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Abstract

Background: Achondroplasia (ACH), the predominant inherited form of disproportionate short stature, results from specific genetic
alterations in fibroblast growth factor receptor 3 (FGFR3). N6-methyladenosine (m®A) modification is reported to modulate mRNA sta-
bility and translation. The present investigation systematically explored the epigenetic regulatory function of METTLI6, an m®A RNA
methyltransferase, within the pathophysiological framework of ACH. Methods: We generated an ACH mouse model via Fgfr3380R
(Fgfr3*™") gene mutation. Primary chondrocytes were isolated from newborn mice and stimulated with IL-15 to induce cell death.
Proximal tibia tissues were collected and analyzed with HE staining, toluidine blue staining, safranin O staining, and immunohisto-
chemical (IHC) analysis. Bone structure was analyzed by measuring bone mineral density (BMD), ratio of bone volume to total tissue
volume (BV/TV), trabecular number (TbN), and trabecular thickness (TbTh). Cell viability and proliferation were assessed using the Cell
Counting Kit-8 (CCK-8) and colony formation assays. The levels of iron (Fe?"), malondialdehyde (MDA), and glutathione (GSH) were
measured to assess ferroptosis. Protein and RNA levels were measured by western blotting and quantitative real-time PCR (qPCR) assay,
respectively, while the m® A modification level was assessed by m® A mRNA immunoprecipitation (IP). Results: METTL16 improved
bone chondrogenesis in the ACH mouse model, with METTL16 overexpression promoting the proliferation of primary chondrocytes.
METTLI16 decreased ferroptosis both in vitro and in vivo and increased glutathione peroxidase 4 (GPX4) expression. METTL16 en-
hanced m®A modification of GPX4 mRNA and suppressed its degradation. Depletion of GPX4 abolished the effects of METTL16 on
ACH mice and chondrocytes. Conclusion: Overexpression of METTL16 improved bone growth and alleviated ferroptosis of chondro-
cytes by increasing m®A modification of GPX4 mRNA and thus GPX4 expression in chondrocytes. The METTL16/GPX4 axis may be
a promising therapeutic approach for ACH treatment.
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1. Introduction the import of cysteine for GSH biosynthesis and antioxi-
dant defense [9,10]. Research has shown that maintaining
a balance between anabolic and catabolic processes in carti-
lage, as well as the survival of chondrocytes, is essential for
the health of articular cartilage and for preventing the pro-
gression of osteoarthritis. This underscores the importance

of chondrocyte regulation for articular cartilage health.

Achondroplasia (ACH) is a condition resulting from a
missense mutation in the fibroblast growth factor receptor
3 (FGFR3) gene. ACH is the leading cause of short stature
in humans [1,2]. It is passed down through an autosomal
dominant inheritance pattern, leading to the presentation of
ACH-related symptoms in carriers of the FGFR3 mutation
[3]. Despite advances in research, many preventative, di-
agnostic, and therapeutic challenges remain with ACH [4].

Epigenetic regulatory processes, including DNA
methylation and N6-methyladenosine (m®A), are exciting
new areas of investigation in the field of tumor biology [11].

Ferroptosis is a recently identified form of oxidative
cell death marked by the iron-dependent build-up of lipid
peroxides to toxic levels [5]. It has become an effective
target for avoiding multiple types of cancers and degen-
erative conditions, such as Alzheimer’s disease, Parkin-
son’s disease, and kidney degeneration [6—8]. Several pro-
teins have been recognized as essential regulators of fer-
roptosis, including glutathione peroxidase 4 (GPX4), which
regulates the production of glutathione (GSH), and the
cysteine/glutamate antiporter SLC7A11, which promotes

mC®A modification can selectively modulate polyadenyla-
tion and pre-mRNA splicing, thereby regulating mRNA
stability and translation [12,13]. m®A modification is the
most prevalent modification after transcription, and is pri-
marily mediated by m®A “writers”, “erasers”, and “read-
ers” (WER) [14]. The m®A methylation of RNA is me-
diated by a multiprotein complex and initiated by methyl-
transferases such as methyltransferase-like 3 (METTL3),
METTL14, METTL16, and WTAP (WT1-associated pro-

teins). Moreover, it is modulated by “erasers” includ-
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ing AlkB congeners, demethylase FTO («-ketoglutarate-
dependent dioxygenase FTO), and RNA demethylases, as
well as “readers” such as YTH N6-methyladenosine RNA-
binding protein 1 (YTHDF1) and YTHDEF3 that recog-
nize m®A-modified RNA and promote mRNA translation
[15,16].

In this study, we explored the role of METTL16 in
ACH and investigated m®A-regulated ferroptosis during
ACH development. Our findings reveal a novel and promis-
ing mechanism for the prevention and treatment of ACH.

2. Materials and Methods
2.1 Mouse Model

Transgenic mice with a C57BL/6 background and car-
rying the heterozygous Fgfi-3 transgene were obtained
from Shanghai Model Organisms (China). They were
housed in SPF conditions with free access to water and
food. The mean bodyweight of mice at 8 weeks of age
was approximately 20 g. Mouse genotypes were ascer-
tained by qPCR. Wild-type C57BL/6 mice were used as
controls. For all procedures involving tissue harvesting,
mice were first anesthetized using isoflurane (2% for induc-
tion, 1.5% for maintenance) delivered via a precision va-
porizer (2V22105103, RWD Life Science Co., Ltd., Shen-
zhen, Guangdong, China), ensuring a consistent and hu-
mane depth of anesthesia. Following anesthesia, mice were
euthanized by cervical dislocation to minimize suffering
and ensure ethical compliance. For treatment, lentivirus
with METTL16 overexpression vectors (pCDH-CMYV vec-
tors; GenePharma, Shanghai, China) was intraperitoneally
injected into newborn mice for 20 days. The tibiae from
mice were collected and processed into paraffin-embedded
samples or stored in liquid nitrogen for subsequent exper-
iments. All animal procedures were approved by the In-
stitutional Animal Care and Use Committee (IACUC) of
Animal Care and Use Committee of Pediatric Orthopaedic
Hospital, Honghui Hospital, Xi’an Jiaotong University (No.
KT2023-01-05-01) and conducted in accordance with the
relevant guidelines and regulations.

2.2 Cell Culture and Treatment

Chondrocytes were prepared from the tibia of new-
born mice [17] and cultured in DMEM medium with
10% fetal bovine serum (FBS) in a 37 °C incubator.
Cell transfection was conducted using Lipofectamine 2000
(11668027, Invitrogen™, Carlsbad, CA, USA) for 48 h.
Chondrocytes were stimulated with IL-15 (10 pg/mL) for
6 h to induce cell death and apoptosis.

All primary chondrocytes were freshly isolated and
used at early passage. STR authentication is not applica-
ble to primary cells.

Primary cells were observed daily under a phase-
contrast microscope. The cells exhibited typical mor-
phology consistent with human nucleus pulposus/endplate
chondrocyte characteristics, including a polygonal or round

shape, relatively large nuclei, and a pericellular lacuna-like
structure. No fibroblast-like overgrowth or abnormal mor-
phological changes were observed within passages P2—P4,
which were used for subsequent experiments.

2.3 Measurement of Bone Parameters

The micro-architecture parameters of the tibia from
mice were analyzed by assessing the bone mineral density
(BMD), bone volume to total tissue volume (BV/TV), tra-
becular number (TbN), and trabecular thickness (TbTh).

2.4 Histological Examination

For histological examination, tibial tissues were pre-
served in 10% formalin, demineralized using 0.5 M EDTA,
embedded in paraffin, and then cut into 5 um sections.
The histomorphology was observed by staining with hema-
toxylin and eosin (H&E; C0105S, Beyotime, Shanghai,
China). The expression of METTL16 was assessed by
immunohistochemical (IHC) staining using anti-METTL16
antibody (17676, Cell Signaling Technology, Danvers,
MA, USA, 1:1000) and visualized by DAB (Beyotime,
China) as the substrate.

2.5 Toluidine Blue Staining

The samples were stained with toluidine blue (89640,
Sigma, St. Louis, MO, USA). This stains cartilage and os-
teoblasts a dark blue color against a light blue background.

2.6 Safranin O Staining

Bone samples were stained with safranin O solution,
Weigert hematoxylin solution, and solid green staining so-
lution (Sigma, USA). This results in chondrocyte cytoplasm
presenting as red, and chondrocyte nuclei presenting as gray
black.

2.7 Cell Counting Kit 8 (CCK-8)

Cells induced by IL-18 and transfected with
METTLI16 overexpression vectors were seeded into 96-
well plates and cultured for 24 h. At the final time point,
CCK-8 reagent (C0005, TargetMol, Shanghai, China) was
added to each well and reacted for 2 h. The absorbance
values at 450 nm were then measured, and the relative cell
viability was calculated.

2.8 Colony Formation

Chondrocytes were digested into a single cell suspen-
sion and seeded into 6-well plates at a density of 10,000
cells per well. After incubation for 10 days, the colonies
were stained with crystal violet (Sigma, USA) for 20 min,
and the images were recorded with a camera.

2.9 Detection of Ferroptosis

The concentration of malondialdehyde (MDA), which
is the final product of lipid peroxidation, was determined
using a lipid peroxidation assay kit (Doojindo, Kumamoto,
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Fig. 1. METTL16 promotes bone chondrogenesis and suppresses ferroptosis in the ACH mouse model. Fgfi-3*" transgenic mice
were treated with METTL16 lentivirus, and the proximal tibia tissues were collected for analysis. (A) The morphology of cartilage,
chondrocyte, and tissues was examined by toluidine blue, safranin O, and H&E staining, while the expression of METTL16 was examined
by IHC. Scale bar = 100 pm. (B) Results for bone mineral density (BMD), bone structure via the bone volume to total tissue volume ratio
(BV/TV), trabecular number (TbN), and trabecular thickness (TbTh). (C) RNA levels of METTL16 and GPX4, as measured by qPCR
assay. (D) The levels of total iron and Fe* were measured to assess ferroptosis. (E) Representative Perls’ Prussian blue staining of
tibial sections showing iron deposition (blue). Quantitative analysis of Perls-positive area. Scale bar = 100 pm. (F) Representative IHC
staining for 4-HNE showing the levels of lipid peroxidation in tibiae. Quantitative analysis of 4-HNE—positive signal intensity. Scale
bar = 100 um. (G) CT reconstruction for observing the microstructure of bone cartilage in ACH mice. Scale bar =100 pm. **p < 0.01,
*p < 0.05. ACH, Achondroplasia; H&E, hematoxylin and eosin; IHC, immunohistochemical; GPX4, glutathione peroxidase 4; qPCR,
quantitative real-time PCR; 4-HNE, 4-Hydroxynonenal; CT, computed tomography.
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Japan). Additionally, total iron and Fe?* levels were evalu-
ated with an iron assay kit (ab83366, Abcam, Woburn, MA,
USA), as per the instructions provided by the manufacturer.

2.10 Western Blot Assay

Cell lysates were obtained using RIPA buffer (89900,
Invitrogen™, Carlsbad, CA, USA). Following loading and
separation on an SDS-PAGE gel, the proteins were trans-
ferred to PVDF membranes and blocked with 5% skim
milk. The membranes were then incubated overnight at 4
°C with primary antibodies against METTL16 and GPX4
(1:1000, ab252420; ab125066, Abcam, USA). They were
subsequently treated with HRP-conjugated anti-rabbit sec-
ondary antibodies (1:1000, ab6721, Abcam, USA), and
protein bands were visualized using an ECL chemilumi-
nescence substrate (WBKLS0500-2, Millipore, Burlington,
MA, USA).

2.11 Quantitative Real-Time PCR (qPCR) Assay

Tissues and chondrocytes were treated with Trizol
reagent to isolate total RNA. This was converted into cDNA
using the PrimeScript RT reagent kit (RR037A, Takara,
Kyoto, Japan). Real-time qPCR was performed with the
SYBR Green qPCR Master Mix (Thermo, Waltham, MA,
USA). Gene expression levels were measured relative to the
[-actin gene as an endogenous control.

2.12 m84 mRNA Immunoprecipitation (IP) and
Quantification

RNAs were isolated from cells and incubated with
protein G beads (70024, CST, Danvers, MA, USA) that
had previously been reacted with anti-m®A monoclonal an-
tibody at 4 °C for 12 h in rotation. After reaction at4 °C for
6 h, the beads were eluted and washed, and RNA was ex-
tracted using Trizol. The level of METTL16 was measured
by qPCR assay.

2.13 Statistical Analyses

Statistical analyses were conducted using GraphPad
Prism 7.0 software (GraphPad Software, Inc,San Diego,
CA, USA). The paired Student’s #-test was utilized to com-
pare two groups. For analyzing differences among multiple
groups, either a one-way Analysis of Variance with Tukey’s
post hoc test or a Mann—Whitney U test was employed. The
criterion for statistical significance was defined as p < 0.05.

3. Results

3.1 METTL16 Promotes Bone Chondrogenesis and
Suppresses Ferroptosis in the ACH Mouse Model

We first examined the in vivo effects of METTL16 on
ACH using transgenic mice. The expression of METTL16
was suppressed in the proximal tibia of ACH mice com-
pared with the control, but was recovered by treatment for
METTL16 overexpression (Fig. 1 A). Further analysis of the
proximal tibia revealed an increased number of chondro-

cytes and cartilage, as well as an organized tissue struc-
ture after METTL16 overexpression compared with ACH
mice (Fig. 1A). Treatment with METTL16 overexpression
vectors also increased the BMD, BV/TV, TbN and TbTh
compared to ACH (Fig. 1B). Notably, the expression of
METTL16 and GPX4 were suppressed in the tibia tissues
of ACH mice, while METTL16 overexpression recovered
the levels of both (Fig. 1C). This observation suggests a po-
tential correlation between the two genes and participation
in ferroptosis during ACH. We next investigated the level
of ferroptosis in the tibia of mice. The elevated levels of
total iron and Fe?* in the ACH group compared with the
control group indicated an increase in cell ferroptosis. This
was suppressed upon METTL16 overexpression (Fig. 1D).
Perls’ Prussian blue staining demonstrated minimal iron
deposition in control tibiae, whereas ACH mice exhibited
prominent deposits concentrated in the growth plate and tra-
becular regions. Quantitative image analysis confirmed a
significantly larger Perls’-positive area in ACH mice com-
pared with controls, which was significantly reduced by
METTL16 overexpression (Fig. 1E). In line with this, IHC
for 4-Hydroxynonenal (4-HNE) showed markedly elevated
lipid peroxidation in ACH tibiae, with intense cytoplas-
mic and extracellular 4-HNE staining. Overexpression of
METTLI16 substantially decreased this 4-HNE positivity
(Fig. 1F). These histological findings, together with in-
creased tissue iron and Fe?T levels and decreased GPX4
expression in ACH, indicate enhanced ferroptosis in ACH
that can be alleviated by restoring METTL16 expression.
To further delineate the therapeutic effects of METTL16
on bone microstructure and cartilage morphology, we per-
formed micro-computed tomography (CT) reconstruction
of the proximal tibiae (Fig. 1G). CT analysis revealed that
ACH mice exhibited severe trabecular bone deterioration,
characterized by fragmented, disconnected trabeculae with
reduced spatial continuity. However, METTL16 overex-
pression substantially restored the integrity of the trabecular
network.

3.2 METTL16 Overexpression Alleviates IL-15—Induced
Ferroptosis in Chondrocytes

To further examine whether ferroptosis is a major
form of regulated cell death in chondrocytes and to con-
firm the protective role of METTL16, we employed spe-
cific inhibitors of ferroptosis (Ferrostatin-1) and apopto-
sis (Z-VAD-FMK) in a model of IL-13-induced chondro-
cyte injury. The experimental groups comprised the con-
trol, IL-15, IL-18 + METTL16 overexpression (OE), IL-
13 + Ferrostatin-1, and IL-13 + Z-VAD-FMK. Cell viabil-
ity, as determined by CCK-8 assay, was markedly reduced
after IL-15 stimulation compared to the control group, in-
dicating severe cellular injury. Both METTL16 OE and
Ferrostatin-1 treatment significantly restored cell viabil-
ity, whereas Z-VAD-FMK exerted only a minor protec-
tive effect (Fig. 2A). Lipid peroxidation, assessed using
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Fig. 2. METTL16 protects chondrocytes from IL-1B-induced injury primarily by inhibiting ferroptosis. (A) Cell viability assessed
by CCK-8 assay in control, IL-13, [L-18 + METTL16 OE, IL-13 + Ferrostatin-1, and IL-13 + Z-VAD-FMK groups. (B) Lipid peroxi-
dation detected by C11-BODIPY fluorescence imaging and quantitative analysis. Scale bar =50 um. (C) Intracellular glutathione (GSH)

levels in each group. (D) Western blot analysis and quantification of GPX4 protein expression. (E) Annexin V/PI staining showing

the percentage of apoptotic and necrotic cells. (F) Lactate dehydrogenase (LDH) release indicates cell membrane integrity. Data are
presented as the mean + SD (n = 3). ***p < 0.001, **p < 0.01, *p < 0.05. CCK-8, cell counting kit 8; IL-14, interleukin-1 beta.

C11-BODIPY fluorescence, was significantly higher in IL-
13-treated chondrocytes, confirming enhanced oxidative
stress. The elevated C11-BODIPY oxidation ratio was
markedly decreased by METTL16 OE and Ferrostatin-1,
but not by Z-VAD-FMK (Fig. 2B), suggesting a ferroptosis-
dominant phenotype. In accordance with this, the GSH
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level was significantly reduced, and GPX4 protein ex-
pression was downregulated in the IL-18 group. Both
METTL16 OE and Ferrostatin-1 markedly restored in-
tracellular GSH and GPX4 levels, whereas Z-VAD-FMK
showed negligible effects (Fig. 2C,D). In addition, An-
nexin V/PI staining demonstrated that IL-15 treatment in-
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Fig. 3. METTL16 enhances chondrocyte proliferation and suppresses cell ferroptosis. Primary chondrocytes were stimulated with
IL-10 and transfected with METTL16 overexpression vectors. (A) The RNA and protein levels of METTL16 and GPX4 were measured
by qPCR and Western blot assays. (B) Cell viability was measured by the CCK-8 assay. (C) Cell proliferation was detected by colony
formation. Scale bar = 100 pm. (D) The levels of iron, Fe>*, MDA, and GSH were measured to assess ferroptosis. (E) Protein levels of
ACSLA4, Ferritin, and PTGS2, as measured by Western blot assay. (F) TEM analysis of mitochondrial ultrastructure in IL-13-stimulated
chondrocytes. Scale bar = 200 pm. (G) ROS levels as detected by the reagent kit. ***p < 0.001, **p < 0.01, *p < 0.05. MDA,
malondialdehyde; ACSL4, Acyl-CoA synthetase long-chain family member 4; PTGS2, prostaglandin-endoperoxide synthase 2; TEM,

transmission electron microscopy; ROS, reactive oxygen species.
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duced a significant increase in Annexin V*'/PI* cells, in-
dicating cell death. METTL16 OE and Ferrostatin-1 sig-
nificantly reduced the proportion of Annexin V*/PI* cells.
LDH release, which is an indicator of membrane dam-
age, was markedly elevated in IL-1/-treated cells. The in-
crease in LDH was significantly attenuated by METTL16
OE and Ferrostatin-1, but remained largely unchanged with
Z-VAD-FMK (Fig. 2E,F). Together, these findings demon-
strate that IL-10 induces ferroptosis-like cell death in chon-
drocytes, characterized by lipid peroxidation, GSH deple-
tion, and GPX4 downregulation. Both METTL16 overex-
pression and the ferroptosis inhibitor Ferrostatin-1 effec-
tively alleviated these effects, confirming that METTL16
protects chondrocytes primarily by inhibiting ferroptosis
rather than apoptosis. To further clarify the specificity of
ferroptosis in IL-1/3-induced chondrocyte death, we eval-
uated the contribution of autophagy using the pharmaco-
logical inhibitor 3-methyladenine (3-MA, 5 mM). IL-173
stimulation was found to induce autophagy, as evidenced
by increased LC3B-II and decreased p62 levels. How-
ever, pretreatment with 3-MA effectively blocked LC3B-
II accumulation but failed to restore cell viability (CCK-8
assay) or reduce ferroptosis markers (Fe?t, MDA, GSH)
(Supplementary Fig. 1A—C). METTL16 overexpression
retained its protective effects in the presence of 3-MA.
These data indicate that although autophagy is activated
in IL-18-stimulated chondrocytes, it does not represent the
major form of regulated cell death, supporting ferroptosis
as the dominant pathway.

3.3 METTLI16 Enhances Chondrocyte Proliferation and
Suppresses Cell Ferroptosis

Subsequently, we investigated the effects of
METTL16 on chondrocytes. Cells from primary cul-
ture were treated with IL-10 to reduce viability and induce
ferroptosis. As shown in Fig. 3A, treatment with IL-173
decreased the RNA and protein levels of METTL16 and
GPX4, respectively, consistent with results from the in
vivo experiments. Results from the CCK-8 and colony
formation assays showed that overexpression of METTL16
could rescue the cell viability and proliferation of IL-1.-
induced primary chondrocytes (Fig. 3B,C). Moreover,
the status of several ferroptosis biomarkers, including
elevated iron, Fe?t, and MDA, and decreased GSH level,
was significantly reversed by METTL16 overexpression
(Fig. 3D). We next examined key protein markers to further
investigate the mechanism by which METTL16 regulates
ferroptosis. Western blot analysis revealed that IL-15
stimulation significantly upregulated the pro-ferroptotic
proteins ACSL4 and PTGS2, while downregulating the
iron storage protein ferritin. Notably, METTL16 over-
expression effectively reversed these aberrant protein
expressions (Fig. 3E). Furthermore, overexpression of
METTL16 significantly inhibited the reactive oxygen burst
induced by IL-15 (Fig. 3F) and restored mitochondrial
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ultrastructure (Fig. 3G). Transmission electron microscopy
revealed that IL-1 treatment caused marked mitochondrial
swelling, loss or fragmentation of cristae, and increased
electron density, all of which are characteristic features
of ferroptosis. Quantitative analysis showed a significant
increase in the proportion of swollen mitochondria and
cristae-deficient mitochondria in the IL-13 group, which
was markedly reduced upon METTL16 overexpression.

3.4 METTL16 Regulates the m®A Modification and
Degradation of GPX4 mRNA

To investigate how METTL16 influences GPX4 ex-
pression, we assessed the m® A methylation levels of GPX4
mRNA. The reduction of METTL16 levels using siR-
NAs was found to markedly decrease mSA modification of
GPX4 mRNA (Fig. 4A). Moreover, depletion of METTL16
decreased the protein level of GPX4 (Fig. 4B). We also uti-
lized CHX to block protein synthesis. The protein level
of GPX4 was notably decreased 6 h after CHX treatment,
and depletion of METTL16 induced faster degradation of
GPX4 (Fig. 4C). These results indicate that knockdown of
METTL16 can reduce the stability of GPX4 mRNA.

3.5 METTL16 Overexpression and Inhibition of
Ferroptosis Reduce Cartilage Degeneration in ACH Mice

To further validate the involvement of ferropto-
sis in ACH pathology and clarify the therapeutic po-
tential of METTL16, ACH mice were treated with
METTLI16 overexpression (OE) vectors, the ferroptosis
inhibitor Ferrostatin-1 (Fer-1, 1 mg/kg i.p.), or Caspase
inhibitor/Necrostatin-1 (Casp/Nec-1). Normal mice served
as controls. Proximal tibiae and vertebrae were analyzed
histologically and biochemically to assess ferroptosis and
inflammation. H&E staining revealed that ACH mice
exhibited a disorganized growth plate, reduced cartilage
thickness, and decreased chondrocyte density compared
with control animals. These pathological alterations were
markedly attenuated by METTL16 OE and Fer-1 treatment,
whereas Casp/Nec-1 intervention resulted in minimal im-
provement. Perls’ Prussian blue staining revealed exten-
sive iron accumulation in the trabecular and growth plate
regions of ACH tibiae, which was significantly reduced
in METTL16 OE- and Fer-1-treated mice (Fig. 5A). IHC
for 4-HNE showed pronounced lipid peroxidation in ACH
mice, reflected by intense cytoplasmic and extracellular
staining, which was substantially alleviated by METTL16
OE and Fer-1 (Fig. 5B). Biochemical assays further sup-
ported these observations, with MDA and Fe?*/total iron
levels being significantly elevated, while GSH content was
reduced in ACH mice. Both METTL16 OE and Fer-1 nor-
malized these parameters, whereas Casp had little effect
(Fig. 5C). Western blot analysis revealed marked down-
regulation of GPX4 and SLC7A11, and upregulation of
the pro-ferroptotic proteins ACSL4 and transferrin recep-
tor (TfR1) in ACH tissues. METTL16 OE and Fer-1 ef-


https://www.imrpress.com

1.5—
B c
N -
2 104 R, & 508
3 <> S8
s & & & S 0.6+
g 3 B B i .
()] (0]
}*26 05 " GPX4 w—— 2 044
Roy ©
5 - o
@ X 0.2-
Bactin NN -l .
E 0.0~
0- Y <o "oﬂ’
@) N v S ~ "~
(\e N\ g A A
& §
[+
CHX shNC shMELLT16-1 shMELLT16-2
Hours 0 3 6 12 0 3 6 12 0 3 6 12

GPX4 COMD < T —, —————

Sl —— D GENNED —— — — — — — — — .

0.8

0.6

Protein Relative Expression

Fig. 4. METTL16 regulates m°*A modification and degradation of GPX4 mRNA. (A) The level of m®A modification of GPX4
mRNA was measured by the m®A mRNA IP assay. (B) The protein level of GPX4 in chondrocytes was measured by Western blotting.
(C) Chondrocytes were first transfected with siMETTL16-1 or siMETTL16-2 and then treated with CHX, an inhibitor of protein synthesis.
The protein level of GPX4 at 0, 3, 6, and 12 h after CHX treatment was assessed by Western blot assay. **p < 0.01, *p < 0.05.

fectively restored GPX4, SLC7A11 and ferritin (FTH1) ex-
pression, while reducing ACSL4 and TR 1 levels (Fig. 5D).
Furthermore, serum and tissue cytokine analyses showed
that TNF-« and IL-6 levels were markedly increased in
ACH mice, while METTL16 OE and Fer-1 significantly re-
duced these inflammatory markers (Fig. S5E). Collectively,
these data demonstrate that METTL16 overexpression and
ferroptosis inhibition (Fer-1) effectively alleviate iron ac-

cumulation, lipid peroxidation, mitochondrial damage, and
inflammation in ACH, whereas inhibition of apoptosis or
necroptosis (Casp/Nec-1) exerts only limited effects, con-
firming that ferroptosis is the dominant form of regulated
cell death in ACH.
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minimal effects. ***p < 0.001, **p < 0.01.
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3.6 METTL16 Improves Chondrogenesis by Regulating
GPX4 Expression

We further investigated the regulatory role of
METTL16/GPX4 in ACH development. The results from
H&E staining and bone structure parameters indicated
that suppression of GPX4 abolished METTL16-promoted
cartilage growth and bone formation (Fig. 6A,B). The
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results from in vitro experiments also revealed that GPX4
knockdown reversed the METTL-16-elevated viability and
proliferation of chondrocytes (Fig. 6C,D). The decreased
level of GPX4 protein in chondrocytes following siGPX4
transfection was verified by Western blotting (Fig. 6E).
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4. Discussion

RNA epigenetic modification has drawn great atten-
tion in recent years and has been implicated in multiple bi-
ological processes during normal tissue development and
disease progression [18,19]. METTLI16 is an important
mC®A methyltransferase that has been extensively studied
in the context of various diseases [20-22]. For example,
the level of METTL16 correlates with the progression of
glioma [23] and indicates poor prognosis of melanoma [24].
METTL16 was also reported to promote the proliferation
of gastric cancer cells via regulation of cyclin D1 expres-
sion [25]. Mendel et al. [26] reported that METTL16-
mediated methylation of structured RNA is essential for the
development of mouse embryos. Mechanistic studies have
also demonstrated that METTL16 enhances the stability
and translational efficiency of PPARy mRNA by catalyzing
its m®A modification, particularly at the Sequence-1 site.
Activated PPAR~ induces mitochondrial atrophy and a de-
crease in membrane potential by reducing the GSH/GSSG
ratio and increasing the levels of ROS and MDA, ultimately
leading to ferroptosis in BMSCs [27]. The maintenance
of cartilage tissue homeostasis relies on the survival, pro-
liferation, and functional activities of chondrocytes, which
are the sole cell type in cartilage [28]. Recent studies have
demonstrated that ferroptosis, a newly described form of
cell death, plays a critical role in cartilage degeneration
[29]. However, it is still not known whether METTL16
participates in ACH development. The present work is the
first to show that METTL16 improves the ACH syndrome,
enhances bone formation, and induces chondrocyte prolif-
eration.

METTL16 was also recently reported to be an impor-
tant regulator of RNA translation, variable splicing, and
stability [18,30]. METTL16 mediates the degradation of
MAT2A mRNA, which was disrupted by oxidative stress,
which consequently aggravates the apoptosis of nucleus
pulposus cells and exacerbates the process of intervertebral
disc degeneration [31]. Furthermore, METTL16 mediates
the translation of CIDEA in a m®A-dependent manner and
promotes non-alcoholic fatty liver disease [32]. In the cur-
rent work, we found that METTL16 upregulated the m®A
modification of GPX4 mRNA and suppressed its degrada-
tion, thereby increasing the protein level of GPX4. GPX4
is one of the most critical regulators of ferroptosis [33]. As
a glutathione peroxidase, GPX4 has been identified to cat-
alyze GSH production and promote ROS clearance [34].
Ferroptosis involves an iron-dependent Fenton reaction that
results in the overproduction and buildup of reactive oxy-
gen species (ROS). These ROS can be countered by GPX4,
meaning that induction of GPX4 expression is a potential
strategy to reduce cell death caused by ferroptosis [35].
Cartilage tissue exists in a hypoxic and avascular microen-
vironment, with inherently high baseline levels of oxida-
tive stress, making it more prone to rapid accumulation of
ROS under pathological conditions [36]. Secondly, chon-
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drocytes have only a weak ability to regulate iron home-
ostasis. Inflammatory factors can upregulate TfR1, but
chondrocytes have only a limited capacity for iron stor-
age and export, resulting in a significantly increased risk
of iron overload. Thirdly, the cell membranes of chon-
drocytes are rich in polyunsaturated fatty acids, providing
abundant substrates for lipid peroxidation [37]. Critically,
chondrocytes are highly dependent on the GPX4/GSH axis
to scavenge lipid peroxides, yet their own capacity for GSH
synthesis is limited, rendering this defense system fragile
and susceptible to collapse [38]. Consistent with the func-
tions of GPX4 in ferroptosis and cell death, we observed
decreased expression of GPX4 in the tibia tissues of ACH
transgenic mice. Moreover, we found that suppression of
primary chondrocyte ferroptosis by METTL16 was medi-
ated by GPX4. In addition to the GPX4-dependent antiox-
idant system, ferroptosis can also be regulated through the
FSP1-CoQ10 pathway. In the present study, we did not
further investigate FSP1 for several reasons. First, accu-
mulating evidence suggests that chondrocytes are highly
dependent on the GPX4/GSH axis to counteract lipid per-
oxidation, whereas FSP1 expression and activity are rela-
tively low or tissue-restricted in cartilage cells. Second,
our data showed pronounced alterations in ACSL4, iron
metabolism, and GPX4 expression, indicating that lipid re-
modeling and GPX4 inactivation represent the dominant
ferroptotic mechanisms in chondrocytes under inflamma-
tory conditions. Finally, given the limited antioxidant re-
serve and weak iron-handling capacity of chondrocytes,
disruption of the GPX4 pathway is likely sufficient to trig-
ger ferroptosis, making it the primary focus of this study.
Nevertheless, future studies exploring potential crosstalk
between METTL16 signaling and the FSP1 pathway may
further refine our understanding of ferroptosis regulation in
cartilage.

5. Conclusion

In summary, our work demonstrated that METTL16
is downregulated during ACH and that overexpression of
METTLI16 improved bone growth and alleviated the fer-
roptosis of chondrocytes. Mechanistically, METTL16 in-
creased the m® A modification of GPX4 mRNA and upreg-
ulated its expression in chondrocytes. Our data provided a
novel regulatory mechanism for ACH progression.
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