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ARTICLE INFO ABSTRACT

Keywords: Background: Osteoporosis is a commonly diagnosed metabolic bone disease. NLRP3 inflammasome activation and
HOXAS pyroptosis are observed during osteoporosis. However, the mechanism by which NLRP3-mediated pyroptosis
METTL14

contributes to osteoporosis remains largely undefined.

g;i?orosis Methods: Ovariectomized (OVX) mice were employed as an in vivo model of osteoclastogenesis. H&E staining and
WNKlp micro-CT detected the histological changes and bone parameters in the femur tissues. RANKL-treated macro-

phages were used as the in vitro model of osteoclastogenesis, and LPS/ATP treatment was used as the macrophage
pyroptosis model. The cytotoxicity, cytokine secretion and caspase-1 activity were assessed by LDH release assay,
ELISA and flow cytometry, respectively. The osteoclast formation ability was detected by TRAP staining. qRT-
PCR, IHC and Western blotting detected the expression and localization of METTL14, pyroptosis-related or
osteoclast-specific molecules in femur tissues or macrophages. Mechanistically, MeRIP assessed the m®A modi-
fication of HOXAS5. Luciferase and ChIP assays were employed to detect the direct association between HOXAS
and WNK1 promoter in macrophages.

Results: METTL14, HOXAS5 and WNK1 were decreased in OVX mice, which was associated with pyroptosis.
METTL14 or HOXAS5 overexpression suppressed macrophage-osteoclast differentiation and pyroptosis, along
with the upregulation of WNK1. METTL14-mediated m®A modification stabilized HOXA5 mRNA and increased
its expression, and HOXAS regulated WNK1 expression via direct binding to its promoter. Functional studies
showed that WNK1 knockdown counteracted METTL14- or HOXA5-suppressed pyroptosis and macrophage-
osteoclast differentiation. In OVX mice, overexpression of METTL14 or HOXAS alleviated osteoporosis via
suppressing WNK1-dependent NLRP3 signaling.

Conclusion: METTL14-mediated HOXA5 m®A modification increased its expression, thereby inducing WNK1
expression and suppressing NLRP3-dependent pyroptosis to alleviate osteoporosis. The combination of METTL14
or HOXAS agonist with pyroptosis targeted therapy may be a promising therapeutic approach for osteoporosis.
The Translational Potential of this Article-:

e METTL14 or HOXA5 overexpression suppressed macrophage-osteoclast differentiation and
pyroptosis in macrophages.-
e METTL14-mediated m6A modification stabilized HOXA5 mRNA and increased its expression.

Abbreviations: ATCC, American Type Culture Collection; BMD, bone mineral density; BMSCs, bone marrow mesenchymal stem cells; BV/TV, bone volume
fraction; ChIP, chromatin immunoprecipitation; CTSK, cathepsin K; CTX-1, C-terminal telopeptide of Type-I collagen; GSDMD, gasdermin D; H&E, Hematoxylin &
Eosin; HOXAS, homeobox protein A5; IDD, intervertebral disc degeneration; IGF2BP2, insulin-like growth factor 2 mRNA-binding proteins 2; IHC, immunohisto-
chemistry; IL-1p, interleukin-1p; IL-18, interleukin-18; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; mOA, N6—methy1adenosine; MeRIP, methylated RNA
immunoprecipitation; METTL14, methyltransferase-like 14; ncRNA, non-coding RNA; NFATc1, nuclear factor of activated T-cells cytoplasmic 1; NLRP3, nucleotide-
binding oligomerization domain-like-receptor family pyrin domain-containing 3; NP, nucleus pulposus; OVX, ovariectomized; Tb.N, trabecular number; TBS,
trabecular bone score; Tb.Th, trabecular thickness; TRAP, Tartrate Resistant Acid Phosphatase; WNK1, WNK lysine deficient protein kinase 1.
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e HOXAS regulated WNK1 expression via direct binding to its promoter.

e Silencing of WNK1

reversed METTL14-

or HOXAS5-suppressed pyroptosis and macro-

phageosteoclast differentiation.-
e METTL14 or HOXAS overexpression alleviated osteoporosis via suppressing WNK1-dependent
NLRP3 signaling in OVX mice.

1. Introduction

Osteoporosis is one of the most frequently diagnosed metabolic bone
disease which is characterized by impairment of bone mass, bone tissues
and microarchitecture [1,2]. Patients with osteoporosis exhibited
increased bone fragility and susceptibility to fracture [3]. The fracture
incidence rates are raising as the population ages, leading to decreased
life quality and economic burden worldwide [4]. Menopause and aging
lead to imbalance between bone resorption and formation [2,3]. Except
the universal recommendations for patients with osteoporosis, current
osteoporosis therapies are classified into two groups: antiresorptive and
anabolic agents [5]. Unraveling the molecular mechanism underlying
imbalanced bone remodeling may provide novel insight for the choice of
osteoporosis therapies.

The NLRP3 inflammasome is a large intracellular multiprotein
complex which activated in response to pathogen- or damage-associated
stimuli [6]. The NLRP3 inflammasome activates caspase-1, further
leading to cleavage and production of IL-1f and IL-18, as well as
GSDMD-mediated pyroptosis [6,7]. In recent years, emerging evidence
supports the pivotal roles of NLRP3 inflammasome during osteoporosis
[7]. Upon stimulation of aging or estrogen deficiency, NLRP3 inflam-
masome is activated, thus accelerating bone resorption and inhibiting
bone formation via the release of IL-1p and IL-18 [7]. In ovariectomized
(OVX) mice, NLRP3 inflammasome proteins are elevated in the femur,
and lack of NLRP3 abrogates OVX-suppressed osteogenic differentiation
[8]. Additionally, pyroptosis is commonly observed in osteoporosis [9].
However, the underlying mechanism by which NLRP3-mediated
pyroptosis contributes to osteoporosis pathogenesis remains largely
undefined. Interestingly, WNK lysine deficient protein kinase 1 (WNK1),
a newly identified negative regulator of NLRP3, is downregulated in B
cells derived from low bone mineral density (BMD) postmenopausal
women [10,11], indicating its potential role in osteoporosis.

Né-methyladenosine (m®A) is the most abundant form of methyl-
ation in mRNA and non-coding RNA (ncRNA) [12]. Growing evidence
has reported the critical role of m®A in osteoporosis [13,14]. The mPA
‘writer’, ‘reader’ and ‘eraser’ proteins play important roles in modifying
RNA [12]. Recent studies have illustrated that methyltransferase-like 14
(METTL14), a m®A ‘writer’ protein, is downregulated in bone specimens
from patients with osteoporosis, and positively correlated with bone
formation [15,16]. METTL14 overexpression promotes osteoblast pro-
liferation, differentiation and mineral deposition [17]. Intriguingly,
METTL14 inhibits NLRP3-mediated pyroptosis and diabetic cardiomy-
opathy through suppressing TINCR [18], raising the possibility that
METTL14 might regulate bone remodeling via NLRP3-mediated
pyroptosis in osteoporosis.

Homeobox protein A5 (HOXAS), a transcription factor, is implicated
in the transcriptional regulation of bone-specific genes [19,20]. Previous
studies have demonstrated that HOXAS is markedly elevated in bone
marrow mesenchymal stem cells (BMSCs) derived from aging mice, and
overexpression of HOXAS5 enhances osteoblast differentiation [21].
Bioinformatics analysis based on SRAMP database predicted the sites of
m®A modification in HOXA5, and JASPAR database predicted the pu-
tative binding sites of HOXA5 at WNK1 promoter. We thus hypothesized
that METTL14-mediated m®A modification might stabilize HOXA5
mRNA and increases its expression. The upregulated HOXA5 might
induce WNK1 expression transcriptionally, thus suppressing
NLRP3-mediated pyroptosis to alleviate osteoporosis.

In this study, we reported that METTL14 stabilized HOXA5 mRNA by
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enhancing m®A modification, thus increasing WNK1 expression tran-
scriptionally, ultimately suppressing NLRP3-dependent pyroptosis to
alleviate osteoporosis. Our findings shed light on the crucial role of
NLRP3-mediated pyroptosis in bone remodeling that could serve as a
promising target for osteoporosis treatment.

2. Materials and methods
2.1. Animal study

All animal study was approved by Xiangya Hospital, Central South
University. Female C57BL/6 (8-week-old, n = 6 per group) were pur-
chased from SJA Laboratory Animal Co., Ltd (Hunan, China). OVX
model was established as previously described [22]. Briefly, mice were
anesthetized by isoflurane, and underwent bilateral ovariectomy via a
midline abdominal incision. Mice in sham group received surgery
without ovary removal. For in vivo overexpression study, the full-length
of METTL14 or HOXAS was cloned into HBAVV-CMV-T2A-GFP vector
[23]. The overexpression construct pAAV-RC and pHelper were
co-transfected into AAV-293 cells using LipoFiter reagent (Hanbio,
Shanghai, China). For the METTL14 or HOXAS5 overexpression, each
mouse received 1 x 10! V g AAV-METTL14 or AAV-HOXAS via tail vein
at 4 weeks post-surgery. Mice were sacrificed and the right femurs were
dissected for subsequent analysis at 12 weeks after AAV injection.

2.2. Hematoxylin & Eosin (H&E) and immunohistochemistry (IHC)

The bone tissues were harvested and fixed in 4 % paraformaldehyde
(PFA), decalcified in 10 % EDTA for 3 weeks, and embedded in paraffin.
After deparaffinization and rehydration, the sections were stained with
H&E reagent (Beyotime, Shanghai, China). For IHC analysis, the sections
were subjected to antigen retrieval. After blocking, the slides were then
stained with anti-NLRP3 (1:100, PA579740, Invitrogen, Carlsbad, CA,
USA), anti-METTL14 (1:500, MA5-47189, Invitrogen), anti-HOXA5
(1:100, PA569008, Invitrogen) or anti-WNK1 (1:100, PA5-28382, Invi-
trogen) antibody at 4 °C overnight. This is followed by the incubation
with secondary antibody-HRP, and the signal was detected using the
DAB Development Kit (Beyotime).

2.3. Quantitative micro-CT

The right femurs were harvested and fixed in 4 % PFA, and scanned
using a high-resolution micro-CT (Bruker microCT, Kontich, Belgium).
Quantitative analysis of the bone parameters, including trabecular
number (Tb.N), bone volume fraction (BV/TV) and trabecular thickness
(Tb.Th) were performed.

2.4. ELISA assay

The whole blood was allowed to clot, and centrifuged at 1000 x g for
10 min. The cell culture media were collected and centrifuged at 1500
rpm for 10 min. The serum or cell culture supernatant were subjected to
ELISA assay. The serum or secreted levels of IL-1p and IL-18 were
measured using commercial kits (88-7013-22 and KMCO0181, Invi-
trogen) according to the manufacturer’s protocols. The secretion and
serum level of C-terminal telopeptide of Type-I collagen (CTX-1) was
assessed using Mouse CTX-1 ELISA Kit (NBP3-11802, Novus, Centennial,
CO, USA).
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2.5. RNA isolation and qRT-PCR

Total RNA was isolated using Trizol reagent (Invitrogen) and reverse
transcribed using PrimeScript RT Kit (TaKaRa, Dalian, China). qRT-PCR
was conducted using SYBR Green Master Mix (Applied Biosystems,
Foster City, CA, USA). The relative expression of target gene was
calculated using 2 €T method. For mRNA stability assay, macro-
phages were treated with 2 pg/mL Actinomycin D (Sigma-Aldrich, St
Louis, MO, USA) for 0, 4, 8 and 12 h. The mRNA half-life of HOXA5 was
detected by qRT-PCR. Primers used in qRT-PCR was listed in Table 1.

2.6. Western blot analysis

Mouse tissues or cells were lysed using RIPA lysis buffer (Beyotime),
and quantified using BCA Protein Assay Kit (Beyotime). Equal amounts
of proteins were separated by gel electrophoresis and transferred onto
PVDF membrane (Beyotime). After blocking with 5 % non-fat milk at
room temperature for 1 h, the blots were probed with primary antibody
at 4 °C overnight, followed by the incubation with secondary antibody-
HRP. Signal was visualized using an ECL detection kit (Pierce, Rockford,
IL, USA). Primary antibodies used in Western blotting: anti-METTL14
(1:1000, ab220030, Abcam), anti-HOXA5 (1:1000, MA5-19102, Invi-
trogen), anti-WNK1 (1:1000, PA5-28382, Invitrogen), anti-NLRP3
(1:1000, PA579740, Invitrogen), anti-Caspase-1 (1:1000, ab1384832,
Abcam), anti-ASC (1:1000, ab309497, Abcam), anti-GSDMD (1:1000,
ab209845, Abcam), anti-NFATc1 (1:1000, ab25916, Abcam), anti-CTSK
(1:1000, ab19027, Abcam), anti-TRAP (1:1000, ab2391, Abcam) and
anti-GAPDH (1:1000, ab8245, Abcam) antibodies.

2.7. Cell culture, treatment and transfection

RAW264.7 cells were purchased from ATCC (Manassas, VA, USA),
and grown in DMEM containing 10 % FBS (Gibco, Grand Island, NY,
USA). Bone marrow-derived macrophages (BMDMs) were isolated from
femur and tibia of mice (8~10-week old) as described [24]. BMDMs
were grown in a-MEM supplemented with 10 % FBS and 30 mg/mL
M-CSF (Gibco). All cells were maintained at 37 °C/5 % CO,. For
osteoclastogenesis, cells were treated with 10 ng/mL RANKL (Invi-
trogen) for 6 days [25]. For LPS/ATP stimulation, macrophages were
primed with 200 ng/mL lipopolysaccharides (LPS, Sigma-Aldrich) for 6
h, and then incubated with 2 mM ATP (Sigma-Aldrich) for 30 min [26].
The full-length of METTL14 and HOXA5 were cloned into pcDNA3.1
vector (Invitrogen). ShAMETTL14, shHOXA5, shWNK1 and shNC were
purchased from GenePharma (Shanghai, China). RAW264.7 cells and
BMDMs were transfection with overexpression plasmid and/or shRNA
using Lipofectamine 3000 reagent (Invitrogen).

Table 1
Primers used for qRT-PCR analysis.

Genes Primer sequences (5-3")
METTL14-F GCTTGCGAAAGTGGGGTTAC
METTL14-R AATGAAGTCCCCGTCTGTGC
HOXAS-F CGCAAGCTGCACATTAGTCA
HOXAS5-R TTTCGATCCTTCTTCGGCGG
WNK1-F TCCAACATCCTCAGCAGCAG
WNK1-R GCTGACACTTGAGGCTGACT
IL-18-F GGCTGCCATGTCAGAAGACT
IL-18-R GGGTTCACTGGCACTTTGAT
IL-1B-F GCCACCTTTTGACAGTGATGAG
IL-18-R AAGGTCCACGGGAAAGACAC
NFATc1-F GGTGCTGTCTGGCCATAACT
NFATc1-R GCGGAAAGGTGGTATCTCAA
CTSK-F CTTCCAATACGTGCAGCAGA
CTSK-R TTGCATCGATGGACACAGAG
TRAP-F TGTTGACAGCGGTCCATCTA
TRAP-R CCTCCTTCTTAACCCGAAGC
GAPDH-F AGCCCAAGATGCCCTTCAGT
GAPDH-R CCGTGTTCCTACCCCCAATG
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2.8. LDH assay

LDH release was monitored using CyQUANT LDH Cytotoxicity Assay
(Invitrogen). In brief, macrophages were cultured in 96-well plates
overnight. The maximum LDH release was achieved by adding 10 x lysis
buffer. The samples were incubated with 50 pL Reaction Mixture at
room temperature for 30 min, followed by the incubation with Stop
Solution. A490 and A680 were measured using a microplate reader
(Thermo Fisher Scientific).

2.9. Flow cytometry

Caspase-1 activity was assessed using FAM-FLICA caspase-1 assay kit
(Immunochemistry Technologies, Davis, CA, USA). Briefly, macro-
phages were stained with FLICA probe for 1 h, followed by staining with
PI. Samples were analyzed by flow cytometry (BD Biosciences, San Jose,
CA, USA).

2.10. TRAP assay

Cells were fixed with 4 % PFA and permeabilized with cold 50 %/50
% acetone/methanol. Osteoclasts were then stained with TRAP assay Kit
(Beyotime). TRAP positive cells were visualized and counted under a
microscopy (Nikon, Tokyo, Japan).

2.11. Methylated RNA immunoprecipitation (MeRIP)

mRNA was isolated using PolyATract mRNA Isolation System
(Promega, Madison, WI, USA). MeRIP was performed using Magna
MeRIP m°A Kit (Millipore, Billerica, MA, USA). Briefly, mRNA was
fragmented in Fragmentation Buffer at 94 °C for 4 min. The fragmented
mRNA (5 pg) was then incubated with anti-m®A antibody (5 pg)- or
normal mouse IgG (5 pg)-conjugated Protein A/G beads at 4 °C for 2 h.
The immunoprecipitated RNA was then eluted and purified, and the
mP®A modification of HOXA5 was analyzed by qRT-PCR.

2.12. Dual luciferase assay

The promoter region of WNKI was cloned into pGL-3 vector
(Promega). RAW264.7 cells or BMDMs were co-transfected with
shHOXAS5, HOXAS overexpression construct or corresponding control
and luciferase construct using Lipofectamine 3000 (Invitrogen). The
luciferase activity was measured using Dual-Luciferase Reporter Assay
System (Promega) at 48 h post-transfection. Renilla activity was used as
an internal control.

2.13. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using Pierce magnetic ChIP kit (Pierce).
Briefly, macrophages were crosslinked using 1 % formaldehyde and
lysed. After MNase digestion, the chromatin fractions were incubated
with anti-HOXAS5 (5 pg, sc-365784, Santa Cruz Biotechnologies, Santa
Cruz, CA, USA), anti-H3 (2 pg, ab1791, Abcam) antibody or normal IgG
at 4 °C overnight. Anti-H3 antibody and normal IgG acted as a positive
and negative control, respectively. The purified DNA was subjected to
qRT-PCR analysis.

2.14. Statistical analysis

All experiments were repeated for at least three time with triplicate
assays. Data were analyzed using PRISM 8.0 (GraphPad, San Diego, CA,
USA). Student’s t-test or One-way ANOVA with Turkey post hoc test was
conducted to assess the differences between two groups or multiple
groups, respectively. P < 0.05 was considered statistically significant.
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3. Results

3.1. METTL14, HOXA5 and WNK1 are downregulated in OVX mice with
pyroptosis

To delineate the biological roles of METTL14, HOXAS5 and WNK1 in
OP, an OVX mouse model was established. As shown in Fig. 1A, H&E
staining revealed remarkable bone loss in the femur of OVX mice,
compared with that of sham mice. Both ELISA and qRT-PCR showed that
IL-1p and IL-18 secretion and expression were dramatically increased in
OVX group (Fig. 1B and C). Consistently, increased expression of NLRP3
was observed in the femur of OVX mice as detected by IHC analysis
(Fig. 1D). By contrast, METTL14 was expressed in bone marrow cavity of
sham mice, while the immunoreactivity of METTL14 in osteoblasts were
markedly decreased in OVX mice (Fig. 1D). Additionally, the expression
of HOXAS5 and WNK1 in the femur were also assessed by IHC analysis.
Similarly, HOXA5 and WNK1 were also expressed in bone marrow cavity
of the femur, and their expression were downregulated in the femur of
OVX mice (Fig. 1D). qRT-PCR further showed the reduction of METTL14
and HOXAS5 in the femur of OVX mice (Fig. 1E and F). As presented in
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Fig. 1G, the protein levels of METTL14, HOXAS5 and WNK1 were also
decreased in the femur of OVX mice, accompanied with the induction of
pyroptosis-related proteins NLRP3, caspase-1, ASC and GSDMD.
Collectively, these findings suggest that METTL14, HOXA5 and WNK1
are downregulated in OVX mice, possibly associated with increased
pyroptosis.

3.2. Overexpression of METTL14 or HOXAS5 suppresses macrophage-
osteoclast differentiation

To investigate the effects of METTL14 or HOXAS5 on macrophage-
osteoclast differentiation, overexpression experiments were conducted.
As anticipated, transfection of METTL14 or HOXA5 overexpression
construct successfully increased METTL14 or HOXA5 mRNA and protein
levels in both RAW264.7 cells and BMDMs, respectively (Fig. 2A-D).
TRAP assay showed that RANKL induced osteoclastogenesis in which
the percentage of TRAP™ cells were induced by RANKL, while METTL14
or HOXAS overexpression attenuated this effect (Fig. 2E). As shown in
Fig. 2F, the secretion of bone resorption marker CTX-1 was elevated
upon RANKL treatment, whereas METTL14 or HOXAS5 overexpression
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Figure 1. METTL14, HOXAS5 and WNK1 are downregulated in OVX mice with pyroptosis. (A) The histological changes of femur were detected by H&E staining.
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abrogated RANKL-induced CTX-1 secretion. In line with these findings,
osteoclast-specific molecules NFATc1, CTSK and TRAP were remarkably
upregulated by RANKL, whereas METTL14 or HOXAS overexpression
abrogated RANKL-induced expression of these molecules in RAW264.7
cells and BMDMs as detected by qRT-PCR and Western blotting
(Fig. 2G-J). These data indicate that METTL14 or HOXA5 over-
expression impairs macrophage-osteoclast differentiation.

3.3. METTL14 or HOXAS5 overexpression upregulates WNK1 expression
and suppresses pyroptosis in macrophages

We further tested the functions of METTL14 and HOXAS in the well-
established LPS/ATP-induced pyroptosis model [27]. As presented in
Fig. 3A, overexpression of METTL14 or HOXAS5 rescued
LPS/ATP-induced LDH release. qRT-PCR and ELISA assay unequivocally
revealed that METTL14 or HOXAS5 overexpression counteracted
LPS/ATP-induced IL-1p and IL-18 secretion and expression in macro-
phages (Fig. 3B-E). Consistently, flow cytometry showed that
LPS/ATP-increased caspase-1 activity was reversed by METTL14 or
HOXA5 overexpression in which LPS/ATP-increased population of
caspase-1"/PI" cells were decreased in LPS+ATP + METTL14 or LPS +
ATP + HOXAS group (Fig. 3F). In accordance with these findings,
Western blotting showed that METTL14 or HOXAS5 overexpression
abrogated = LPS/ATP-downregulated @~ WNK1, as well as
LPS/ATP-upregulated pyroptosis-related proteins (Fig. 3G). These data
suggest that METTL14 or HOXAS5 upregulates WNK1 and inhibits
pyroptosis in macrophages.

3.4. METTL14-mediated m°A modification stabilizes HOXA5 mRNA and
increases its expression

We next sought to test whether METTL14 was implicated in the m°®A
modification of HOXAS5. As expected, knockdown of METTL14 suc-
cessfully downregulated METTL14 mRNA and protein levels in both
RAW264.7 cells and BMDMs (Fig. 4A and B). In addition, qRT-PCR and
Western blotting showed that METTL14 positively regulated HOXA5
expression in macrophages (Fig. 4C and D). MeRIP revealed that
silencing of METTL14 decreased m®A modification of HOXA5, while
overexpression of METTL14 exerted an opposite effect (Fig. 4E).
Furthermore, METTL14 knockdown impaired the mRNA stability of
HOXAS5, whereas METTL14 overexpression enhanced HOXA5 mRNA
stability (Fig. 4F). Taken together, these finding suggest that METTL14
plays an indispensable role in maintaining HOXA5 mRNA stability via
modulating m®A modification.

3.5. HOXADb5 regulates WNK1 expression via direct binding to its promoter

Bioinformatics analysis based on JASPAR database predicted the
putative binding site of HOXA5 on WNK1 promoter. To test whether
HOXA5 regulated WNK1 expression transcriptionally, gain- and loss-of
function experiments were carried out. As presented in Fig. 5A and B,
transfection of shHOXAS5 markedly reduced HOXA5 mRNA and protein
levels in both RAW264.7 cells and BMDMs. Consistently, silencing of
HOXAS downregulated WNK1 expression, while HOXAS5 overexpression
exerted an opposite effect on WNK1 expression (Fig. 5C and D). The
potential binding site of HOXAS5 was located at the promoter region of
WNK1 between nt —1639 and —1632 (Fig. 5E). The direction interaction
between HOXAS5 and WNK1 promoter was further validated by ChIP
assay in which antibody against HOXAS successfully enriched WNK1
promoter in both RAW264.7 cells and BMDMs (Fig. 5F). Dual luciferase
reporter assay revealed that co-transfection of shHOXAS and luciferase
construct led to a dramatic reduction of luciferase activity, while
increased luciferase activity was observed in HOXAS5 overexpression
group in macrophages (Fig. 5G). qRT-PCR and Western blotting further
showed that METTL14-induced WNK1 expression was attenuated by
shHOXAS5 in macrophages (Fig. SH and I). Collectively, these data
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indicate that METTL14 regulates WNK1 via modulating HOXAS5, and
HOXAS regulates WNK1 expression via direct binding to its promoter.

3.6. Knockdown of WNK1 reverses METTL14- or HOXA5-suppressed
pyroptosis in macrophages

To explore the biological role of WNK1, knockdown studies coupled
with functional experiments were carried out in macrophages. As ex-
pected, transfection of shWNK1 led to a reduction of WNK1 in both
RAW264.7 cells and BMDMs (Fig. 6A and B). METTL14-suppressed LDH
release was counteracted by shHOXAS5 or shWNKI1, and knockdown of
WNK1 reversed HOXA5-inhibited LDH release (Fig. 6C). Similarly, qRT-
PCR and ELISA assays revealed that knockdown of HOXA5 or WNK1
abrogated METTL14-decreased IL-1§ and IL-18 secretion and expres-
sion, and WNK1 silencing counteracted HOXA5-decreased secretion and
expression of IL-1p and IL-18 in macrophages (Fig. 6D-G). Flow
cytometry further showed that HOXA5 or WNK1 knockdown rescued
METTL14-impaired caspase-1 activity, and HOXA5-suppressed caspase-
1 activity was reversed by shWNK1 (Fig. 6H). In line with these findings,
METTL14 downregulated pyroptosis-related proteins, and silencing of
HOXAS or WNK1 resulted in a rebound of these proteins, and shWNK1
also attenuated HOXA5-mediated downregulation of pyroptosis-related
proteins in RAW264.7 cells and BMDMs (Fig. 6I). Taken together, these
data suggest that knockdown of WNK1 reverses METTL14- or HOXA5-
suppressed pyroptosis in macrophages.

3.7. Silencing of WNK1 counteracts METTL14- or HOXAS5-suppressed
macrophage-osteoclast differentiation

We next investigated the function of WNK1 during macrophage-
osteoclast differentiation. TRAP assay revealed that METTL14-
suppressed osteoclastogenesis was reversed by shHOXAS5 or shWNK1,
and shWNK1 also abrogated HOXA5-suppressed macrophage-osteoclast
differentiation (Fig. 7A). In consistent with this finding, METTL14-
decreased osteoclast-specific molecules were rescued by shHOXA5 or
shWNK1, and HOXA5-reduced these proteins were also reversed by
shWNK1 as detected by qRT-PCR and Western blotting (Fig. 7B-E). We
further investigated the effects of WNK1 and NLRP3 on osteoclast for-
mation. As shown in Figs. SIA-D, overexpression of WNK1 or NLRP3
successfully upregulated WNK1 or NLRP3 mRNA and protein levels in
RAW264.7 cells and BMDMs. Moreover, the percentage of TRAP™ cells
were decreased in WNKI1-ovexpressing macrophages upon RANKL
treatment, while co-transfection of WNK1 and NLRP3 led to a rebound
of TRAP™ cell proportion in macrophages (Fig. S1E). Consistently,
WNK1 overexpression reduced osteoclast-specific molecules NFATc1,
CTSK and TRAP in RANKL-treated macrophages, while overexpression
of NLRP3 further compensated for the loss of these proteins
(Figs. S1F-I). Together, these findings indicate that WNK1 functions as
an important downstream effector in METTL14- or HOXAS5-suppressed
macrophage-osteoclast differentiation.

3.8. Overexpression of METTL14 or HOXAS5 alleviates osteoporosis via
suppressing WNK1-dependent NLRP3 signaling in vivo

The in vitro findings were further validated in OVX mice. As shown in
Fig. 8A-H&E staining revealed that overexpression of METTL14 or
HOXAS5 rescued OVX-induced bone loss. Compared with sham mice, the
bone parameters, including bone volume fraction (BV/TV), trabecular
number (Tb.N) and trabecular thickness (Tb.Th), were remarkable
decreased in OVX mice (Fig. 8B-D). METTL14 or HOXAS5 overexpression
caused a rebound of these bone parameters (Fig. 8B-D). Consistent with
the in vitro findings, the serum level of CTX-1 was increased in OVX
mice, while it was attenuated in OVX + METTL14 or OVX + HOXA5
mice (Fig. 8E). We next tested the effects of METTL14 or HOXAS5 on
NLRP3-dependent pyroptosis. As anticipated, the secretion and expres-
sion of IL-1p and IL-18 were greatly elevated in OVX mice, whereas
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Figure 4. METTL14-mediated mC°A modification stabilizes HOXA5 mRNA and increases its expression. (A, C) The mRNA level of METTL14 or HOXAS in
transfected macrophages was detected by QqRT-PCR. n = 3. (B, D) The protein level of METTL14 or HOXAS in transfected macrophages was detected by Western
blotting with quantitative analysis. n = 3. (E) The mP®A modification of HOXAS5 in transfected macrophages was evaluated by MeRIP. n = 3. (F) HOXA5 mRNA
stability in transfected macrophages was assessed by RNA stability assay. n = 3. *, P < 0.05; **, P < 0.01; ***, P < 0.001 as assessed by Student’s t-test.

METTL14 or HOXAS overexpression attenuated these effects as detected
by ELISA assay and qRT-PCR, respectively (Fig. 8F-I). IHC analysis
further showed that OVX-induced NLRP3 in the femur was abolished by
METTL14 or HOXAS5 overexpression (Fig. 8J). The successful over-
expression of METTL14 or HOXAS was confirmed by Western blotting
(Fig. 8K). In addition, METTL14 or HOXA5 overexpression also resulted
in an elevation of WNK1 in the femur of OVX mice, along with the
downregulation of pyroptosis-related proteins (Fig. 8K). As shown in
Fig. 8L, injection of AAV-METTL14 or AAV-HOXAS also successfully
upregulated METTL14 or HOXAS expression in BMDMs isolated from
mouse bone marrow. These data suggest that METTL14 or HOXA5
ameliorates osteoporosis via regulating WNK1, thereby suppressing
NLRP3-dependent pyroptosis.

4. Discussion

Osteoporosis frequently occurs in postmenopausal women and
elderly people [1]. Osteoporosis-related fractures resulted in lower
overall physical function, as well as increased economic burden for
healthcare system [2,3]. Understanding the mechanism underlying
osteoporosis pathogenesis will provide further insight into targeted
therapy for osteoporosis. In this study, we demonstrated that METTL14
stabilizes HOXA5 mRNA and increases its expression by enhancing mSA
modification. The upregulated HOXAS further increases WNK1 expres-
sion via direct binding to its promoter, thereby suppressing
NLRP3-dependent pyroptosis to alleviate osteoporosis. Current thera-
pies targeting pyroptosis are effective in bone metabolic diseases,
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including osteoporosis [7,28]. Our findings suggest that the combina-
tion of METTL14 or HOXAS agonist with pyroptosis targeted therapy
may be a promising therapeutic approach for osteoporosis.
Accumulating evidence illustrates that m®A modification is impli-
cated in the regulation of various biological or pathological processes,
such as differentiation of BMSCs, osteoblasts or osteoclasts, as well as
bone resorption [29]. METTL14, a core member of mPA methyl-
transferase complex, is implicated in the methylation of mRNA and
ncRNA [14]. Despite METTL14 shares 43 % sequence identity with
METTL3, METTL14 alone exhibits undetectable catalytic activity [30,
31]. Accumulating evidence supports the role of METTL14-mediated
mPA modification in bone diseases. For instance, METTL14 enhances
osteogenic differentiation of BMSCs through triggering autophagy via
mP®A/IGF2BPs/Beclin-1 axis [32]. In addition, a recent study has illus-
trated that exosomal METTL14 regulates osteoclast bone absorption via
modulating m®A modification of NFATc1 [33]. Interestingly, METTL14
is a direct target of miR-103-3p in MC3T3-E1 preosteoclasts, and
METTL14-mediated m®A modification modulates miR-103-3p process-
ing by binding to DGCRS, thereby promoting osteoblastic bone forma-
tion [17]. In accordance with these findings, we found that METTL14
was decreased in OVX mice, and it suppressed macrophage-osteoclast
differentiation and pyroptosis in macrophages. Mechanistically,
METTL14-dependent m®A mRNA methylation plays an indispensable
role in maintaining HOXA5 mRNA stability. It is worth noting that
METTL14 mediates m®A modification of NLRP3 and stabilizes its mRNA
in an IGF2BP2-dependent manner in nucleus pulposus (NP) cells [34].
Whether METTL14 modulates NLRP3 mRNA stability in macrophages
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Figure 5. HOXAS regulates WNK1 expression via direct binding to its promoter. (A, C) The mRNA level of HOXA5 or WNK1 in transfected macrophages was
detected by qRT-PCR. n = 3. (B, D) The protein level of HOXA5 or WNK1 in transfected macrophages was detected by Western blotting with quantitative analysis. n
= 3. (E) The putative binding site between HOXA5 and WNK1 promoter. n = 3. (F) The direct interaction between HOXAS5 and WNK1 promoter in macrophages was
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respectively. n = 3. (G) The relative luciferase activity in transfected macrophages was assessed by dual luciferase assay. n = 3. (H&I) The mRNA and protein levels of
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Figure 6. Knockdown of WNK1 reverses METTL14- or HOXA5-suppressed pyroptosis in macrophages. (A) The mRNA level of WNK1 in transfected macro-
phages was detected by qRT-PCR. n = 3. (B) The protein level of WNK1 in transfected macrophages was detected by Western blotting with quantitative analysis. n =
3. (C) LDH release in transfected macrophages was monitored using commercial kit. n = 3. (D&E) The mRNA levels of IL-1f and IL-18 in transfected macrophages
were detected by qRT-PCR. n = 3. (F&G) The secreted IL-1f and IL-18 levels in the cell culture supernatant were measured by ELISA assay. n = 3. (H) The populations
of caspase-17/PI" cells were analyzed by flow cytometry with quantitative analysis. n = 3. (I) The protein levels of WNK1 and pyroptosis-related proteins in
transfected macrophages were detected by Western blotting with quantitative analysis. n = 3. *, P < 0.05; **, P < 0.01; ***, P < 0.001 as assessed by Student’s t-test
(A&B) or One-way ANOVA with Turkey post hoc test (C-I).
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Figure 7. Silencing of WNK1 counteracts METTL14- or HOXA5-suppressed macrophage-osteoclast differentiation. (A) RANKL-stimulated osteoclastogenesis
in transfected macrophages was monitored by TRAP assay with quantitative analysis. The percentage of TRAP™" multinucleated cells were counted and calculated. n
= 3. (B-D) The mRNA levels of osteoclast-specific molecules in transfected macrophages were detected by qRT-PCR. n = 3. (E) The protein levels of osteoclast-
specific molecules in transfected macrophages were detected by Western blotting with quantitative analysis. n = 3. *, P < 0.05; **, P < 0.01; ***, P < 0.001 as

assessed by One-way ANOVA with Turkey post hoc test.

merits further investigation in the future study. Our findings illustrated
that METTL14 suppressed macrophage-osteoclast differentiation. How-
ever, the role of METTL14 in osteoblastic differentiation remains
uninvestigated.

HOXAS belongs to HOX family which plays diverse roles in skeletal
development and fracture healing [35,36]. A recent study has illustrated
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that miR-19a-3p modulates osteogenic differentiation through targeting
HOXAS5 in BMSCs [21]. In addition, miR-23a cluster decreases the
recruitment of HOXA5 and HOXA11 to bone-specific promoters and
suppresses histone H3 acetylation during osteogenic differentiation
[20]. In adipocytes, mechanistic study has showed that HOXAS sup-
presses inflammation, accompanied with the downregulation of NLRP3
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Figure 8. Overexpression of METTL14 or HOXAS alleviates osteoporosis via suppressing WNK1-dependent NLRP3 signaling in vivo. (A) The histological
changes of femur were detected by H&E staining. Scale bar: 100 ym. n = 6 per group. (B-D) BV/TV, Tb.N and Tb.Th were measured by micro-CT. n = 6 per group. (E)
The serum level of CTX-1 was assessed by ELISA assay. n = 6 per group. (F&G) The serum levels of IL-1p and IL-18 were measured by ELISA assay. n = 6 per group.
(H&I) The expression of IL-14 and IL-18 in the femur were detected by qRT-PCR. n = 6 per group. (J) The immunoreactivity of NLRP3 in the femur was examined by
IHC analysis. Scale bar: 100 pm. n = 6 per group. (K) The protein levels of METTL14, HOXA5, WNK1 and pyroptosis-related proteins in the femur were detected by
Western blotting with quantitative analysis. n = 6 per group. (L) The protein levels of METTL14 and HOXAS in BMDMs were detected by Western blotting with
quantitative analysis. n = 6 per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 as assessed by One-way ANOVA with Turkey post hoc test.
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[37]. However, little is known about the post-transcriptional modifica-
tion of HOXAS5, especially METTL14-mediated m®A modification. In this
study, we demonstrated that HOXAS5 inhibited macrophage-osteoclast
differentiation = and  NLRP3-dependent  pyroptosis. Besides
METTL14-mediated HOXA5 m®A modification, our findings also delin-
eated the downstream signaling of HOXAS in osteoporosis.

The mechanism by which HOXA5 reduces NLRP3 remains elusive. In
the current study, WNKI1, a transcriptional target of HOXA5, was iden-
tified as an important mediator in this regulatory axis. HOXAS5 upre-
gulated WNK1 expression via binding to its promoter. Interestingly,
lacking WNK1 induces NLRP3 activation and pyroptosis in macrophages
[11]. Consistent with this report, our data illustrated that silencing of
WNK1 counteracted METTL14- or HOXA5-suppressed NLRP3-depend-
ent pyroptosis in vitro. In OVX mice, METTL14 or HOXAS overexpression
resulted in the downregulation of NLRP3 signaling proteins, along with
the upregulation of WNKI1. Further in vivo rescue experiments are
required to validate if WNK1 serves as a mediator in
METTL14/HOXA5-regulated pyroptosis in the future study. Moreover, it
is worth noting that WNK1 was decreased in the femur of OVX mice, and
this is consistent with the previous report which demonstrated the
reduced expression of WNK1 in B cells derived from low BMD post-
menopausal women [10]. Our findings first demonstrated that WNK1
acted as a critical downstream effector of METTL14/HOXAS5 during
osteogenic differentiation.

NLRP3 inflammasome activates caspase-1 to process precursors IL-1$
and IL-18, leading to the release of mature IL-1p and IL-18 [7]. On one
hand, IL-1p acts as an osteogenic inhibitor by suppressing BMP/Smad
signaling and osteogenic markers [38]. On the other hand, IL-1p induces
RANKL to facilitate osteoclast differentiation and activation [39,40].
The role of IL-18 in osteoclastogenesis remains controversial [41]. It was
identified as an osteoclastogenic cytokine [42], while another study has
reported the synergistic action of IL-12 and IL-18 on suppressing oste-
oclast formation [43]. In this study, the elevation of IL-1p and IL-18 were
found in OVX mice and LPS/ATP-stimulated macrophages, accompanied
with the activation of caspase-1. In addition to the inflammatory re-
sponses through IL-1p and IL-18, NLRP3 inflammasome also induces
pyroptosis in osteoporosis [7,9]. The induction of IL-1f and IL-18 cause
death of osteoblast, and ROS, which is derived from NLRP3 activation,
induces pyroptosis of osteoblast in vitro [9,44]. Recent studies have
demonstrated the regulatory mechanism underlying pyroptosis in bone
diseases [45,46]. For instance, LKB1/AMPK signaling suppresses NLRP3
inflammasome-dependent pyroptosis in osteoarthritis [46]. In addition,
human adipose tissue stem cells-derived exosomal miR-155-5p amelio-
rates intervertebral disc degeneration (IDD) through targeting TGFpPR2
to facilitate autophagy and inhibit pyroptosis [45]. We showed that
OVX- or LPS/ATP-induced pyroptosis was attenuated by METTL14 or
HOXAS5, and WNK1 functioned as a downstream effector during this
process. Our findings broaden the understanding of NLRP3-induced
pyroptosis in osteoporosis, and provide novel insight into the pyropto-
sis targeted therapy for osteoporosis.

In conclusion, we demonstrated that METTL14-stabilized HOXAS5
inhibited NLRP3-dependent pyroptosis via modulating WNK1 expres-
sion transcriptionally, thereby alleviating osteoporosis. These findings
indicate that pharmacological regulation of this regulatory axis, in
particular METTL14 or HOXAS agonist, may improve the clinical out-
comes of osteoporosis.
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