S, a widely accepted upstream
regulator of NF-kB. Furthermore, RIP assay, with an anti-
body specially against m6A, showed that the m6A methyla-
tion status is repressed after METTL3 depletion, indicating
that METTL3 regulates the activity of NF-«xB signaling via
controlling m6A methylation-mediated MYD88 expression
(Fig. 5). More interestingly, we observed that METTL3-
mediated m6A methylation of MYD88-RNA can be reversed
by the demethylase ALKBHS (Fig. 5), which is consistent
with the prior reports that m6A methylation modification is
a dynamically reversible process [22, 24]. Taken together,
this study highlights the functional importance of METTL3
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Fig.5 Schematic representation of the molecular basis by which
METTL3 regulates the activity of NF-kB signaling. As a repressor of
osteogenic differentiation, METTLS3 interacts with MYD88-RNA and
positively regulates its expression through a m6A methylation modi-
fication manner. The upregulated MYD88 will then activate its down-
stream regulator NF-kB, a critical repressor of osteogenesis. The
activated NF-kB signaling will ultimately suppress the osteogenic dif-
ferentiation of MSCs

in osteogenesis through regulating MYD88-mediated NF-xB
activity, and we conclude that METTL3 may be an effective
therapeutic target for bone tissue repair and regeneration.
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