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Abstract

Introduction: Osteosarcoma (0S) remains a formidable malignancy, char-
acterized by its relentless nature and limited therapeutic interventions.
YTHDF3, a key reader protein recognizing m6A-modified mRNAs, has attract-
ed considerable attention due to its prominent role in cancer biology. This
study investigated the relationship between YTHDF3, a vital RNA modifi-
cation reader protein, m6A RNA modification, and the FSP1-CoQ10-NADPH
metabolic pathway in the pathogenesis of OS.

Material and methods: Firstly, we procured tissue specimens and corre-
sponding non-cancerous tissues from 10 OS patients and cultured OS cell
lines. Then, we established a ferroptosis model in OS cells through treat-
ment with RSL3 to reveal the relation between YTHDF3 and ferroptosis.
Results: Clinical evaluation of OS samples revealed a notable upsurge in
the expression of YTHDF3 and the concurrent overexpression of ferropto-
sis-related proteins. In vitro experiments suggested that YTHDF3 potentially
facilitated FSP1 mRNA translation through an méA-dependent mechanism,
subsequently inhibiting ferroptosis via the FSP1-CoQ10-NADPH pathway,
thereby promoting OS progression. These compelling findings underscore
the promise of targeting the YTHDF3-FSP1 axis as an innovative and poten-
tially transformative therapeutic strategy for the treatment of OS.
Conclusions: This study not only enhances our understanding of ferroptosis
regulation but also sheds light on the significance of YTHDF3 and FSP1 as
potential targets for therapeutic intervention in OS, offering new prospects
for cancer treatment strategies.
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Introduction

Osteosarcoma (OS), originating from primitive mesenchymal cells,
represents a primary malignant musculoskeletal neoplasm. Due to its
pronounced malignancy, early metastasis, intrinsic resistance, high
disability rate, elevated mortality, and exceedingly poor prognosis, OS
presents a disheartening therapeutic outlook [1, 2]. Comprehensive
elucidation of its pathogenesis is urgently warranted, offering novel av-
enues for the progression of innovative therapies. In recent times, at-
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tention has turned to ferroptosis, a unique form
of iron-dependent regulated cell death, distinct
from classical modes such as necrosis, apoptosis,
and autophagy, as a potential avenue of interest
[3, 4]. Emerging findings have spotlighted apop-
tosis-inducing factor mitochondria-associated 2
(AIFM2), namely ferroptosis suppressor protein 1
(FSP1) or programmed cell death protein 3 (PRG3),
as an endogenous inhibitor of ferroptosis, capa-
ble of impeding phospholipid peroxidation and
cellular iron-driven demise via the FSP1-CoQ10-
NADPH pathway [5-7]. Meanwhile, extracellular
vesicle-derived miR-4443 modulates ferroptosis
by targeting METTL3 in non-small cell lung cancer
(NSCLC) to suppress FSP1 m6A modification [8].
However, the involvement of FSP1 in OS remains
uncharted territory in current literature.

N6-methyladenosine (m6A) is the most preva-
lent and ubiquitous mMRNA modification, exercis-
ing pivotal roles and functionalities throughout
a spectrum of biological processes. An accumulat-
ing body of evidence underscores the participation
of m6A regulatory factors in various cancers, ex-
erting significant roles in tumor cell proliferation
and metastasis [9-11]. Reports have highlighted
ALKBHS5, a pivotal RNA demethylase, which, via an
m6A-YTHDF2-dependent mechanism, orchestrates
STAT3 activity, consequently impacting OS prolifer-
ation and oncogenicity [12]. Likewise, METTL14,
serving as an m6A RNA methyltransferase, contrib-
utes to OS progression and all-trans-retinoic acid
resistance by modulating MN1 stability and trans-
lation efficiency [13]. Consequently, the targeting
of specific gene m6A modifications emerges as
a promising strategy for cancer therapy.

The YTH domain family protein 3 (YTHDF3)
holds a pivotal role in governing the translation
of mRNA modified by N6-methyladenosine (m6A),
and it exerts its regulatory influence on the deg-
radation of methylated mRNA through an m6A
methylation-dependent pathway [14]. YTHDF3
has been evidenced to contribute to the progres-
sion of several tumor types, including gastric [15]
and colorectal cancers [16]. Nevertheless, the
functional implications of YTHDF3 during ferro-
ptosis in cancer cells remain uncharted.

In this study, we investigated the role of YTHDF3
in OS cell death and evaluated its regulatory effect
on FSP1 m6A modification. Our findings provide
novel evidence for the prospective therapeutic tar-
geting of YTHDF3 in the management of OS.

Material and methods

Tissue collection

From September 2017 to December 2020, we
collected pathological specimens from OS patients
at The Second Hospital Affiliated with Anhui Med-

ical University. Additionally, adjacent non-cancer-
ous tissues were obtained after excluding patients
with coexisting malignancies, cardiovascular dis-
orders or psychiatric disorders. We successfully
procured OS tissue specimens and corresponding
non-cancerous tissues from 10 patients. Pathologi-
cal assessment by two pathologists confirmed the
diagnosis of OS. For preservation, tissue samples
were immediately frozen in liquid nitrogen and
kept at —80°C. The Ethics Committee of this hospi-
tal approved the study in accordance with ethical
standards. Informed consent was acquired from all
patients and their families, ensuring their under-
standing of the study’s purpose and procedures.

Cell culture and treatment

The Chinese Academy of Sciences’ Cell Bank
(Shanghai, China) provided the OS cell lines U20S
and Mg-63. 10% fetal bovine serum was added
to Dulbecco’s Modified Eagle Medium (DMEM),
and the cells were grown in this medium while
being kept at 37°C and 5% CO.,. To induce iron-de-
pendent cell death, cells were treated with RSL3
(Sigma). An equal volume of dimethyl sulfoxide
(DMSO0) without the drug was applied to the con-
trol cells. YTHDF3-sh, YTHDF3-OE, FSP1-sh, and
FSP1-OE plasmids were obtained from GeneChem
(Shanghai, China). For 48 h, oligonucleotides were
combined with Lipofectamine 2000. Subsequent-
ly, cells were used for further study.

RNA extraction and cDNA synthesis

Total RNA was collected from tissues and cells
by Trizol reagent (Thermo Fisher Scientific, USA)
according to the standard protocol. Subsequent-
ly, 1.5 pg of RNA was utilized for cDNA synthesis
employing the First Strand cDNA Synthesis Kit (Ta-
kara, Japan). For quantitative analysis of gene ex-
pression, the synthesized cDNA was utilized. SYBR
Green Mix (Thermo Fisher Scientific, USA) was
employed to perform the real-time polymerase
chain reaction (PCR), and the expression levels
of the target genes were determined by the 2724%
method with GAPDH as the internal control.

Western blot (WB)

The WB was performed in accordance with
standard procedures [17]. Cells underwent lysis
in RIPA buffer (Beyotime, China), and denatured
samples (30 ug) were loaded onto 10% acrylamide
gels. After SDS-PAGE, proteins were transferred to
polyvinylidene difluoride membranes and blocked
with 5% skim milk for 2 h. The membranes were
treated with anti-YTHDF3 (Abcam, #ab220161),
anti-FSP1 (Abcam, #1978968), anti-GPX4 (Ab-
cam, #ab125066), and anti-B-ACTIN (Cell Signal-
ing Technology, #2128) for an overnight period at
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4°C. Membranes were probed with HRP-conjugat-
ed secondary antibodies (anti-rabbit, Cell Signal-
ing Technology, #7074) for 1 h indoors following
primary antibody incubation. Pierce ECL Western
Blotting Substrate from Thermo Fisher Scientific
(USA) was used to identify signals.

Cell count Kit-8 (CCK-8)

Cell viability was evaluated by the CCK-8 as-
say (Beyotime, China) [18]. The cells were initially
seeded at a density of 1 x 10° cells per well in 96-
well plates. On the second day, after 6-hour trans-
fection, the culture medium supplemented with
10 pM/L RSL3 was introduced, followed by cell in-
cubation for 24, 48, 72, and 96 h. Following this,
CCK-8 (10 pl) was added to each well, and the cell
plates were incubated at 37°C for 1 h. Absorbance
was measured at 450 nm using a microplate read-
er (Model 680 Microplate Reader; Bio-Rad, USA).

Apoptosis

Apoptosis in cells was assessed using the
V-FITC Membrane Protein Apoptosis Assay Kit
(CA1020, Solarbio, Beijing, China) [19]. 1 ml of cell
suspension (1 x 10° cells/ml) underwent centrifu-
gation at 1000g for 5min at 4°C. After discarding
the supernatant, 1 ml of precooled PBS buffer was
added. The mixture underwent subsequent cen-
trifugation, and the supernatant was discarded,
with these steps being repeated twice. Following
this, cells were resuspended in 100 ul of binding
buffer, stained with 5 pl of Annexin V-FITC in the
dark for 15min, and then 5 pl of propidium iodide
(P1) in the dark for 5min. The cell suspension was
then analyzed using the NovoCyte flow cytometer
(Agilent Technologies) to quantify apoptotic cells
based on fluorescence emissions.

Enzyme-linked immunosorbent assay
(ELISA)

The CoQ10 levels were measured utilizing the
CoQ10 ELISA Kit (CUSABIO, CSB-E14081h) [20].
Following the specified treatments, PBS was used
to homogenize the collected cells, which were
then centrifuged at 10000g for 10 min. The super-
natant was loaded onto the assay plate and thor-
oughly mixed with the HRP-conjugated reagent.
After that, the mixture was incubated for 37 min
at 40°C. After five washes with wash buffer, TMB
substrate was added to each well, and the plate
was incubated at 20°C in darkness for 37 min. Fi-
nally, stop solution was added, and the plate was
read at 450 nm to measure the absorbance.

MDA and NADPH measurement

MDA (malondialdehyde) levels were quanti-
fied using the TBA assay kit (A003-1-2, Nanjing

Jiancheng Bioengineering Institute) following
the manufacturer’s instructions [21]. Intracellular
NADPH levels were determined using the Coen-
zyme |l (NADP/NADPH) content test kit (A115-1-1,
Nanjing Jiancheng Bioengineering Institute) in ac-
cordance with the manufacturer’s instructions [22].

Reactive oxygen species (ROS) detection
and analysis

ROS levels were detected by an ROS detection
kit with 6-carboxy-2',7'-dichlorodihydrofluoresce-
in diacetate (DCFHDA) from Thermo Fisher Scien-
tific [23]. Cells were treated and then exposed to
DCFHDA, which becomes fluorescent upon oxida-
tion by ROS. Fluorescence intensity, indicating ROS
levels, was monitored and quantified using a flow
cytometer as per the manufacturer’s instructions.

Iron determination

Cellular iron concentrations relative to Fe?* and
Fe> were evaluated using the Iron Detection As-
say Kit (ab83366, Abcam) [24]. Cells were homog-
enized in a 4-10 volume of iron determination
buffer. To remove insoluble particles, the homog-
enate was centrifuged at 16000g for 10 min. The
resultant supernatant was transferred to a 96-well
plate and then diluted with assay buffer to a final
volume of 100 pl. 100 pl of iron probe was added
after the reaction mixture had been incubated at
37°C for 30 min. The reaction mixture was then
incubated at 37°C for an additional 60 min. Fol-
lowing incubation, the absorbance was measured
at 593 nm using a microplate reader.

Transmission electron microscopy

Cells were fixed in 2.5% glutaraldehyde solu-
tion with Millonig’s phosphate buffer (pH = 7.3).
After three washes with Millonig’s phosphate buf-
fer, cells were incubated in 1% osmium tetroxide
for 1 h, followed by three washes with Millonig’s
phosphate buffer. Samples were dehydrated in
increasing concentrations of acetone, embedded
ina1:1 mixture of acetone and resin for 12 h,
polymerized overnight at 37°C in 100% resin, and
further polymerized for 12 h at 60°C. Ultra-thin
sections were cut using a Leica Ultracut micro-
tome (Leica EM UC7), stained with uranyl acetate
and lead nitrate, and examined in a Hitachi HT-
7700 electron microscope [20].

Mitochondrial membrane potential (MMP)
assessment

MMP was evaluated with the JC-1 Mitochon-
drial Membrane Potential Detection Kit (M8650,
Solarbio, Beijing, China) [25]. Cells were washed
before being exposed to the JC-1 working solution
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for 37 min at 30°C in a CO, incubator. Live cells
were photographed using a confocal laser scan-
ning microscope after incubation. Meanwhile,
cells treated with CCCP as per instructions served
as the negative control for MMP assessment. In
the presence of a high MMP JC-1 aggregates glow
red whereas JC-1 monomers fluoresce green. Us-
ing Image) software created by Wayne Rasband,
MD, USA, the fast exposure confocal images were
measured for the average fluorescence intensity
of particular locations.

m6A RNA methylation quantification

The m6A RNA methylation levels were mea-
sured using the EpiQuik m6A RNA Methylation
Quantitative Assay Kit (Colorimetric Method, Bi-
yuntian Biotechnology, China) following instruc-
tions [26]. For each assay well, 6 ng of RNA and
the appropriate antibody were added. 200 nm ab-
sorbance values were measured and computed as
directed by the manufacturer’s protocol.

mRNA stability analysis

To investigate mRNA stability, the actinomycin D
(Act D) chase method was employed, as described
previously [27].

Tumor xenografting

Vital River Laboratory (China) provided six-
week-old BALB/c nude mice, which were raised
under the recommended, pathogen-free condi-
tions. The left flank fat pad of the nude mice was
injected with 1 x 10°U20S cells stably transfected
with siYTHDF3 or shNC (n = 6 per group). After
a 30-day growth period, the mice were eutha-
nized, and the tumors were prepared for immu-
nostaining and H&E staining [28].

Tissue processing and histological analysis

Tissues were fixed in 4% paraformaldehyde,
dehydrated, and subsequently embedded in par-
affin blocks. Sections were cut from the blocks
and utilized for both hematoxylin and eosin (HE)
staining [29] and immunohistochemistry (IHC)
[30]. The sections in IHC were kept with prima-
ry antibodies, including anti-YTHDF3 (Abcam,
ab220161), anti-FSP1 (Abcam, ab197896), and
anti-GPX4 (Abcam, ab125066). These primary an-
tibodies were selected to target specific proteins
of interest in the study. All images were acquired
using an Olympus microscope (Olympus, Japan).

Statistical analysis

One-way ANOVA with Tukey’s test or the t-test
was used to assess the experimental data (n = 3,
p < 0.05). Representative images were chosen

from multiple sections. IHC staining intensity was
statistically evaluated using the Mann-Whitney
U test. Results are presented as mean + SD/SEM.

Results

Clinical assessment reveals m6A
modification and ferroptosis-related
proteins in OS

To investigate the mechanisms of m6A mod-
ification in clinical contexts, we explored 10 OS
patient specimens alongside 10 adjacent non-tu-
mor samples. As illustrated in Figure 1, upregu-
lated YTHDF3 in OS patients was revealed. More-
over, ferroptosis-associated proteins, including
glutathione peroxidase 4 (GPX4) and FSP1, were
markedly elevated in OS patients. Overall, these
findings suggest the involvement of m6A modi-
fication and ferroptosis in OS, providing insights
into potential underlying mechanisms.

RSL3-mediated ferroptosis induction and
YTHDF3 regulation in OS cells

RSL3, a classical small molecule known to in-
duce ferroptosis by inhibiting GPX4’s peroxidase
activity, was investigated for appropriate interven-
tion conditions [31]. Concentration gradient and
time-point experiments were conducted by sub-
jecting cells to gradient concentrations of RSL3 for
24-48-72 h. The IC, of RSL3 in U20S was approx-
imately 11.90-5.823-4.038 uM (Figure 2 A), while
in Mg-63 cells, it was about 22.59-9.445-7.104
UM (Figure 2 B). Further experiments employed
5 pM RSL3 treatment for 48 h in U20S cells and
10 pM RSL3 for 48 h in Mg-63 cells to establish fer-
roptosis models. Transmission electron microscopy
revealed characteristic ultrastructural changes as-
sociated with ferroptosis after RSL3 treatment, in-
cluding mitochondrial shrinkage and pronounced
chromatin decondensation in the nucleus (Fig-
ure 2 C). Consistent with expectations, gRT-PCR
and WB analysis demonstrated significant suppres-
sion of YTHDF3, GPX4, and FSP1 mRNA and protein
levels upon RSL3 treatment (Figures 2 D-H).

Modulation of YTHDF3 alters ferroptosis
susceptibility in OS cells

Lentivirus-mediated vectors targeting YTHDF3
(shYTHDF3) and carrying YTHDF3 gene (OE-YT-
HDF3) were introduced into U20S and Mg-63
OS cell lines. gRT-PCR confirmed knockdown and
overexpression efficiency (Figures 3 A, B). CCK-8
assays revealed increased proliferation in OE-YT-
HDF3 cells compared to OE-NC, while shYTHDF3
cells exhibited decreased proliferation compared
to Sh-NC (Figure 3 C). Flow cytometry-based apop-
tosis detection demonstrated reduced apoptosis
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rates in OE-YTHDF3 cells and elevated rates in
shYTHDF3 cells (Figure 3 D). ELISA results dis-
played reduced malondialdehyde (MDA) levels in
YTHDF3-overexpressing cells, suggesting lower
lipid oxidation and enhanced oxidative damage
(Figure 3 E). Conversely, shYTHDF3 cells exhibited
elevated MDA levels (Figure 3 E). Flow cytometry
analysis revealed that YTHDF3 overexpression
significantly lowered ROS levels, while shYTHDF3
significantly increased ROS levels (Figure 3 F). JC-1
staining indicated that YTHDF3 overexpression el-
evated mitochondrial membrane potential, while
YTHDF3 knockdown reduced it (Figure 3 G). More-
over, the overexpression of YTHDF3 led to a nota-
ble reduction in intracellular levels of both Fe** and

Fe3*, while conversely, the knockdown of YTHDF3
resulted in opposite results (Figures 3 H-I).

YTHDF3 modulation affects FSP1, GPX4,
CoQ10, and NADPH levels in OS cells

YTHDF3 overexpression remarkably increased
the mRNA and protein expression of FSP1 and
GPX4 in OS cells, while YTHDF3 knockdown nota-
bly suppressed them (Figures 4 A-D). Transmission
electron microscopy revealed that YTHDF3 over-
expression attenuated RSL3-induced alterations,
including mitochondrial shrinkage, chromatin de-
condensation, and nuclear changes (Figure 4 E).
Conversely, YTHDF3 knockdown exacerbated
RSL3-induced ferroptosis morphological features
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Figure 1. Clinical evaluation reveals m6A modifi-
cation and ferroptosis-related protein expression
0.5 in OS. Quantitative real-time polymerase chain re-
action (qRT-PCR) analysis depicting the expression
levels of YTHDF3 (A), FSP1 (B) and GPX4 (C) in 10
OS patient specimens compared to 10 adjacent
0 . . non-tumor samples
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Figure 1. Cont. Western blot analyses displaying protein expression levels of YTHDF3, GPX4, and FSP1 in 10 OS
patient specimens along with 10 adjacent non-tumor samples (D)

**P < 0.01, ***P < 0.001.

(Figure 4 F). ELISA results demonstrated elevated
CoQ10 levels upon YTHDF overexpression (Fig-
ure 4 F), whereas shYTHDF cells showed reduced
CoQ10 levels (Figure 4 G). YTHDF3 overexpression
increased NADPH levels in OS cells, while YTHDF3
knockdown yielded the opposite effect (Figure
4 H). These findings illuminate the intricate role
of YTHDF3 in regulating FSP1, GPX4, CoQ10, and
NADPH levels, contributing to the modulation of
ferroptosis susceptibility in OS cells.

Impact of FSP1 modulation on ferroptosis
susceptibility in OS cells

Lentivirus-mediated vectors targeting FSP1
(shFSP1) and carrying the FSP1 gene (OE-FSP1)

were introduced into U20S and Mg-63 OS cell
lines, followed by gRT-PCR to validate knockdown
and overexpression efficiency (Figures 5 A, B). CCK-
8 assays demonstrated enhanced proliferation in
OE-FSP1 cells compared to OE-NC, while shFSP1
cells exhibited increased proliferation compared
to Sh-NC (Figure 5 C). Cell apoptosis analysis re-
vealed reduced apoptosis rates in OE-FSP1 cells
and elevated rates in shFSP1 cells (Figure 5 D).
ELISA results indicated reduced MDA levels upon
FSP1 overexpression (Figure 5 E), whereas shFSP1
cells showed higher MDA levels (Figure 5 E). Flow
cytometry analysis demonstrated significantly
lowered ROS levels in FSP1-overexpressing cells,
while shFSP1 significantly increased ROS levels
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(Figure 5 F). JC-1 staining revealed that FSP1 over-
expression elevated mitochondrial membrane
potential, while FSP1 knockdown reduced it (Fig-
ure 5 G). Moreover, FSP1 overexpression reduced
cellular Fe?* and Fe3* levels, whereas FSP1 knock-
down yielded opposite results (Figures 5 H-I).

FSP1 modulation influences GPX4 levels
and ferroptosis susceptibility in OS cells

We observed significant upregulation of GPX4
mRNA and protein levels upon FSP1 overexpres-
sion in OS cells, while FSP1 knockdown led to
pronounced suppression of GPX4 levels without
affecting YTHDF3 expression (Figures 6 A-D).
Transmission electron microscopy demonstrated
that FSP1 overexpression mitigated RSL3-induced
alterations including mitochondrial shrinkage,
chromatin decondensation, and nuclear changes

(Figure 6 E). Conversely, FSP1 knockdown exac-
erbated RSL3-induced ferroptosis morphological
features (Figure 6 F). ELISA results indicated in-
creased CoQ10 levels upon FSP1 overexpression,
whereas shFSP1 cells exhibited lower CoQ10 lev-
els (Figure 6 G). FSP1 overexpression also elevated
NADPH levels in OS cells, while FSP1 knockdown
yielded the opposite effect (Figure 6 H).

YTHDF3-mediated m6A modification of
FSP1 modulates ferroptosis in OS

Given YTHDF3’s role in regulating ferroptosis
in OS cells, our study aimed to explore the poten-
tial mechanisms underlying YTHDF3-mediated
ferroptosis regulation. Functional experiments
revealed the involvement of FSP1 in modulat-
ing ferroptosis in OS. As depicted in Figures 7 A,
B, RSL3-induced treatment significantly reduced
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Figure 3. Impact of YTHDF3 modulation on ferroptosis susceptibility in OS cells. A, B— gRT-PCR validation confirm-
ing the efficiency of knockdown and overexpression strategies for the respective targets. C — Cell Counting Kit-8
(CCK-8) assays depict the proliferative capacity of OE-YTHDF3 cells relative to OE-NC, and proliferation in shYTHDF3
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**P < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 3. Cont. E — Enzyme-linked immunosorbent assay (ELISA) results demonstrate alterations in malondialde-
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**P < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 3. Cont. G —JC-1 staining provides visual representation of mitochondrial membrane potential changes in
response to YTHDF3 overexpression and knockdown. H, | — Alterations in cellular Fe?* and Fe** levels upon YTHDF3

overexpression and knockdown through iron assay kit
**P ¢ 0.01, **p < 0.001, ****p < 0.0001.

the m6A methylation level of FSP1 in OS cells. To
investigate YTHDF3’s regulatory impact on FSP1
mRNA, RNA decay analyses were conducted in
OS cells. The results demonstrated that YTHDF3
overexpression markedly elevated FSP1 mRNA
levels following Act D treatment (Figure 7 C), while
YTHDF3 silencing inhibited FSP1 mRNA levels
upon Act D treatment (Figure 7 D).

YTHDF3 mediates FSP1-regulated
ferroptosis in OS cells

In order to confirm FSP1 as the mediator of
YTHDF3-regulated cell ferroptosis, rescue ex-
periments were conducted. The knockdown of
YTHDF3 significantly inhibited GPX4 and FSP1
levels in U20S and Mg-63 cells, while overexpres-
sion of FSP1 restored the levels of GPX4 and FSP1,
without affecting YTHDF3 (Figures 8 A-D). As

shown in Figure 8 E, sh-YTHDF3 inhibited the pro-
liferation and induced apoptosis of U20S and Mg-
63 cells, whereas overexpression of FSP1 reversed
these effects, restoring cell proliferation and in-
hibiting apoptosis (Figures 8 E, F). Over-expressed
FSP1 attenuated the accumulation of MDA, ROS,
Fe?*, and Fe* induced by sh-YTHDF3 (Figures 8 G,
H, J, K). Moreover, FSP1 overexpression restored
the decreased mitochondrial membrane potential
caused by sh-YTHDF3 (Figure 8 I). Transmission
electron microscopy revealed that YTHDF3 knock-
down aggravated the ferroptosis features induced
by RSL3, including mitochondrial shrinkage and
chromatin decondensation, while FSP1 overex-
pression alleviated these morphological changes
(Figure 8 L). Furthermore, sh-YTHDF3 significant-
ly inhibited CoQ10 and NADPH levels in OS cells,
while FSP1 overexpression restored these levels
(Figures 8 M, N). These results collectively em-
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Figure 4. Influence of YTHDF3 modulation on FSP1, GPX4, CoQ10, and NADPH levels in OS cells. A-D — qRT-PCR and
Western blot confirm YTHDF3’s regulation of FSP1 and GPX4 in OS cells

**P < 0.01, ***p < 0.0001.
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YTHDF3 knockdown’s attenuation of RSL3-induced ferroptosis-associated morphological alterations. CoQ10 (G)

and NADPH (H) level were determined upon YTHDF3 overexpression and knockdown

**P < 0.01, ***p < 0.0001.

phasize the role of FSP1 as a pivotal downstream
effector of YTHDF3 in regulating ferroptosis in OS
cells.

Implications of YTHDF3 in regulating FSP1-
CoQ10-GAPDH axis and ferroptosis

In the in vivo investigation, we subcutaneously
implanted sh-YTHDF3 U20S cells into mice. Histo-
pathological analysis showed that the tumor pa-
thology changes in the YTHDF3 knockdown group
showed sparsely arranged and impaired texture
compared with the control group, which improved
the tumor pathology of the xenografts (Figure 9 A).
IHC results showed that the percentage of
YTHDF3, GPX4, and FSP1-positive cells in the sh-
YTHDF3 group was lower than about half of that
in the sh-NC group (Figures 9 B-E). gRT-PCR and
WB analysis further confirmed that YTHDF3 knock-
down significantly inhibited FSP1 and GPX4 levels
(Figures 9 F-I). Notably, YTHDF3 knockdown led to
the elevation of MDA, ROS, Fe?, and Fe** levels in
the tumor microenvironment (Figures 9 J-M). Ad-
ditionally, sh-YTHDF3 markedly suppressed CoQ10
and NADPH levels in OS tumors (Figures 9 N, O).

Discussion

In recent years, m6A modification has emerged
as a pivotal post-transcriptional regulatory mech-
anism, exerting far-reaching effects on various
cellular processes, including gene expression, RNA
stability, and protein translation [32-34]. Growing
evidence underscores the intricate connection be-
tween dysregulated m6A modifications and tum-
origenesis [35, 36]. YTHDF3, a key reader protein
recognizing m6A-modified mRNAs, has attracted
considerable attention due to its prominent role
in cancer biology [37, 38]. Research has revealed
that YTHDF3 induces translation of méA-enriched
transcripts, thereby facilitating brain metastasis in
breast cancer [39]. In ocular melanoma, YTHDF3
enhances CTNNB1 translation, intensifying the
oncogenicity of cancer stem-like cells [40].

Herein, we initially measured YTHDF3 mRNA
expression in OS and normal tissues. It was found
that YTHDF3 levels were remarkably high in tumor
tissues, supporting earlier observations. To de-
lineate the functional role of YTHDF3 in OS pro-
gression, an array of in vitro and in vivo assays
were conducted. YTHDF3 significantly promoted
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Figure 5. Influence of FSP1 modulation on ferroptosis susceptibility in OS cells. A, B — Lentivirus introduced FSP1
targeting (shFSP1) and FSP1 gene carrying (OE-FSP1) constructs in U20S and Mg-63 cells, confirmed by gRT-PCR
for knockdown and overexpression efficiency. C — CCK-8 assays show proliferation differences between OE-FSP1
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in OE-FSP1 and shFSP1 cells
P ¢ 0.01, ***p < 0.001, ***p < 0.0001.
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cell proliferation while suppressing apoptosis in
OS cells. MDA, an end-product of lipid peroxida-
tion, emerges as both a biomarker and contribu-
tor to ferroptosis cascades, amplifying oxidative
stress and ultimately driving cellular demise [41,
42]. Meanwhile, ROS, with their dual role as sig-
naling molecules and oxidative agents, intricately
participate in propagating lipid peroxidation and
disrupting redox equilibrium, thereby orchestrat-
ing ferroptosis [43]. Disturbances in mitochondrial
membrane potential potentiate iron-induced cy-
totoxicity by disrupting energy homeostasis and
redox signaling, playing a pivotal role in the ear-
ly events of ferroptosis [44]. Elevated iron levels
fuel the Fenton reaction, fostering ROS generation
and lipid peroxidation, thereby exacerbating the
ferroptosis response [45]. Our study revealed that
YTHDF3 is capable of suppressing levels of MDA,
ROS, and iron ions in OS cells, raising mitochondri-

al membrane potential, inhibiting ferroptosis, and
thereby promoting OS progression.

In the realm of ferroptosis, the roles of FSP1
and GPX4 have garnered substantial attention for
their pivotal involvement in orchestrating cellular
demise pathways. FSP1, a recently identified pro-
tein, has emerged as a critical sentinel in counter-
acting ferroptosis cell death [46, 47]. It functions
as an indispensable constituent of the CoQ10 (co-
enzyme Q10) biosynthesis pathway, thereby facil-
itating the reduction of lipid peroxides and pre-
serving the integrity of cellular membranes [48,
49]. Conversely, GPX4, a selenoenzyme, occupies
a central position in defense against ferroptosis
insults, intercepting the perilous cascade of lipid
peroxidation [50]. In concert, the coordinated ac-
tivities of FSP1 and GPX4 finely tune a defensive
mechanism to combat ferroptosis [51]. Notably,
levels of FSP1 and GPX4 are significantly elevated
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Figure 6. Impact of FSP1 modulation on GPX4 levels and ferroptosis susceptibility in OS cells. A-D — gRT-PCR and
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Figure 6. Cont. E — Transmission electron microscopy images reveal FSP1 overexpression’s counteraction of
RSL3-induced ferroptosis-associated morphological changes. F — Transmission electron microscopy images depict
FSP1 knockdown’s attenuation of RSL3-induced ferroptosis-associated morphological alterations. CoQ10 (G) and
NADPH (H) levels were determined upon FSP1 overexpression and knockdown

P < 0.0001.

in OS tissues. Cell assays verified that knockdown
of YTHDF3 substantially down-regulated GPX4
and FSP1 levels. Furthermore, induction by RSL3
significantly diminished the m6A methylation of
FSP1 in OS cells. Overexpression of FSP1 in OS
cells was found to bolster cell proliferation, inhibit
apoptosis, and concurrently restrain iron-mediat-
ed cell death. Collectively, these data corroborate
the potential downstream targeting of FSP1 by
YTHDF3 in OS.

In recent years, the role of ferroptosis suppres-
sor protein (FSP) in cancer research has garnered
substantial attention, emerging as a critical play-
er in cancer progression and malignancy [51, 52].
FSP1 has been implicated in various aspects of tu-
mor development, including metastasis, epitheli-
al-mesenchymal transition (EMT), and tumor-stro-
ma interactions [53, 54]. Notably, its involvement
in cancer-related processes is linked to its regula-
tory role in N6-methyladenosine (m6A) RNA modi-
fication, a pivotal post-transcriptional mechanism
influencing gene expression [55, 56]. For instance,
a pioneering study by Song et al. revealed that
exosomal miR-4443, regulated by METTL3 via
m6A modification, mediates ferroptosis by mod-

ulating FSP1 expression, thereby promoting cis-
platin resistance in NSCLC [8]. Similarly, another
study by Bu et al. stabilized FSP1 mRNA through
m6A modification, thereby inhibiting ferroptosis
and driving glioma progression [57]. These find-
ings accentuate the importance of FSP1 as an
m6A-modified gene in diverse cancer types. In this
study, stability analyses demonstrated that inhib-
iting YTHDF3 significantly compromised the sta-
bility of FSP1 mRNA in OS cells, further confirming
YTHDF3’s ability to enhance the stability of FSP1
mRNA. Functional rescue experiments validated
the impact of the YTHDF3/FSP1 axis on OS. Knock-
down of YTHDF3 induced decreased proliferation
and ferroptosis, both of which could be rescued
by FSP1 overexpression. Furthermore, FSP1 over-
expression partially restored the downregulation
of CoQ10 and NADPH caused by YTHDF3 knock-
down. Collectively, these results suggest that
YTHDF3 may promote FSP1 mRNA translation in
an mo6A-dependent manner, thereby inhibiting
ferroptosis through the FSP1-CoQ10-NADPH path-
way and promoting OS progression.

In conclusion, we investigated the pivotal
roles played by YTHDF3 and FSP1 in regulation of
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**P < 0.01, ***p < 0.001, ***p < 0.0001.

the CoQ10-GAPDH axis and ferroptosis in OS. Ini-
tially, we established a ferroptosis model in U20S
and Mg-63 cells through treatment with RSL3.
Our findings revealed that the overexpression of
YTHDF3 exerted a mitigating effect on ferropto-
sis, whereas its knockdown intensified this cel-
lular process. Notably, FSP1 emerged as a key
mediator of YTHDF3’s regulatory impact. Mech-
anistically, YTHDF3 enhanced the stability and
translation of mé6a-modified FSP1 mRNA and
altered CoQ10 and GAPDH levels to regulate fer-
roptosis. This study not only enhances our under-
standing of ferroptosis regulation but also sheds
light on the significance of YTHDF3 and FSP1 as
potential targets for therapeutic intervention in
0S, offering new prospects for cancer treatment
strategies.
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cues GPX4 and FSP1 expression
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Sh-YTHDF3

A

Figure 9. Implications of YTHDF3 in regulating FSP1-CoQ10-NADPH axis and ferroptosis. A — Histopathological
analysis of sh-YTHDF3 U20S cell xenografts in mice, revealing altered tumor pathology compared to the control
group. B-D — Immunohistochemical staining illustrating YTHDF3 knockdown’s impact on YTHDF3, GPX4, and FSP1

expression in tumor tissues
P < 0.001, ****p < 0.0001.
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