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Abstract

The development of osteoporosis is often accompanied by autophagy disturbance, which also causes new osteoblast defects from bone
marrow mesenchymal stem cells (BMSCs). However, the underlying molecular mechanisms are still not fully understood. Methyltransferase-
like 14 (METTL14) is the main enzyme for Ne-methyladenosine (mfA), the most prevalent internal modification in mammalian mRNAs, and it
has been implicated in many bioprocesses. Herein, we demonstrate that METTL14 plays a critical role in autophagy induction and hinders os-
teoporosis process whose expression is decreased both in human osteoporosis bone tissue and ovariectomy (OVX) mice. In vivo, METTL14+~
knockdown mice exhibit elevated bone loss and impaired autophagy similar to the OVX mice, while overexpression of METTL14 significantly
promotes bone formation and inhibits the progression of osteoporosis caused by OVX surgery. In vitro, METTL14 overexpression significantly
enhances the osteogenic differentiation ability of BMSCs through regulating the expression of beclin-1 depending on m®A modification and
inducing autophagy; the opposite is true with METTL14 silencing. Subsequently, m®A-binding proteins IGF2BP1/2/3 recognize m®A-methylated
beclin-1 mRNA and promote its translation via mediating RNA stabilization. Furthermore, METTL14 negatively regulates osteoclast differenti-
ation. Collectively, our study reveals the METTL14/IGF2BPs/beclin-1 signal axis in BMSCs osteogenic differentiation and highlights the critical
roles of METTL14-mediated mPA modification in osteoporosis.
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METTL14 inhibits osteoporosis development via regulating the dynamic balance between osteoblasts and osteoclasts. m6A modification of
beclin-1 mediated by METTL14/IGF2BPs promotes its RNA stability and translation, which further activates autophagy and promotes osteogenic

differentiation of BMSCs.

Significance Statement

The challenge of anti-osteoporosis treatments development is controlling the balance between osteoblast and osteoclast generation. This
study demonstrates that METTL14 inhibits osteoporosis progression via promoting osteogenic differentiation of BMSCs and decreasing
osteoclast differentiation of macrophages. We further reveal the autophagy-regulating role of METTL14 is highly potent to stimulate bone
formation both in vitro and in vivo via m®A/beclin-1/IGF2BPs signaling axis. Our findings provide strong evidence for the establishment of
the molecular signal network regulated by m8A-mediated autophagy in the occurrence and development of osteoporosis, which can serve
as promising pathological predictors and therapeutic targets for patients with osteoporosis.

Introduction

Autophagy is a highly conserved catabolic activity for
maintaining eukaryotic cellular homeostasis by degrading
redundant organelles and macromolecules."* Increasing
studies have shown that autophagy-related pathways have
a crucial effect on bone homeostasis mainly including os-
teoclast differentiation and bone resorption.?> Osteoporosis
is characteristic of lower bone mineral density (BMD), in-
ordinate microarchitecture, and increased risk of fragility
fractures. Meanwhile, osteoporosis is associated with the
imbalanced differentiation of bone marrow mesenchymal
stem cells (BMSCs) containing enhanced adipogenic dif-
ferentiation and weakened osteogenic differentiation.*
Previous studies have demonstrated that autophagy
decreased in both osteoporotic BMSCs and bone marrow.’
Furthermore, autophagy is required to maintain the oste-
ogenic differentiation of BMSCs. The autophagy inducer
rapamycin could significantly promote the osteogenic dif-
ferentiation of BMSCs in vitro and inhibit the process of
osteoporosis in vivo.® Similarly, knockdown of autophagy-
related genes, such as beclin-1 and ATG7 could cause a de-
cline in autophagy following with an effective loss of bone
mass in mice.*” However, the specific molecular mechanism

of autophagy-related genes involved in osteogenic differen-
tiation needs to be further determined.

Previous studies have suggested that a suite of kinases re-
sponsive to various factors are involved in autophagy produc-
tion, including metabolic stress, endoplasmic reticulum stress,
hypoxia, and DNA damage.®’ It is worth noting that several
studies have emphasized the great contribution of chem-
ical modifications on RNA to autophagy signaling pathway.
N¢-methyladenosine (m°A) is the most prevalent post-
transcriptional RNA modification in eukaryotic cells which
is installed by the methyltransferase complex consisting of
methyltransferase-like 3 (METTL3), methyltransferase-
like 14 (METTL14), and Wilms’ tumor 1-associated pro-
tein (WTAP) and deleted by demethylases, including AlkB
homolog 5 (ALKBHS) and fat mass and obesity-associated
protein (FTO).'"" Accumulating evidence has shown that
m°A-related enzymes participate in multiple physiological
and pathological processes, such as tumor progression,'* im-
mune regulation,' stem cell differentiation'® based on dy-
namically regulating the m*A modification level of targeted
genes. Moreover, an existing study has suggested that m°A-
SNPs which are associated with BMD may play important
roles in the pathology of osteoporosis.!” Recently, several
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studies have found that m°A modification participates the
autophagy activation by modifying autophagy-related genes
and further regulates a variety of physiological and patho-
logical processes. He et al. have revealed that METTL3 could
inhibit the apoptosis and autophagy of chondrocytes in in-
flammation via targeting m6A/YTHDF1/Bcl2 signal axis.'®
However, m°A-autophagy regulation in osteoporosis is still
in its infancy.

Our previous studies have demonstrated that METTL3
could promote BMSCs osteogenesis and inhibit osteopo-
rosis development by affecting m®A methylation of precursor
miR-320 and RUNX2.? Interestingly, RNA expression of
METTL14, another important m°A methyltransferase, was
also found to be significantly downregulated in both human
and mouse osteoporotic bone tissues.'” Thus, to further de-
velop the molecular network of m°A regulating the progres-
sion of osteoporosis, we aim to explore the regulatory effect
of METTL14 on osteoporosis and whether it is possible to
target autophagy.

Herein, our studies demonstrated that METTL14 is re-
quired for osteogenic differentiation of BMSCs and negatively
regulates osteoclast differentiation of macrophages, so as to
hold back the development of osteoporosis. Mechanistically,
METTL14 promotes the m°A methylation modification
of beclin-1 transcripts, which can be further recognized
by IGF2BPs (insulin-like growth factor 2 mRNA-binding
proteins) to enhance beclin-1 expression. Accumulation of
beclin-1 induces autophagy production that is beneficial to
osteogenesis. Our findings provide a rationale for METTL14
being the diagnostic marker and therapeutic target to combat
0steoporosis.

Methods

Human Bone Samples

Bone samples were obtained from the Department of
Orthopedics, The First Affiliated Hospital of Harbin
Medical University. Normal healthy bone tissues derived
from the patients younger than 40 years who are involved
in an accidental external trauma had surgery, whereas oste-
oporosis bone tissues derived from the patients older than
65 years who have severe bone loose disease had surgery.
The experiments were performed under the guidance of
the Experimental Animal Ethics Committee of the Harbin
Medical University.

The Care and Maintenance of METTL14
Heterozygous (METTL14*-) Mice

METTL14 gene (NCBI reference sequence: NM_201638;
Ensemb1: ENSMUSG00000028114) is located on mouse
chromosome 3 and the tag termination codon is located
on exon 11 (transcript: ENSMUST00000029759). Exons
7~10 were selected as the target loci. Cas9 and gRNA
will be injected together into the fertilized egg to produce
knockdown mice. The pups will be genotyped by PCR and
then sequenced for analysis. They were cultured as FO gen-
eration. METTL14*- mice (C57BL/6] background) were
purchased from Cyagen (Guangzhou, Guangdong Province,
China). The animals were raised under aseptic conditions
in the animal facilities of Harbin Medical University, and
the animal experiment program was approved by the
Institutional Animal Care and Use Committee of Harbin
Medical University.
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Mouse Osteoporosis Model

These assays were performed as previously described with
some modifications.' Briefly, 8-week-old female C57BL/6 mice
were selected for ovariectomy (OVX) and surgically removed
both ovaries after anesthesia. They were randomly divided
into Sham operation control group (exposing both ovaries
and removing adjacent adipose tissue) and ovariectomized
group (removing both ovaries). Experiments were performed
under the Guidelines of the Institutional Animal Care and Use
Committee of the Harbin Medical University.

Cell Culturing

BMSCs (C57BL/6 mice [MUBMX-01001]) were purchased
from Cyagen, cultured with BMSC complete medium
(MUBMX-90011; Cyagen), and incubated in an environ-
ment of 5% CO, at 37°C. All BMSC cells are used less than
10 passages. RAW264.7 cells were purchased from FuHeng
(Shanghai, China), cultured with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum and 1% antibiotics, and incubated in an environment
of 5% CO, at 37°C. For osteoclast differentiation induc-
tion, RAW264.7 cells were treated with 50 ng/mL RANKL
(PeproTech, 315-11C, USA) in a-MEM for 5 days.

H&E Staining Assays

After the mouse was euthanized, the femur was taken, and
the surrounding muscle tissue was excised. Then the tissue
was fixed with 4% paraformaldehyde (PFA) (m/v) for 24
hours, fixed with 10% EDTA for 20 days, embedded in 4 pm
paraffin sections, treated with H&E (hematoxylin and eosin)
staining kit (Solarbio, Cat. # G1120), and observed under a
fluorescence microscope. All photographs were taken under

a fluorescence microscope (Leica Microsystems CMS GmbH
Ernst-Leitz-Str. 17-37 D-35578 Wetzlar).

Immunochemistry Assays

The immunohistochemical (IHC) evaluation is based on the
cytoplasmic reactivity and the percentage and strength of the
membrane. First, the decalcification of bone tissue with 10%
EDTA for 28 days and treatment with graded ethanol after par-
affin sections were performed. Subsequently, antigen retrieval
and primary antibody incubation were performed overnight.
The next day, secondary antibody incubation was carried out
for 20 minutes followed by DAB and H&E staining. Finally,
gradient dehydration was performed and the slides were
mounted by neutral balsam (Solarbio. cat#G8590). The pri-
mary antibodies of rabbit anti-METTL14 antibody (1:1000;
Cat. # ab98166; Abcam) and rabbit anti-Beclin-1 antibody
(1:1000: Cat. # P11457; Cell Signaling Technology) were
used for IHC staining. All photographs were taken under a
fluorescence microscope (Leica Microsystems CMS GmbH
Ernst-Leitz-Str. 17-37 D-35578 Wetzlar).

TRAP Staining

The obtained mouse femurs were decalcified in EDTA de-
calcification solution for at least 28 days, followed by de-
hydration, and then embedded in 4 pm paraffin sections.
The sections were dewaxed, stained with tartrate-resistant
acid phosphatase (TRAP) dye at 37°C for 3 hours, soaked
in distilled water at 37°C for 3 minutes, counterstained with
methyl green for 2~3 minutes, and then dehydrated and
sealed. All photographs were taken under a fluorescence
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microscope (Leica Microsystems CMS GmbH Ernst-Leitz-Str.
17-37 D-35578 Wetzlar).

Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted from bone tissues and BMSCs using
TRIzol reagent. The synthesis of cDNA was performed using
the High Capacity cDNA Reverse Transcription Kit (Cat. #
00676299; Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. Amplification
and detection were performed using a 7500-HT Fast Real-
Time PCR system (Applied Biosystems, Waltham, MA, USA)
with SYBR Green PCR Master Mix (Cat. # 31598800,
Roche). The measured expression level of each gene was
normalized to that of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). Supplementary Table S1 lists the sequence
information for the primers used in this study.

Adenovirus Injection

Adenovirus particles containing pAV[Exp]-CMV>METTL14
vector or pAV[Exp]-CMV>empty vector were obtained from
Cyagen. Twenty-four female 8-week-old C57BL/6 mice were
randomly divided into two groups to receive adenovirus
treatment. METTL14-carrying adenovirus of 20 pL (titer:
1 x 10 PFU/mL) or empty vector adenovirus of an equal
volume was intramuscularly vertically injected into the lateral
thigh muscle of the mice every 2 days for three consecutive
injections. Then each group was again randomly divided into
two groups for OVX or Sham surgery.

Micro-CT Analysis

The femurs of model mice were fixed in 4% paraformaldehyde
(PFA) at 4°C for 48h and decalcified with 10% EDTA for 3
weeks . Next, Skyscan1076 instrument (SkyScan, Belgium)
was used to analyze the gross bone morphology and mi-
crostructure. Then BV/TV, Tb.Th, Tbh.N, and Tb.Sp were
analyzed.

Plasmid and siRNATransfection

BMSCs were seeded in a 6-well plate at a concentra-
tion of 2 x 10° cells per 2 mL in the medium. METTL14-
carrying or beclin-1-carrying plasmids or negative control
plasmids were transfected with Lipofectamine 3000 Reagent
(MANO0009872; Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. siRNA or a neg-
ative control oligonucleotide was transfected into BMSCs
with Lipofectamine RNAIMAX Reagent (MAN0007825;
Invitrogen) according to the manufacturer’s instructions.
After 24 hours, subsequent experimental measurements were
performed. The sequences of siRNAs used are METTL14:
sense 5-GCAGCACCUCGGUCAUUUATT-3" and antisense
5-UAAAUGACCGAGGUGCUGCTT-3; IGF2BP1 siRNA:
sense 5-UUUACUUCCUCCUUGGGACUU” and antisense
5’-GUCCCAAGGAGGAAGUAAATT-3; IGF2BP2 siRNA:
sense 5-ACACAUCAAACAGCUCGCUCGAUUU-3” and an-
tisense 5-AAAUCGAGCGAGCUGUUUGAUGUGU-3" and
IGF2BP3 siRNA: sense 5-AAAUGAUAUUGCUUCCAU
GAAUCTT-3" and antisense 5’-GAUUCAUGGAAGCAAUAU
CAUUUTT-3".

Induction of Osteogenic Differentiation

BMSCs were seeded in a 6-well plate coated with gelatin
(GLT-11301; Cyagen) at the density of 2 x 10* cells/cm?.
2 mL osteogenic differentiation medium (MUBMX-90021;
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Cyagen) was carefully added to the plate, when the cell con-
fluence reached 60%-70%. The fresh induction medium was
replaced every 3 days.

ARS Staining

Cells were fixed for 15 minutes with 4% formaldehyde at
37°C, washed with phosphate-buffered saline (PBS) three
times, and then stained with 40 mM ARS (alizarin red
staining) solution (S0141; Cyagen) for 5 minutes. Finally, the
ARS solution was removed, washed with PBS, and observed
using light microscopy (Eclipse TS100; Nikon, Melville, N,
USA). The results were calculated using Image] software
(National Institutes of Health [NIH], USA).

ALP Staining Assay

Cells were fixed with 4% formaldehyde at 37°C for 15
minutes and then washed with deionized water three times,
mixed with fast red violet (FRV) alkaline solution (22.2 pL)
and sodium nitrite solution (22.2 pL) at room temperature
(RT) for 2 minutes, and then mixed with 1 mL deionized
water containing 22.2 uL. AS-BI alkaline solution. Then cells
were covered with the mixed solution in the dark for 15
minutes at RT. Then cells were rinsed with deionized water
for 2 minutes and covered with hematoxylin solution for §
minutes and finally rinsed with deionized water two times.
Images were observed using standard light microscopy
(Eclipse TS100; Nikon).

Western Blot Analysis

Cells with different treatments or bone tissues were harvested
for Western blot analysis and lysed with 50 pL of RIPA
(radioimmunoprecipitation assay) buffer. After three times
of ultrasound, the protein supernatant was extracted by
centrifugation at 12 000 g for 15 minutes, and the protein
concentration was determined by the BCA kit. The loading
quantity of protein sample is 30 pg, and the loading volume
is 20 pL. After completion, SDS-PAGE electrophoresis was
performed and transferred to the nitrocellulose filter mem-
brane. Then it was blocked with 5% non-fat dry milk in a
shaker for 1 hour and then incubated with primary and sec-
ondary antibodies. Primary antibodies against P62 (5114),
ATGS (12994), ATG3 (3415), ATG7 (8558), ATG12 (4180),
beclin-1 (3495), RUNX2 (12556) were purchased from Cell
Signaling Technology. Antibody specific for LC3 (L7643)
was purchased from Sigma-Aldrich. Antibodies specific for
GAPDH (AC002),0CN (A1530),and p-tubulin (AC021) were
purchased from ABclonal. Antibody specific for METTL14
(ab98166) was purchased from Abcam. Antibody specific for
ALP (alkaline phosphatase, sc-365765) was purchased from
Santa Cruz Biotechnology. Secondary antibodies were anti-
mouse IgG (ImmunoWay Biotechnology, RS23910) or anti-
rabbit IgG (ImmunoWay Biotechnology, RS23920). Western
blot bands were imaged with Odyssey CLX and quantified
with LI-COR Image Studio Software.

RNA-binding Protein Immunoprecipitation qPCR

RNA-binding protein immunoprecipitation qPCR (RIP-
qPCR) was performed using Magna MeRIP Kit (Millipore,
Cat. # CR203146) according to the manufacturer’s instruc-
tion. Briefly, cells were harvested with ice-cold PBS and
centrifuged at 4°C at 1000 g for 5 minutes and then the su-
pernatant was discarded, and 100 pL RIP lysis buffer was
added and incubated on the ice at -80°C for 5-minutes. Then,
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antibody (5 pg) and magnetic beads were added to the test
tube and spun to mix for 30 minutes at RT and washed the
magnetic beads twice with RIP wash buffer. Then the cells
were resuspended in RIP buffer (900 pL) and cell lysate
(100 pL), which is then centrifuged at 4°C at 14 000 g for
10 minutes. The mixture was rotated overnight at 4°C and
washed with high salt buffer. Finally, RNA was extracted with
RIP wash buffer and analyzed by quantitative real-time poly-
merase chain reaction (QRT-PCR).

Calcein Double-Labeling Experiment

Mice were killed after intraperitoneally injected with calcein
(10 pg/g, PBS configuration) 2 day and 8 day. The femurs and
tibias on both sides were dissected and placed in 4% PFA at
4°C for 48 hours and stored in the dark. Frozen sections were
performed on the femurs at 4 pm, and the sections were stored
away from light. After observation under a confocal micro-
scope, images were collected and quantitatively analyzed with
LAS V4.13 software.

RNA Half-Life Detection

Actinomycin D (Act D, 5 pg/mL) was added to the cells, and
RNA was extracted after incubation for 0, 3, and 6 hours.
qRT-PCR was used to detect the half-life of mRNA.

Protein Half-Life Detection

The cells were treated with 100 mg/mL cycloheximide (CHX),
and the cells were collected at the time points of 0 and 8 hours
according to the instructions, and the protein was extracted.
Afterwards, Western bolt experiments were performed on the
extracted proteins.

Live Cell Imaging for Autophagic Flux

When autophagosomes bind to lysosomes, the green fluo-
rescent protein (GFP) fluorescence will be quenched, but red
fluorescence can be observed. The cells were infected with
mRFP-GFP-LC3 adenoviral (HanBio, Shanghai, China) and
washed with DMEM for 6 hours after transfection and con-
tinued to culture the cells for 48 hours; finally, images were
observed on a confocal laser scanning microscope (FV10i).

Electron Microscopy

BMSCs were fixed by 2.5% glutaraldehyde buffer (pH 7.4)
at 4°C overnight. Then 1% osmium tetroxide was used
to fix the samples for 1 hour at RT. Next, the cells was
dehydrated with gradient ethanol and embedded in paraffin.
The samples were stained with saturated uranyl acetate and
lead citrate. Finally, the cells were observed under a trans-
mission electron microscope (Hitachi 7650, Tokyo, Japan)
at 8OKV.

Statistical Analysis

Data were analyzed by GraphPad Prism version 7 and
expressed as mean = SD. Statistical analysis was performed
unpaired #-test while there was one variance between the two
groups. ANOVA was applied for multiple group comparisons,
while one-way ANOVA was used for one variance analysis.
All experiments were independently repeated at least three
times. P values <.05 were considered statistically significant,
with *P < .05; **P < .01; ***P < .001.
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Results

METTL14 Knockdown (METTL14+-) Mice Exhibit
Elevated Bone Loss and Autophagy Defects Similar
to OVX Mice

To identify the correlation between osteoporosis and
autophagy, we first established the mice osteoporosis model
by ovariectomized surgery. Compared to the Sham mice
group, bone formation in the OVX mice group, as assessed by
calcein double labeling and MAR (mineral apposition rate)
quantification, was markedly declined (Fig. 1A). Further ex-
amination indicated that the expression of P62, a key pro-
tein of autophagy, was elevated in the bone tissue of OVX
mice compared with that of Sham mice, along with the de-
crease in the protein level of the LC3II/LC3I ratio, indicating
a blockage of autophagy (Fig. 1B). Our previous study has
shown that the mRNA expression of m°A methyltransferase
METTL14 is downregulated in the development of osteo-
porosis."” To further verify this phenomenon, we examined
METTL14 protein expression in bone tissue from patients
with osteoporosis and OVX mice, respectively. Consistently,
protein expression of METTL14 was also at a lower level
both in the bone tissue of patients with osteoporosis and
OVX mice than those of normal person and Sham mice (Fig.
1C). Meanwhile, IHC staining results also presented that
METTL14 level was decreased in the bone of OVX mice (Fig.
1D), suggesting that the downregulation of METTL14 in the
development of osteoporosis is common. As METTL14 homo-
zygous mice have been reported to die during the embryonic
period in the mother,?® we selected METTL14 heterozygous
knockdown (METTL14*-) mice for the next experimental
study (Fig. 1E). As shown in Supplementary Fig. S1A, S1B, the
METTL14 level was markedly decreased on both mRNA and
protein expression levels in bone tissue in METTL14*- mice.
Interestingly, calcein double labeling and Western blot results
showed that METTL14*- mice exhibited lower MAR (Fig.
1F) along with higher protein expression of P62 and smaller
ratio of LC3II/LC3I (Fig. 1G). Therefore, these results indi-
cated that METTL14 knockdown leads to the inhibition of
bone formation and the reduction of autophagosome forma-
tion similar to OVX surgery.

METTL14 Promotes Bone Formation and Inhibits
Osteoporosis Development In Vivo

Next, we performed OVX in wild-type (WT) and
METTL14*- mice, and used micro-computed tomography
(micro-CT) scans to detect bone mass and bone formation.
Interestingly, after 2 months of surgery, bone mass and bone
formation ability of METTL14*- mice were both further
decreased, compared with WT mice in both Sham and OVX
groups, along with reduced bone volume per tissue volume
(BV/TV), trabecular number (Tb.N) and trabecular thick-
ness (Tb.Th) as well as increased trabecular separation (Tb.
Sp) (Fig. 2A, 2B). Moreover, H&E-stained bone sections
showed that fewer trabeculae had developed in METTL14+-
mice (Fig. 2D). Meanwhile, we used an adenoviral gene
delivery system to overexpress METTL14 by multisite in-
tramuscular injection in C57BL/6 mice and performed
OVX surgery after injection 7 days. As shown in Fig. 2D,
METTL14 levels were significantly increased at both
mRNA and protein expression levels in bone tissue from the
mice injected with METTL14 adenovirus (Ad-METTL14)
compared to those of mice injected with empty adenovirus


https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac049#supplementary-data

992

Stem Cells Translational Medicine, 2022, Vol. 11, No. 9

4- B Sham OVX
= P62 | - }62
33 ¢
g 1 3.30
3 D4
< 14 LC3II/LC31I
St ~14
0- 1 0.25
N R\
& O Tubulin | G e— 55
C D Sham OVX
Normal Osteoporosis Sham OVX
METTLAS | S s || G - | 5D
1 0.34 1 0.29 40x
GAPDH b ol | | oy G 37
200x
Wildtype allele gRNA region
5 X X 3
Ex 1 //L EXy7 Ex 8 Ex 9 Ex 10 /'/ Ex 11
Legends Exon of mouse METTL14 ~ —— Knockout region 2625 bp
4- WT  METTL14%-
WT METTL14*- =
33 ¢ Pop | W— a— 2
£, 1 1.33
%1 . -16
> LC3II/LC31I —— . 14
0- 1 0.59
< )
L
§§</

Figure 1. METTL14+~ mice exhibit elevated bone loss and defects of autophagy. (A) Representative images of calcein double labeling of trabecular
bone of the Sham-operated (Sham) and the ovariectomized (OVX) mice with quantification of MAR. Scale bar = 100 pm. n = 9. (B) Western blotting

of P62, LC3II/I'in the bone tissue Sham and OVX mice. (C) Western blotting of METTL14 in the human bone from normal and osteoporosis (left)

and in Sham and OVX mice (right). (D) Immunohistochemistry (IHC) analysis of METTL14 protein expression in the bone tissues of Sham and OVX
mice. Representative IHC images (magnification x40 and x200) are presented (scale bar = 200 pm (upper) and 50 um (lower), n = 3). (E) Schematic
illustration of generation of METTL 14+~ mice (C57BL/6) by CRISPR/Cas9-mediated genome engineering strategy. (F) Representative images of calcein
double labeling of trabecular bone of WT and METTL14+*~ mice with quantification of MAR. Scale bar = 100 um. n = 9. (G) Protein expression of P62,
LC3II/LC3I in the bone tissues of WT and METTL14+*~ mice. Data are expressed as mean + SD. ***P < .001.

(Ad-empty). Two months after the establishment of the os-
teoporosis model, we detected the efficiency of METTL14
expression, and the results showed that METTL14 protein
expression was still significantly increased in Ad-METTL14
group (Supplementary Fig. S1C). According to the results
of micro-CT, after OVX surgery, compared to OVX-Ad-
empty group, METTL14 overexpression significantly
reduced symptoms of osteoporosis caused by OVX surgery
as the BV/TV, Tb.N, and Tb.Th were increased and Tb.Sp
was decreased (Fig. 2E, 2F). Taken together, those results

indicated that METTL14 deficiency inhibits bone formation
following with the decrease of autophagy.

METTL14 Promotes the Osteogenic Differentiation
Ability of BMSCs via Autophagy Activation

The main reason for exacerbating the process of osteopo-
rosis is the imbalance shift of BMSCs from osteogenic dif-
ferentiation to adipogenic differentiation.?! Thus, we detected
the change of METTL14 protein level during osteogenic
differentiation of BMSCs. As shown in Fig. 3A, METTL14
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Figure 2. The negative impact of METTL14*- on bone mass and density and overexpression of METTL14 rescues impaired bone microstructure and
bone mass in OVX mice. (A) Micro-CT images of trabecular bone of the femoral metaphysis (upper panels) and entire proximal femur (lower panels)
show the impairment of bone microstructure in METTL14*- mice without OVX and the enhanced impairment of bone microstructure in METTL14+/~
mice with OVX. Scale bar = 1.0 mm. n = 3. (B) Micro-CT analysis shows the decreases in bone volume/tissue volume ratio (BV/TV), trabecular number
(Tb.N), and trabecular thickness (Th.Th) and the increase in trabecular separation (Th.Sp). n = 3. (C) Representative H&E staining images of WT and
METTL14*- mouse femurs (scale bar = 200 pm [upper] and 100 um [lower], n = 3). (D) Schematic drawing of the timer shaft for mice adenovirus
injection and ovariectomy surgery (top). gRT-PCR and Western blot results show the efficiency of virus infection of mice bone tissues (bottom). (E)
Representative micro-CT images of trabecular bone of the femoral metaphysis (top) and entire proximal femur (bottom) show the rescuing effects of
METTL14 adenovirus on the impaired bone microstructure in OVX mice. Scale bar = 1.0 mm. n = 4. (F) Micro-CT analysis statistical data of BV/TV, Tb.N,
Tb.Sp, and Tb.Th both in femur from 4-month-old females of the Ad-empty and Ad-METTL14 mice. n = 4. Data are expressed as mean = SD. *P < .05;
P < .01
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Figure 3. Overexpression of METTL14 promotes osteogenic differentiation and autophagy of BMSCs. (A) Verification of protein METTL14 level at day
0 and day 7 after osteogenesis induced in BMSCs. (B) mRNA expression levels of osteogenesis-related genes (BGLAR BMP2, RUNX2, and SPP1)

in BMSCs administration of the function of METTL14 overexpression (METTL14) or the empty vector-carrying adenovirus (Control) as determined by
gRT-PCR. n = 3. (C) Western blotting of RUNX2 and ALP in Control and METTL14 group. n = 3. (D) Representative images of ARS staining (left panel)
and statistical data (right panel) of BMSCs from control and METTL14. Scale bar = upper: 2 mm; lower: 200 um. n = 6. (E) mRNA expression levels
of autophagy-related genes (ATG3, ATG5, ATG7, ATG10, ATG12, ATG14, beclin-1, and P62) in control and METTL14, as determined by gRT-PCR. n =
3. (F) Western blotting of P62, LC3II/LC3I, beclin-1, ATG3, ATG5, ATG7, and ATG12 after transfected with or without METTL14 plasmids. n = 3. (G)
Representative electron microscope images (left panel) and statistical data (right panel) show the change of autophagy production after METTL14
overexpression in BMSCs. Scale bar = 2 um. n = 3. (H) Representative immunofluorescence images (left panel) and statistical data (right panel) show
the localization of LC3 in autolysosomes and autophagosomes with anti-GFP and anti-RFP antibodies to verify the effect of METTL14 on autophagy.
Scale bar = 10 um. n = 6. Data are expressed as mean = SD. *P < .05; **P < .01; **P < .001.

expression was significantly increased with 7 days of oste- To further investigate the role of METTL14 in BMSCs dif-
ogenic induction of BMSCs. Notably, autophagy was also ferentiation, we both performed gain-of-function studies.
increased during this process as the protein level of P62 was ~ We thus overexpressed METTL14 in BMSCs and verified
downregulated and the ratio of LC3II/LC3I was upregulated.  the transfection efficiency of day 1 and day 7, respectively
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(Supplementary Fig. S2A, S2B). In agreement with the in vivo
results, the mRNA expression levels of critical osteogenesis-
related genes containing bone gamma carboxy glutamate
protein 2 (BGLAP), bone morphogenetic protein 2 (BMP2),
runt-related transcription factor 2 (RUNX2), secreted phos-
phoprotein 1 (SPP1), and the protein level of RUNX2 and
ALP, compared to control group, were significantly increased
with METTL14 overexpression after 7 days osteogenic dif-
ferentiation (Fig. 3B, 3C). Additionally, forced expression of
METTL14 also markedly enhanced extracellular matrix min-
eralization (EMM) according to the results of ARS (Fig. 3D).
To directly evaluate the effects of METTL14 on autophagy,
we firstly detected the mRNA expression of autophagy-related
genes with or without METTL14 overexpression. gqRT-PCR
(Fig. 3E) and Western blot (Fig. 3F) results showed that the
mRNA levels of ATG3, ATG7, ATG10, beclin-1 and P62
and the protein levels of LC3II/LC3I ratio, beclin-1, ATG3,
ATG7 were both increased and P62 protein expression was
decreased when METTL14 was overexpressed, with beclin-1
being the most significantly elevated. Consistently, transmis-
sion electron microscopy (TEM) analysis showed that the
area of autophagic vesicles per cell was markedly increased
with METTL14 overexpression (Fig. 3G). Meanwhile, more
ectopically expressed mRFP-GFP-LC3 was observed as red
(autolysosome formation) and yellow (autophagosome for-
mation) speckles in the METTL14 overexpression group cells
than that in control group cells (Fig. 3H).

Oppositely, we performed loss-of-function studies through
knocking down METTL14 by small interfering RNAs
(siRNAs) and verified the knockdown efficiency of day 1 and
day 7, respectively (Supplementary Fig. S2C, S2D). As ex-
pected, METTL14 silencing markedly suppressed the expres-
sion of osteogenesis-related genes both in mRNA and protein
(Fig. 4A, 4B), as well as a reduction of osteoblastic nodules
detected by ARS staining (Fig. 4C). Furthermore, qRT-PCR
results showed that downregulation of METTL14 decreased
mRNA expression of partial autophagy-related genes
containing ATG3, ATGS5, ATG12, ATG14, and beclin-1 (Fig.
4D). In agreement, the protein level of beclin-1, ATG3, ATGS,
and the ratio of LC3II/LC3I was significantly decreased and
p62 protein level was increased with METTL14 knockdown
(Fig. 4E). According to these results, we observed that beclin-1
and ATG3 were the autophagy-related genes most strongly
positively regulated by METTL14. Similarly, the number of
autophagosomes and autolysosomes and the intensity of LC3
puncta were significantly reduced (Fig. 4F). Taken together,
we hypothesized that the regulation of METTL14 in BMSCs
osteogenic differentiation is possibly due to the autophagy in-
duction via targeting autophagy key regulatory genes.

Beclin-1 Is Functionally Essential Target of METTL14
in Autophagy Activation During BMSCs Osteogenic
Differentiation

We then conducted gene-specific m°A-qPCR assays in
BMSCs to identify whether beclin-1 or ATG3 was the
target of METTL14. As shown in Fig. SA, the m°A abun-
dance of beclin-1 was obviously decreased upon METTL14
knockdown, while ATG3 showed no significant change
(Supplementary Fig. S3). Interestingly, according to a
sequence-based m°A modification site predictor, we observed
that beclin-1 gene carries 7 high and moderate confidence po-
tential m°A modification sites (http://www.cuilab.cn/sramp;
Fig. 5B). Notably, recent studies have revealed that beclin-1
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plays a vital role in BMSCs differentiation which is signifi-
cantly reduced in OVX BMSCs compared to Sham BMSCs.’
Consistently, IHC results showed a remarkable reduction of
beclin-1 protein in OVX mice bone tissues compared to those
of Sham mice (Fig. 5C). Furthermore, Western blot results
showed that beclin-1 protein expression was reduced in bone
tissue from METTL14*- mice, whereas the opposite is true
with METTL14 ectopic expression in mice (Fig. SD). It has
been confirmed that m°A modification on mRNA transcripts
could affect mRNA stability and protein degradation. To in-
vestigate whether METTL14 regulates beclin-1 expression
through modulating its mRNA stability, we treated BMSCs
with the transcription inhibitor Act D and detected the half-
lives of beclin-1 transcripts. Indeed, as shown in Fig. SE,
METTL14 silencing caused a noticeable decrease in the half-
lives of beclin-1 transcripts (9.13-6.14 hours). In contrast,
METTL14 overexpression resulted in a remarkable increase
of beclin-1 transcripts (5.17-15.49 hours, Fig. SE), suggesting
that METTL14-induced upregulation of beclin-1 expression
is at least in part due to the enhanced stability of beclin-1
mRNA transcripts upon METTL14-mediated increase of
m°A level in its mRNA transcripts. In order to determine the
mechanism of the strong increase in beclin-1 protein under
METTL14 overexpression and the clear decrease of beclin-1
with METTL14 silencing, we examined the stability of the
protein by blocking protein synthesis using CHX. After 8
hours of CHX treatments, the beclin-1 protein degradation
rate was observably accelerated by METTL14 knockdown
(Supplementary Fig. S4A), whereas METTL14 forced expres-
sion put off it (Supplementary Fig. S4B).

To further verify that METTL14-mediated osteogenic
differentiation partially relies on autophagy activation, we
co-treated BMSCs both with METTL14 overexpression and
3-methyladenine (3-MA), an autophagy inhibitor, and then
performed an osteogenesis induction. As expected, treat-
ment with 3-MA indeed decreased the expression of key
osteogenesis-related genes, including RUNX2 and BMP4 (Fig.
SF, 5G). Subsequently, as beclin-1 may be the potential target
of METTL14, we overexpressed beclin-1 based on the knock-
down of METTL14 to further investigate the role of beclin-1
in the osteogenesis of BMSCs regulated by METTL14. As
shown in Fig. SH, 51, introducing the expression of beclin-1
in METTL14 knockdown cells promoted the mRNA expres-
sion of ALP, BMP4 as well as ALP protein levels, which were
inhibited by METTL14 silencing. Consistently, a deceleration
in the activity of ALP was observed upon 3-MA treatment
detected by ALP staining (Fig. 5]), while forced expression
of beclin-1 rescued the ALP activity inhibition caused by
METTL14 knockdown (Fig. 5K). Collectively, autophagy
maintenance ensured by METTL14 mediated beclin-1
mRNA stability and translation is essential for osteogenic dif-
ferentiation of BMSCs, thereby hindering the development of
0Steoporosis.

The m%A Reading IGF2BP Proteins Promote the
mRNA Stability of Beclin-1

mRNAs that undergo m°A modification to perform specific
biological functions require a specific RNA-binding protein,
the methylated reading protein, also known as reader. Earlier
studies revealed that IGF2BPs stabilize methylated mRNAs
and further enhance translation.?? To elucidate the specific
m°A readers of beclin-1, and determine the m°A-dependent
mechanism of beclin-1 regulation, we performed RIP-qPCR


https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac049#supplementary-data
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Figure 4. Silence of METTL14 blocks osteogenic differentiation and autophagy of BMSCs. (A) mRNA expression levels of osteogenesis-related genes
(RUNX2, SPP1, BGLAP) in BMSCs transfection with negative control (siNC) and METTL14 siRNA (siMETTL14), as determined by gRT-PCR. n = 3. (B)
Western blotting of RUNX2 and ALP in siNC and siMETTL14. (C) Representative images of ARS staining (left panel) and statistical data (right panel) of
BMSCs from siNC and siMETTL14. Scale bar = upper: 2 mm; lower: 200 pm. n = 6. (D) mRNA expression levels of autophagy-related genes (ATG3,
ATGbH, ATG7, ATG10, ATG12, ATG14, beclin-1, and P62) in BMSCs infected with NC or METTL14 siRNA, as determined by gRT-PCR. n = 3. (E) Western
blot results show the METTL14, P62, LC3II/LC3I, beclin-1, ATG3, ATG5, ATG7, and ATG12 protein levels in BMSCs induced by NC and METTL14
silencing. n = 3. (F) Representative electron microscope images (left panel) and statistical data (right panel) show the autophagy of the function

of METTL14 knockdown in BMSCs. Scale bar = 2 um. n = 3. (G) Representative immunofluorescence images (left panel) and statistical data (right
panel) show the localization of LC3 in autolysosomes and autophagosomes with anti-GFP and anti-RFP to verify the effect of weakening METTL14 on
autophagy. n = 6. Scale bar = 10 ym. Data are expressed as mean + SD. *P < .05; **P < .01; ***P < .001.

assay to screen for beclin-1-related m°A readers. Interestingly,
the results validated that IGF2BP1, IGF2BP2, and IGF2BP3
antibodies could pull down the beclin-1 mRNA, indicating
that IGF2BP1, IGF2BP2, and IGF2BP3 proteins combined
with beclin-1 mRNA (Fig. 6A). Subsequently, knockdown
of IGF2BP1/2/3 resulted in a marked decrease in mRNA
and protein levels of beclin-1 (Fig. 6B-6E). Simultaneously

their knockdown efficiency was verified by qRT-PCR
(Supplementary Fig. SSA-S5C). In addition, as shown in
Fig. 6F-6H, IGF2BP1/2/3 silencing reduced the stability of
beclin-1 mRNA in the presence of transcription inhibitor Act
D in BMSCs. Taken together, those results indicated that the
methylated beclin-1 transcripts were directly recognized by
the m°A “reader,” IGF2BP proteins, which maintained the
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Figure 5. METTL14 regulates mRNA stability and translation of beclin-1. (A) Gene-specific m®A-qPCR assay shows the reduction of m®A modification

in specific regions of beclin-1 gene by METTL14 silencing in BMSCs. (B) Potential sites and regions for m®A modification in the sequence of beclin-1
gene. (C) Immunohistochemistry (IHC) analysis of beclin-1 protein expression in bone tissues of Sham and OVX mice. Representative IHC images
(magnification x40 and x200) are presented (scale bar: 200 um and 50 um. n = 3). (D) Western blot results show the beclin-1 protein level in WT,
METTL14+*-, Control, and METTL14 mice, respectively. n = 3. (E) gRT-PCR shows beclin-1 transcripts stability in Act D-treated cells forced expression of
METTL14 (left) and METTL14 silencing (right). n = 3. (F) mRNA expression levels of osteogenesis-related genes (RUNX2, BMP4) in BMSCs after being
transfected with METTL14 plasmids and/or co-transfected with beclin-1 inhibitor (3-MA), as determined by gRT-PCR. n = 3. (G) Western blot results
show the RUNX2 protein level after transfected with METTL14 plasmids with or without the presence of 3-MA. n = 3. (H) mRNA expression levels of
osteogenesis-related genes (ALR BMP4) in BMSCs by the function of METTL14 knockdown with or without beclin-1, as determined by gRT-PCR. n = 3.
(1) Western blot results show the ALP protein level in METTL14 silence with or without forced expression of beclin-1. n = 3. (J) Representative images
of ALP staining (left panel) and statistical data (right panel) of BMSCs show the effects of METTL14 overexpression with or without 3-MA treatment on
the osteogenic ability. n = 6. (K) Counteracting effect of beclin-1 to the weakening of osteogenic ability after METTL14 silencing, as indicated by ALP
staining. n = 6. Data are expressed as mean + SD. *P < .05; **P < .01; ***P < .001.

and enzymes secreted by osteoclasts, contributing to overall
bone mass downregulation and leading to osteoporosis.?? In
order to comprehensively clarify the role of METTL14 in
the treatment of osteoporosis, we further investigated the

stability of the transcripts to prevent its degradation and nat-
urally increase its expression via an m°®A-IGF2BPs-dependent
mechanism.

METTL14 Negatively Regulates Osteoclast
Differentiation

The hyperactivity of osteoclasts leads to increased bone re-
sorption, which is further decomposed and absorbed by acids

role of METTL14 in osteoclast differentiation. To further
verify the regulatory effect of METTL14 on osteoclast dif-
ferentiation in vivo, we performed TRAP-specific staining
to detect the osteoclast numbers of the mouse femur. As
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Figure 6. IGF2BP proteins promote the mRNA stability of beclin-1. (A) The RIP-gPCR verified the binding relationship between beclin-1 and IGF2BP1,
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*P < .05; ***P < .001.

shown in Fig. 7A, compared to the WT group, osteoclasts
in the distal femur of METTL14*- mice were significantly
increased, suggesting stronger bone resorption. Furthermore,
after 7 days of RANKL-induction in RAW264.7 cells, the ex-
pression levels of osteoclast differentiation-related genes, in-
cluding TRAP, MMP-9, CTSK, and c-Src were upregulated
(Fig. 7B). Meanwhile, the mRNA and protein expression
levels of METTL14 were significantly decreased during
osteoclastogenesis of RAW264.7 cells (Fig. 7C). Moreover,
METTL14 overexpression in RAW264.7 cells led to a sig-
nificant decrease of TRAP, MMP-9, CTSK, and c-Src (Fig.
7D), while knockdown of METTL14, resulted in a significant

of beclin-1 mMRNA in BMSCs with IGF2BP1, IGF2BP2, and IGF2BP3 silencing. n = 3. Data are expressed as mean + SD.

upregulation of TRAP, MMP-9, CTSK, and c-Src (Fig. 7E).
Taken together, we found that METTL14 plays as an inhib-
itor role in osteoclast differentiation.

Discussion

In this study, we revealed that METTL14 plays a critical role
in the cell fate decision of BMSCs and negatively regulates
the osteoporosis process. Our previous study showed that
METTL3-based m°A modification favors osteogenic differen-
tiation of BMSCs through the regulation of RUNX2 and pre-
miR-320 dependent on m°A modification level.”” METTL14
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Figure 7. The role of METTL14 in osteoclast differentiation. (A) Representative images of TRAP staining on the distal femur of WT and METTL14+~
mice group. Scale bars show 100 um in upper line and 20 um in lower line. n = 3. (B) gRT-PCR shows the upregulation of osteoclast marker genes
(TRAR MMP-9, CTSK, c-Src) with RANKL induced in RAW264.7 cells. n = 3. (C) METTL14 was downregulated during the osteoclast differentiation of
RAW264.7 cells, as shown by gRT-PCR and Western blot analysis. (D) gRT-PCR showed that METTL14 overexpression inhibited the mRNA expression
of osteoclast marker genes (TRAR MMP-9, CTSK, c¢-Src). (E) METTL14 knockdown increased the expression of the mRNA expression of osteoclast
marker genes (TRAR MMP-9, CTSK, c¢-Src), as determined by gRT-PCR. n = 3. Data are expressed as mean + SD. *P < .05; **P < .01; ***P < .001.

has also been reported to play an important role in stem cell
differentiation.'®?** Feng et al. have revealed that compared
with normal adipose stem cells, the osteogenic differentiation
ability of adipose stem cells from osteoporosis rats was sig-
nificantly downregulated, accompanied by the downregulated
expression of METTL14 and Notch1.¢ These studies indicate
that osteogenic differentiation ability is positively correlated
with METTL14 expression, and Notch1 may be a potential
target of METTL14.¢ However, the exact role and the un-
derlying molecular mechanism of METTL14 in the osteo-
porosis development and osteogenic differentiation remain
uncharacterized. Here, we have demonstrated that METTL14
significantly hinders the development of osteoporosis in vivo
and promotes osteogenic differentiation of BMSCs in vitro
through activating autophagy with the regulation of beclin-1
m®A methylation level. Furthermore, we found that m°A
reader proteins IGF2BPs could recognize m°A methylation
sites of beclin-1 mRNA and further promote its RNA stabili-
zation and translation.

Here, we found that METTL14 expression was signifi-
cantly decreased in the bone tissue of patients with osteopo-
rosis and OVX mice compared to normal persons and Sham
mice. In our study, normal bone tissues were obtained imme-
diately after surgery for severe fractures in patients younger
than 40 years, while the osteoporosis group was derived
from patients older than 65 years old, referring to previous
methods as reported.” It is inevitable that bone resorption
will increase and bone formation will decrease with age,*
which are the pathological factors that affect the process of
osteoporosis that we aim to explore in our study. Therefore,
we believe that the “age” variable does not affect the judgment

of experimental results. Fracture healing process is generally
divided into three stages, including hematoma mechanization
stage, callus formation stage, and callus remodeling stage.?”
During callus formation, osteoblasts proliferate to form new
bone, but this process does not occur until 2 weeks after the
fracture.”” However, since the bone tissue in this study was
obtained within 24 hours of the fracture, there is no need to
consider the influence of this process on the results.
Autophagy has been reported to play a critical role in the
regulation of bone metabolism whose defection accelerates
remarkable bone loss and activation alleviates osteopo-
rosis.”® Accumulating evidence indicates that m°A-related
enzymes are involved in autophagy production. Liu et
al. demonstrated that METTL3 contributed to increased
autophagy by enhancing the expression of autophagy
pathway critical genes containing ATGS and ATG7 in non-
small cell lung cancer (NSCLC) cells.?” Additionally, Li et al.
reported that YTHDF1 positively regulated the translation of
autophagy-related genes ATG2A and ATG14 upon the com-
bination with m°A modified ATG2A and ATG14 mRNA.*
Consistently, we demonstrated that compared with wide type
mice, METTL14*- knockdown mice exhibit lower expres-
sion level of autophagy-related proteins LC3BII/LC3BI ratio
and higher expression level of P62 leading to autophagy de-
fect as well as OVX mice, which further reduces bone for-
mation rate. Of note, autophagy activation also accumulates
during osteogenic differentiation of BMSCs following with
the increase of METTL14 expression. Therefore, it is pos-
sible that the increase of METTL14 expression could reverse
autophagic degradation, which was caused by the devel-
opment of osteoporosis.?® In vitro, we showed that forced



1000

and downregulated expression of METTL14 significantly
promotes and inhibits, respectively, the accumulation of
autolysosome and autophagosome.

Autophagosome formation is initiated by the ULK com-
plex, which triggers PI(3)P, a key lipid signaling molecule
produced by the phosphatidylinositol 3-kinase (PI3K)
complex, downstream production on the phagophore
membrane.3! Beclin-1 is a core component of PI3K com-
plex and plays a central role in autophagy via constituting
a molecular platform for the regulation of autophagosome
formation and maturation.’! Previous studies have re-
vealed a strong association between beclin-1 and bone
homeostasis which is a regulatory factor for RANKL-
induced osteoclast differentiation and chondrocyte differ-
entiation.’? Our results indicated that beclin-1 exhibits a
significant decrease in m°A modification enrichment upon
METTL14 knockdown following with the downregulation
of both mRNA and protein expression levels. Furthermore,
protein expression of beclin-1 was lower in human osteo-
porosis bone tissues and OVX mice bone tissue compared
with normal bone tissues as well as WT mice, respec-
tively. Meanwhile, METTL14 positively regulated mRNA
and protein stabilization of beclin-1. Therefore, we
hypothesized that METTL14 regulates beclin-1 expres-
sion depending on m°A modification to activate autophagy
signaling pathway. Furthermore, 3-MA, an autophagy in-
hibitor, has been reported to enhance the adipogenic dif-
ferentiation ability of young BMSCs as well as decrease
their osteogenic differentiation and proliferation ability,
leading to their relative aging state.’® As expected, 3-MA
decreased the osteogenic differentiation ability promoted
by METTL14 overexpression, while forced expression of
beclin-1 recused osteogenic differentiation defects caused
by METTL14 silence.

MPCA readers have been reported to be involved in the fate
of mRNA by regulating pre-mRNA splicing, facilitating
translation, or controlling mRNA decay and protein sta-
bility. M®A readers IGF2BP proteins were proven to en-
hance mRNA stability and translation via recognizing RNA
m°A.2? Li et al. have shown that IGF2BP2 prevents sex-
determining region Y-box 2 (SOX2) mRNA degradation
via recognizing the coding sequence (CDS) regions in colo-
rectal cancer cells.>* Thus, our data presented that IGF2BPs
are directly bound to beclin-1 mRNA in an m*A-dependent
manner. Additionally, knockdown of IGF2BP1/2/3 mark-
edly inhibits the protein level of beclin-1 by control-
ling the beclin-1 mRNA half-life, indicating that IGF2BP
proteins regulate beclin-1 transcript stability by identifying
METTL14-mediated m°A modification sites and further
promotes its translation.

The important mechanism by which m°A-dependent reg-
ulation genes is to promote protein stability through the
reader proteins YTHDF1, YTHDF2, and YTHDCI1, thus
promoting translation efficiency.’** Notably, METTL14
also could positively regulate beclin-1 protein stabilization
in BMSCs remaining possible that there could be indirect
effects caused by other m°A readers. However, the short-
coming of this study is that we did not identify specific
regulatory reading proteins, which we will explore in the
future research. Notwithstanding its limitation, this study
does suggest that METTL14 is important for the treatment
of osteoporosis by targeting beclin-1 to promote its trans-
lation and activate autophagy.

Stem Cells Translational Medicine, 2022, Vol. 11, No. 9

Conclusion

In conclusion, we provided compelling in vitro and in
vivo evidence demonstrating that METTL14, an m°A
methyltransferase, plays a critical role in the mainte-
nance of osteogenic differentiation ability of BMSCs
and in the obstruction of the osteoporosis progression,
through enhancing m°A modification levels in mRNA
transcripts of its critical target gene beclin-1, thereby
triggering autophagy signaling pathway. Additionally, we
revealed that the regulatory network between m°A writer
METTL14, m°A readers IGF2BPs, and target gene beclin-1
pointed out an innovative regulatory mechanism based on
m°A modification. Furthermore, METTL14 could nega-
tively regulate osteoclast differentiation of macrophages
and further inhibit bone resorption. Given the functional
importance of METTL14 in bone formation, METTL14
might be a new marker for osteoporosis development, and
targeting METTL14-IGF2BPs-beclin-1 signaling axis by
selective promoters may represent a promising therapeutic
strategy to treat 0steoporosis.
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