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Abstract

Background: Fat mass and obesity-associated protein (F70), a key demethylase involved in N6-methyladenosine modification, plays
significant regulatory roles in various cancers. However, its influence on osteosarcoma progression, sensitivity to the commonly used
chemotherapy agent cisplatin, and downstream regulatory mechanisms remain unclear. Methods: Multiple osteosarcoma cell lines were
used for expression and drug-sensitivity screening, with MG-63 selected for mechanistic experiments. Genetically modified cell lines
were established via viral infection and transfection. /n vitro assays, including CCK-8, colony formation, Transwell, wound healing, and
flow cytometry, were used to assess cell proliferation, migration, and cisplatin sensitivity. Subcutaneous xenograft and tail vein injection
metastasis models were used to evaluate in vivo tumor growth and metastasis. Transcriptome sequencing was performed to identify
downstream target genes. Results: Compared to normal osteoblasts, FTO expression was elevated in osteosarcoma cell lines (p < 0.05).
Knockdown of FTO inhibited osteosarcoma cell proliferation and migration, reduced tumor growth and metastasis in vivo, and increased
sensitivity to cisplatin (all p < 0.01). In contrast, overexpression of F70 produced the opposite effects (all p < 0.05). Yes-associated
protein (Y4P) was identified as a downstream target of F70. Overexpression of YAP rescued the tumor-suppressive effects caused by
FTO knockdown (all p <0.01), whereas Y4 P knockdown attenuated the tumor-promoting functions of F70 overexpression (all p <0.05).
Conclusions: FTO is overexpressed in osteosarcoma, where it promotes tumor progression and reduces cisplatin sensitivity. Y4P, as a
downstream target of FTO, mediates the oncogenic functions of FTO.
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1. Introduction regulation [6]. As the first m®°A demethylase discovered,
FTO plays key roles in physiological processes such as em-
bryonic development and organ formation [7], as well as in
diseases such as diabetes [8] and obesity [9]. In cancer,
various studies have identified dysregulation of F7O ex-

pression, highlighting its critical importance in tumor pro-

Osteosarcoma is the most common malignant bone
tumor, originating from mesenchymal cells, and is fre-
quently observed in the pediatric and adolescent population
[1]. Although surgical intervention combined with adjuvant
chemotherapy has significantly improved the five-year sur-

vival rate for osteosarcoma patients, resistance to standard
chemotherapeutic drugs like cisplatin often leads to poor
prognosis [2]. Despite the identification of numerous genes
that play crucial regulatory roles in the initiation, progres-
sion, and chemoresistance of osteosarcoma [3,4], elucidat-
ing the molecular mechanisms underlying osteosarcoma de-
velopment and identifying the causes of chemoresistance
remain challenging, hindering the development of newer,
more targeted, and more effective therapies.
N6-methyladenosine (m®A) modification, a type of
epitranscriptomic modification, is the most widespread
post-transcriptional modification in eukaryotes [5]. A
methyltransferase complex composed of multiple subunits
mediates m®A modification, while demethylases, includ-
ing fat mass and obesity-associated protein (F70), remove
methyl groups from RNA to achieve controlled reversible

gression in various malignancies such as breast cancer [10],
glioblastoma [11], cervical cancer [12], and melanoma [13].
However, the role of F7TO in osteosarcoma remains under-
explored, and its specific mechanisms are unclear.

The Hippo pathway represents an evolutionarily con-
served signaling mechanism that regulates cell prolifera-
tion, apoptosis, and stem cell renewal. As a primary ef-
fector of the Hippo pathway, Yes-associated protein (YAP)
acts as a transcription factor to promote cell proliferation
and inhibit apoptosis [14,15]. Previous studies have estab-
lished the cancer-promoting role of Y4P in osteosarcoma
[16,17], but its upstream regulatory mechanisms, particu-
larly at the epigenetic level, are not fully understood.

Emerging evidence suggests a potential functional in-
terplay between m®A modification and Hippo/YAP signal-
ing in cancer. Notably, the FTO/YAP axis has been impli-
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cated in chemoresistance in certain cancer types [ 18], how-
ever, whether FTO directly regulates Y4P in osteosarcoma
and whether this regulation contributes to osteosarcoma
progression and cisplatin sensitivity have not been fully ex-
plained. This study investigates the role of 770 in osteosar-
coma proliferation, migration, invasion, and cisplatin sen-
sitivity, both in vitro and in vivo, as well as FTO’s regula-
tory function on YAP expression. Furthermore, the study
reveals that FTO exerts cancer-promoting effects through
YAP-dependent mechanisms, providing new insights into
the FTO/YAP regulatory axis in osteosarcoma and high-
lighting potential therapeutic targets.

2. Materials and Methods
2.1 Cell Culture and Infection

The human osteoblast cell line hFOB1.19 (ZQ0402,
Zhong Qiao Xin Zhou Biotechnology, Shanghai, China),
was cultured in DMEM/F12 medium (PM150312, Procell,
Wuhan, Hubei, China). The human osteosarcoma cell lines
HOS (CL-0360, Procell, Wuhan, Hubei, China), and MG-
63 (CL-0157, Procell, Wuhan, Hubei, China) were cul-
tured in MEM (PM150411, Procell, Wuhan, Hubei, China),
and U-20S (CL-0236, Procell, Wuhan, Hubei, China) and
Saos-2 (CL-0202, Procell, Wuhan, Hubei, China) were cul-
tured in McCoy’s SA (PM 150710, Procell, Wuhan, Hubei,
China). All cell culture media were supplemented with
10% FBS (16000044, Thermo Fisher Scientific, Waltham,
MA, USA) and penicillin/streptomycin (ST488S, Bey-
otime, Shanghai, China). Cells were cultured at 37 °C in
a 5% CO; environment, except for hRFOB1.19 cells, which
were maintained at 33.5 °C. All cell lines were authenti-
cated by short tandem repeat (STR) profiling and confirmed
to be free of mycoplasma contamination.

As cell lines with extremely high or low basal FTO
expression may not adequately reveal phenotypic changes
following bidirectional modulation, MG-63, with moderate
FTO expression, was selected for mechanistic studies. For
viral infection, cells were seeded and then incubated with
viral particles, and 5 pg/mL polybrene (Hanbio, Shang-
hai, China) at concentrations determined by the viral titer
and multiplicity of infection (MOI). After 24 h of infection,
the medium was replaced, and the corresponding selection
agent was applied for screening.

Cells for transfection were serum-starved for 12 hours
after reaching about 50% confluence. 100 pmol siRNA was
mixed with 5 pLL Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific, Waltham, MA, USA) and added
to the culture medium. After 8 h, the medium was replaced
with complete medium. Transfection efficiency was eval-
uated by quantitative polymerase chain reaction (qQPCR) at
48 h post-transfection.

The FTO knockdown lentivirus (Vector: pHBLV-U6-
shRNA-puromycin-ZsGreen) was obtained from Hanbio
Company (Shanghai, China). YAP and FTO overexpression
lentiviruses (Vector: ubi-MCS-puromycin-GFP) were from

GeneChem Company (Shanghai, China). Sangon Biotech
(Shanghai, China) synthesized siRNA. All the knockdown
sequences are listed in Supplementary Table 1.

For lentiviral transduction, cells were seeded in 6-well
plate at a density of 1 x 10° cells per well and infected
with lentivirus at a multiplicity of infection (MOI) of 50
in the presence of polybrene (5 pg/mL, Hanbio Company,
Shanghai, China). After 24 h, the virus-containing medium
was replaced with fresh complete medium. At 48 h post-
infection, selection was initiated with puromycin (2 pg/mL,
MedChemExpress, Monmouth Junction, NJ, USA) for 14
days until uninfected control cells were completely elimi-
nated. Transduction efficiency was confirmed by fluores-
cence microscopy qPCR.

2.2 Bioinformatics and Database Analysis

Pan-cancer expression of F70O and YAP was ana-
lyzed using the “Pan-cancer box plot” module of the TN-
Mplot web tool (https://tnmplot.com/analysis/) [19], with
default settings comparing tumor and normal tissues across
all available cancer types. The expression difference be-
tween osteosarcoma and normal bone tissue was assessed
using the “Multi-gene analysis” module of the same tool.
Survival analyses for FTO and YAP were conducted us-
ing GEPIA (http://gepia.cancer-pku.cn/) [20], employing
the median expression value as the group cutoff. Over-
all survival and disease-free survival curves were gener-
ated, and hazard ratios with 95% confidence intervals were
calculated. The gene-gene correlation between FTO and
YAP was also analyzed using the correlation module of
GEPIA. To identify putative m®A modification sites, the
YAP mRNA sequence was submitted to the SRAMP predic-
tion server (http://www.cuilab.cn/sramp/) [21] with default
settings. Experimental evidence for the binding of FTO to
YAP mRNA was retrieved from the RM2Target database
(http://rm2target.canceromics.org/) [22], which integrates
published CLIP-seq and eCLIP-seq data.

2.3 RNA Extraction and gPCR

Total RNA was extracted using the TRIzol method
(Thermo Fisher Scientific, Waltham, MA, USA) and
quantified using NanoDrop One Micro-Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). 1 ng RNA
was reverse-transcribed into cDNA using a reverse tran-
scription kit (AG11711, Accurate Biology, Changsha, Hu-
nan, China). Target RNA quantification was performed us-
ing qPCR reagents (AG11702, Accurate Biology, Chang-
sha, Hunan, China) on LightCycler 480 (Roche, Basel,
CH). Primer sequences are listed in Supplementary Table
1. The target gene expression was normalized to ACTB as
the endogenous reference. For experiments with a desig-
nated control group, relative quantification was calculated
using the 2724 method; for experiments without a control
group, the method was applied. All reactions were
performed in triplicate technical replicates, and data were
obtained from at least 3 independent biological replicates.
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2.4 Western Blot

Cells were washed with PBS, then lysed in RIPA ly-
sis buffer (P0013B, Beyotime, Shanghai, China). Lysate
was then centrifuged, and loading buffer was added before
boiling. Equal amounts of total protein (20 pg per lane)
were loaded onto 10% SDS-PAGE, electrophoresed, and
then transferred onto PVDF membranes (Millipore, Darm-
stadt, DE). The membranes were blocked with 5% non-fat
milk in TBST for 1 h at room temperature. Subsequently,
the sections were sequentially incubated with primary an-
tibodies diluted in antibody dilution buffer (P0256, Bey-
otime, Shanghai, China) overnight at 4 °C. Primary anti-
bodies and their working dilutions are as follows: FTO Rab-
bit mAb (45980, Cell Signaling Technology, Danvers, MA,
USA, 1:1000), E-cadherin Rabbit mAb (3195, Cell Signal-
ing Technology, USA, Danvers, MA, 1:1000), N-cadherin
Rabbit mAb (13116, Cell Signaling Technology, Danvers,
MA, USA, 1:1000), Vimentin Rabbit mAb (5741, Cell Sig-
naling Technology, Danvers, MA, USA, 1:1000), Y4AP Rab-
bit mADb (14074, Cell Signaling Technology, Danvers, MA,
USA, 1:1000), GAPDH Rabbit mAb (2118, Cell Signal-
ing Technology, Danvers, MA, USA, 1:1000), beta-Actin
Rabbit mAb (4970, Cell Signaling Technology, Danvers,
MA, USA, 1:1000). After washing with TBST, the mem-
branes were incubated with HRP-linked anti-rabbit antibod-
ies (7074, Cell Signaling Technology, Danvers, MA, USA,
1:5000) for 1 h at room temperature. Immunoreactive bands
were visualized using ECL substrate (Epizyme, Shanghai,
China) and imaged with a chemiluminescence imaging sys-
tem (Tanon, Shanghai, China). Densitometric analysis was
performed using ImageJ software (version 1.54m, National
Institutes of Health, Bethesda, MD, USA). Relative protein
levels were normalized to the internal control. All experi-
ments were independently repeated at least 3 times.

2.5 Cell Proliferation Assay and Plate Colony Formation
Assay

CCK-8: The assay was used to detect cell prolifera-
tion. Briefly, cells were seeded in 96-well plates at a density
of 5 x 10° cells per well. After adhesion, at 0, 24, 48, 72,
96, and 120 h, the medium was replaced, and 10% CCK-8
solution (HY-K0301, MedChemExpress, Monmouth Junc-
tion, NJ, USA) was added. After further incubation for
2 h, the absorbance at 450 nm was measured using a mi-
croplate reader (Agilent, Santa Clara, CA, USA). Each time
point was assayed in quintuplicate wells, and the entire ex-
periment was independently repeated three times. The ab-
sorbance values were plotted against time to generate pro-
liferation curves.

For the plate colony formation assay, cells were
seeded at a density of 200 cells/well in a 6-well plates and
cultured for 10 days. After cell clusters consisting of more
than 50 cells formed, cells were washed with PBS (Service-
bio, Wuhan, Hubei, China), fixed with 4% paraformalde-
hyde (P0099, Beyotime, Shanghai, China), stained with
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crystal violet (CO121, Beyotime, Shanghai, China), pho-
tographed, and the number of colonies was counted. Each
group was assayed in triplicate wells, and the entire exper-
iment was independently repeated three times.

2.6 Wound Healing Assay

5 x 103 cells per well were seeded into 6-well plates
and grown to 90% confluency. A straight wound was cre-
ated by scratching the monolayer with a sterile pipette tip.
Detached cells were removed by washing with PBS, and
images were captured at 0 h under a microscope. After
48 h of incubation in serum-free medium, the cells were
washed again with PBS, and images were taken under a mi-
croscope. Then the percentage of wound healing was cal-
culated. Three replicate wells were set up for each group,
and the experiment was independently repeated three times.

2.7 Transwell Assay

After 12 h of starvation, cells were resuspended in
serum-free medium and seeded into 8-pm pore Transwell
chambers (Corning, Corning, NY, USA) at a density of 10*
cells/chamber, with complete medium added to the lower
chamber as a chemoattractant. After 24 h of culture, cells
on the membrane surface were removed. The chambers
were then washed with PBS, fixed with 4% paraformalde-
hyde, stained with crystal violet, and washed. Images were
captured, and the cells that had migrated through the mem-
brane were counted. Five replicate wells were set up for
each group, and the experiment was independently repeated
three times.

2.8 Flow Cytometry for Apoptosis Detection

Cells were harvested, washed with PBS, centrifuged,
and resuspended in Annexin V binding buffer (BioLegend,
San Diego, CA, USA). Annexin V-FITC was then added,
and the mixture was incubated on ice in the dark for 15 min-
utes. Five minutes before the end of the incubation, PI solu-
tion was added. Following incubation, cells were analyzed
by flow cytometry (Beckman Coulter, Miami, FL, USA).
Data acquisition and analysis were performed using the in-
strument’s built-in CytExpert software (Beckman Coulter,
Miami, FL, USA). After excluding debris and doublet cells,
four-quadrant gating thresholds were established by refer-
ence to unstained and single-stained control samples. Early
apoptotic cells were defined as Annexin V*/PI” (Q3), late
apoptotic cells as Annexin V*/PI" (Q2), and necrotic cells
as Annexin V/PI* (Q1). The total apoptosis rate was cal-
culated as the sum of the percentages of early and late apop-
totic cells. Three independent experiments were conducted.

2.9 Drug Sensitivity Assay

For cisplatin sensitivity assays, 2 x 10* cells per well
were seeded into 96-well plates. After cell attachment, the
cells were treated with cisplatin (HY-17394, MedChemEx-
press, Monmouth Junction, NJ, USA) dissolved in 0.9%
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sterile NaCl to prepare a stock solution of 1 mg/mL, which
was stored at —80 °C and protected from light. Working
solutions were freshly prepared by diluting the stock in cul-
ture medium immediately before use to final concentrations
0f0,0.25,0.5, 1, 2.5, 5, 10, and 20 pg/mL. And cells were
incubated with cisplatin for 24 h. The medium was then
replaced, and CCK-8 solution (HY-K0301, MedChemEx-
press, Monmouth Junction, NJ, USA) was added at 1/10
medium volume. After 2 h of incubation, the absorbance
at 450 nm was measured. Cell viability was calculated
as a percentage of the untreated control. Dose-response
curves were fitted by using a four-parameter nonlinear re-
gression model and the ICsy value was derived from the fit-
ted curves. Each concentration was assayed in quintuplicate
wells, and the experiment was independently repeated three
times. I1Csy values obtained from independent experiments
were compared between groups.

2.10 Xenograft Tumor Model

A total of 80 six-week-old male BALB/c nude mice
were purchased from the Experimental Animal Center of
Xi’an Jiaotong University and raised in an SPF environment
with a temperature of 21 °C, humidity at 55%, and a 12 h/12
h light/dark cycle. The individual mouse was considered
the experimental unit. Based on our previous experimen-
tal experience and established protocols, 5 mice per group
were considered sufficient to detect consistent and repro-
ducible differences in tumor growth and metastasis, while
complying with the 3R principles to minimize animal use.
Mice that failed to develop tumors or died unexpectedly be-
fore the endpoint were excluded from the analysis; only
mice that developed palpable tumors and survived to the
predefined endpoint were included.

For subcutaneous tumorigenesis, MG-63 cells grown
to 80% confluence were harvested and resuspended in PBS
to a density of 107 cells/mL. Mice were randomly assigned
to groups (n = 5 per group) using a random number gen-
erator. Mouse anesthesia was induced with 3% isoflurane
in 100% oxygen at a flow rate of 1 L/min in an induc-
tion chamber and maintained with 2% isoflurane via a nose
cone. After the loss of the pedal withdrawal reflex, the
backs of each nude mouse were disinfected, and 100 pL of
cell suspension was injected subcutaneously. When spheri-
cal or oval tumors became visible, tumor volume was mea-
sured using a digital caliper on days 7, 14, 21, and 28. The
experimental endpoint was predefined as day 28 after tumor
cell inoculation. If a tumor reached 2000 mm? or the ani-
mal showed signs of severe distress before day 28, the ani-
mal was euthanized immediately. Tumor measurement was
performed by an investigator blind to group allocation and
tumor volume was calculated as V = (Length x Width?) /2.
Mice were then euthanized by cervical dislocation follow-
ing deep isoflurane anesthesia with 5% isoflurane in 100%
oxygen at a flow rate of 1 L/min. Tumors were harvested,
fixed, and imaged.

To establish a lung metastasis model, mice were ran-
domly assigned to groups (n = 5 per group) and 3 x 10°
osteosarcoma MG-63 cells were injected into the tail veins
of BALB/c nude mice without anesthesia. Mice were rou-
tinely raised for 4 weeks and euthanized by cervical dislo-
cation under deep isoflurane anesthesia with 5% isoflurane
in 100% oxygen at a flow rate of 1 L/min. Lung tissue was
harvested to observe and count the pulmonary metastatic
nodules. Obtained tissue was fixed, sectioned, and stained
with hematoxylin and eosin (H&E). Metastatic burden was
quantified as the percentage of tumor area relative to total
area, with the scorer blinded to group allocation. Random-
ization and group allocation were performed by an inde-
pendent investigator not involved in tumor measurement or
scoring, and the blinding code was not revealed until all
measurements and analyses were completed.

All animal procedures were conducted in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals and were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Laboratory Animal Re-
search Center of Xi’an Jiaotong University, under approval
number: XJTUAE20253836.

2.11 Immunohistochemistry (IHC)

Harvested tumor tissue was washed with PBS, fixed
with 4% paraformaldehyde, and embedded in paraffin for
sectioning. Sections were baked, deparaffinized, rehy-
drated, and subjected to antigen retrieval. After perme-
abilization with 0.3% Triton-X-100 and blocking with 5%
goat serum, sections were incubated overnight at 4 °C
with anti-Ki67 antibody (28074-1-AP, Proteintech, Wuhan,
Hubei, China, 1:2000). The sections were then washed
and incubated with HRP-conjugated secondary antibody
(RGAROL11, Proteintech, Wuhan, Hubei, China, ready-to-
use) for 1 h at room temperature. Immunoreactivity was
visualized with DAB, followed by counterstaining with
hematoxylin. The stained sections were imaged under a mi-
croscope.

Human osteosarcoma tissue microarray was commer-
cially purchased from Xi’an Zhongke Guanghua Bioaitech
Co., Ltd.(L714901, Xi'an, Shaanxi, China). IHC staining
for FTO was performed using the same protocol with anti-
FTO antibody (27226-1-AP, Proteintech, Wuhan, Hubei,
China, 1:400) and HRP-conjugated secondary antibody
(RGAROL11, Proteintech, Wuhan, Hubei, China, ready-to-
use). Stained sections were photographed, and the percent-
age of FTO-positive cells was quantified using ImagelJ soft-
ware. Based on the median percentage of FTO-positive
cells, samples were classified into two groups: FTO-high
expression and FTO-low expression. The relation between
FTO expression and the sample characteristics was ana-
lyzed using a chi-square test.
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2.12 RNA Immunoprecipitation (RIP)-PCR

Cells were harvested and lysed in cell lysis buffer
(P0013, Beyotime, Shanghai, China) supplemented with
protease inhibitor cocktail (P8340, Sigma-Aldrich) and
RNase inhibitor (HY-K1033, MedChemExpress, Mon-
mouth Junction, NJ, USA) for 30 min on ice. The lysate
was centrifuged at 12,000 xg for 15 min at 4 °C, and the
supernatant was collected. 1/10 of the lysate was saved
as “input” for RNA quantification. The remaining lysate
was divided equally and incubated overnight at 4 °C with
5 pg of anti-FTO antibody (45980, Cell Signaling Tech-
nology, Danvers, MA, USA) or an equal amount of nor-
mal rabbit IgG (2729, Cell Signaling Technology, Danvers,
MA, USA) as negative control, with gentle rotation. Pro-
tein A/G magnetic beads (HY-K0202, MedChemExpress,
Danvers, MA, USA) were pre-washed with wash buffer
and then added to the antibody-lysate mixture for an ad-
ditional 2 h incubation at 4 °C. After incubation, the beads
were collected on a magnetic rack and washed with cold
wash buffer. RNA was purified from both the immuno-
precipitated samples and the input using TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA). Reverse
transcription was performed with a reverse transcription kit
(AG11711, Accurate Biology, Changsha, Hunan, China).
And cDNA was subjected to conventional PCR using PCR
reagents (AG11007, Accurate Biology, Changsha, Hunan,
China) over a total of 25 cycles. Primers were designed to
flank the m®A sites with the highest confidence score in the
Y4AP mRNA predicted by SRAMP and to amplify an 80-150
bp product containing the target adenine within the ampli-
fication region. The primer sequences are listed in Sup-
plementary Table 1. PCR products were loaded on a 2%
agarose gel stained with nucleic acid gel stain (10201ES03,
Yeasen Biotechnology, Shanghai, China) added and visu-
alized using a gel imaging system (1600T, Tanon, Shang-
hai, China). All experiments were independently repeated
at least three times.

2.13 Methylated RNA Immunoprecipitation
(MeRIP)-qPCR

Total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA). MeRIP
was performed using the riboMeRIP m®A Kit (C11051-1,
Ribobio, Guangzhou, Guangdong, China) according to the
manufacturer’s instructions. Briefly, total RNA was chem-
ically fragmented using RNA fragmentation reagent at 70
°C for 7 min. 1/10 of the fragmented RNA was saved as
“input”. Magnetic beads A/G were then incubated with
5 g of anti-m®A antibody or normal mouse IgG (68860,
Cell Signaling Technology, Danvers, MA, USA) for 30
min under rotation. After washing three times, the frag-
mented RNA was subjected to immunoprecipitation with
m°A antibody or IgG-conjugated beads for 2 h at 4 °C.
The beads were washed three times with wash buffer, and
the bound RNA was eluted with elution buffer. RNA from
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both the immunoprecipitated and input fractions was puri-
fied by phenol-chloroform extraction and ethanol precipi-
tation. cDNA synthesis and qPCR were performed as de-
scribed above, using primers flanking the high-confidence
mSA sites on Y4P mRNA predicted by SRAMP. The m°A
enrichment level was determined by normalizing the gPCR
signal of the m®A-IP to the input (ACt). All reactions were
performed in triplicate technical replicates, and data were
obtained from at least 3 independent biological replicates.

2.14 Statistical Analysis

All cell-based experiments were performed in three in-
dependent replicates, and the data were expressed as mean
+ SD. For animal experiments, a single cohort of n = 5
mice per group was used. Data from animal experiments
are presented as the mean + SD. ImageJ software (version
1.54m, National Institutes of Health, Bethesda, MD, USA)
was used for image analysis. GraphPad Prism software
(version 9.3.0, GraphPad Software, Boston, Massachusetts,
USA) was used for statistical analysis and graphing. Data
distribution was assessed for normality using the Shapiro—
Wilk test, and homogeneity of variances was verified us-
ing Levene’s test. For two-group comparisons, an unpaired
Student’s ¢-test was applied. For comparisons among more
than two groups, one-way ANOVA was used, followed by
Dunnett’s test for comparisons against a common control.
For repeated measures, two-way ANOVA was performed.
All statistical tests were two-sided, and a p value less than
0.05 was considered statistically significant.

3. Results
3.1 FTO Is Highly Expressed in Osteosarcoma

Analysis of FTO expression across various cancer
types using TNMplot [19] indicated that 70 was upreg-
ulated in multiple malignancies including acute myeloid
leukemia (AML), colorectal cancer, liver cancer, small cell
lung cancer, ovarian cancer, pancreatic cancer, clear cell
renal carcinoma, skin cancer, stomach cancer and thyroid
carcinoma (Fig. 1A). Furthermore, the 70O expression in
osteosarcoma was significantly increased compared to nor-
mal tissue (Fig. 1B). Survival analysis via GEPIA [20]
suggested that high F70O expression was negatively corre-
lated with overall survival and disease-free survival (Fig.
1C,D). Subsequently, to verify altered FTO expression in
osteosarcoma, osteosarcoma cells, including MG-63, Saos-
2, HOS, U-20S, and normal bone cell line hFOB1.19, were
established. qPCR results showed that F70 expression was
significantly elevated in osteosarcoma cells compared to
bone cells (Fig. 1E), with immunoblotting further con-
firming this upregulation at the protein level (Fig. IF).
Among all these cell lines, MG-63 exhibited moderate en-
dogenous FTO expression at both the mRNA and protein
levels, making it suitable for further knockdown and over-
expression. Additionally, IHC staining of FTO on an os-
teosarcoma tissue microarray revealed that among 70 os-
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Fig. 1. FTO is highly expressed in osteosarcoma. (A) Expression of FTO in multiple types of cancer versus normal controls. Red
labels indicate statistically significant differences. (B) Expression of FTO in osteosarcoma versus normal bone tissue. (C,D) Kaplan-
Meier analysis of overall survival (C) and disease-free survival (D) in cancer patients based on FTO expression. (E,F) FTO mRNA
(E) and protein (F) levels in human osteoblast cell lines and osteosarcoma cell lines. GAPDH was used as an internal reference. (G)
Immunohistochemical staining of FTO protein in osteosarcoma microarray. Scale bar: 500 pm for the overview images; 200 pm for the
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teosarcoma samples, F70 expression showed no significant
correlation with patient gender, age, or TNM stage, but was
positively correlated with lymph node metastasis (Fig. 1G
and Supplementary Table 2). Thus, FTO expression is el-
evated in osteosarcoma and correlates with poor prognosis.

3.2 FTO Promotes Osteosarcoma Progression and
Suppresses Cisplatin Sensitivity In Vitro

To verify the role of F7TO in osteosarcoma progres-
sion, MG-63 cells, which displayed intermediate endoge-
nous FTO expression, were selected to establish FTO
knockdown and overexpression cell lines. The efficiency
of knockdown and overexpression was verified by im-
munoblotting (Fig. 2A-D). Colony formation assay sug-
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gested that knockdown of F70 inhibited the colony for-
mation, whereas F'70O overexpression promoted it, suggest-
ing that F7TO promotes osteosarcoma cell proliferation (Fig.
2E,F and Supplementary Fig. 1A,B). Flow cytometry re-
vealed that F'TO knockdown increased the proportion of
apoptotic osteosarcoma cells, while FTO overexpression
suppressed apoptosis (Fig. 2G,H and Supplementary Fig.
1C,D). Immunoblotting showed that 70 knockdown was
accompanied by reduced p-p85 levels and decreased phos-
phorylation of Akt at S473, whereas F'7O overexpression
led to the opposite pattern (Fig. 2I-L). These changes in
PI3K-Akt phosphorylation are consistent with the observed
alterations in cell proliferation, suggesting that FTO may
positively modulate the activity of this pathway. How-
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ever, the precise molecular mechanism by which FTO regu-
lates PI3K-Akt signaling remains to be elucidated. In sum-
mary, FTO promotes osteosarcoma proliferation and in-
hibits apoptosis.

To validate this, a wound-healing assay was per-
formed using MG-63 cells, and the results showed that
within 48 h, the wound-healing ratio in the F7O knock-
down group was significantly lower than that in the control
group. In contrast, FTO overexpression significantly ac-
celerated the healing rate (Fig. 3A,B and Supplementary
Fig. 1E,F). Additionally, the transwell assay showed that
after F'70 knockdown, the number of cells migrating to the
lower chamber decreased significantly, whereas F'70 over-
expression increased cell migration to the lower chamber
(Fig. 3C,D and Supplementary Fig. 1G,H). Subsequent
western blot demonstrated that F7O knockdown signifi-
cantly increased the expression of the epithelial marker E-
cadherin while decreasing the expression of the mesenchy-
mal markers N-cadherin and Vimentin. Conversely, FTO
overexpression downregulated E-cadherin and upregulated
N-cadherin and Vimentin levels (Fig. 3E-G). These find-
ings indicate that F7O promotes osteosarcoma cell migra-
tion.

As a first-line chemotherapeutic agent for osteosar-
coma, cisplatin sensitivity has consistently been a key area
of research. The CCK-8 assay found varying sensitivity
to cisplatin among osteosarcoma cell lines. Interestingly,
HOS cells with high F7O expression exhibited a higher
1Csp, while U-20S cells with low FTO expression showed
arelatively lower ICsy, suggesting F70 expression may af-
fect cisplatin sensitivity (Supplementary Fig. 1I). To di-
rectly validate this, the ICsy values of cisplatin in geneti-
cally modified MG-63 cells were compared. FTO knock-
down significantly reduced the ICsy compared to control
cells, whereas FTO overexpression markedly increased the
ICso (Fig. 3H). Consistent with these results, flow cytom-
etry confirmed that FTO knockdown increased cisplatin-
induced apoptosis in MG-63 cells (Fig. 31 and Supplemen-
tary Fig. 1J). Taken together, these findings suggest that
FTO reduces cisplatin sensitivity and may be related to os-
teosarcoma cisplatin resistance.

3.3 FTO Promotes Osteosarcoma Progression and
Metastasis In Vivo

To validate the in vivo effects of FTO on osteosar-
coma, a subcutaneous tumor-bearing model was established
in nude mice using F'7O-knockdown and overexpression in
MG-63 cells. It was found that knocking down the FTO
expression significantly reduced tumor growth rate. At the
endpoint of the experiment, the mean tumor volume in the
shFTO groups was significantly smaller than that in the
shNC group (shNC: 1024.02 + 109.93 mm?; shl: 567.29 +
103.65 mm?; sh2: 482.80 + 114.79 mm?) (Fig. 4A,B). And
the tumor proliferative capacity was diminished accord-
ing to tumor Ki67 staining (Fig. 4A,D). Conversely, FTO
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overexpression markedly accelerated tumor growth, result-
ing in a significantly larger tumor volume (NC: 1182.67
+ 192.27 mm’; OE-FTO: 1619.45 + 193.58 mm®) (Fig.
4A,C), which was accompanied by increased Ki67 positiv-
ity (Fig. 4A,E). These results demonstrate that FTO pro-
motes osteosarcoma tumor growth in vivo. The pulmonary
metastasis model via tail vein injection suggested that #'70
knockdown reduced the number and size of visible pul-
monary nodules (Fig. 4F,G). Histological examination of
H&E-stained lung sections confirmed the presence of tu-
mor metastases and showed a significantly lower metastatic
burden in the shFTO group (Fig. 4F and Supplementary
Fig. 1K). Conversely, FTO overexpression markedly in-
creased both surface nodule counts and metastatic burden
(Fig. 4H,I and Supplementary Fig. 1L).

3.4 YAP Is a Downstream Target Gene of FTO

After exploring the in vitro and in vivo functions of
FTO in osteosarcoma, it would be meaningful to investigate
its downstream regulatory mechanisms. Thus, transcrip-
tome sequencing was performed, and the heatmap showed
178 differentially expressed genes after F'TO knockdown,
of which 97 were significantly upregulated, and 81 were
downregulated (Fig. 5A,B). KEGG pathway enrichment
indicated that the differentially expressed genes were en-
riched in several signaling pathways, including the Hippo
pathway, apoptosis-related pathway, Wnt pathway, and
the hypoxia-response pathways (Fig. 5C). YAP, the core
transcriptional factor of the Hippo pathway, exhibited a
downregulated trend after F'7TO was knocked down in tran-
scriptome sequencing, suggesting it might be a down-
stream target of F'7TO. Subsequent qPCR confirmed that
YAP mRNA expression was significantly decreased follow-
ing FTO knockdown (Fig. 5D). Western blot found that
YAP protein levels showed the same trend as mRNA af-
ter F7O knockdown, and FTO overexpression significantly
increased YAP protein levels (Fig. 5E, Supplementary
Fig. 2A,B). Correlation analysis of gene expression using
GEPIA showed a significant positive correlation between
FTO and YAP expression (Fig. 5F). These results suggest
YAP is a downstream gene of FTO.

Given that FTO functions as an m®A demethylase,
it was of importance to investigate whether Y4P mRNA
could be a direct substrate for FTO-mediated m°A modi-
fication. Thus, SRAMP database, a sequence-based m°A
modification site predictor [21], was employed and multiple
high-confidence m® A modification sites on the Y4P mRNA
was identified (Supplementary Fig. 2C and Supplemen-
tary Table 3). Furthermore, by querying the RM2Target
database, which integrates comprehensive RNA modifica-
tion targeting data from public datasets [22], we found ex-
isting experimental evidence including CLIP-seq/eCLIP-
seq data supporting the binding of FTO to YAP mRNA
(Supplementary Table 3). To determine whether FTO
directly interacts with YAP mRNA, RIP was performed
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3.5 FTO Promotes Osteosarcoma Progression In Vitro via
YAP

using an anti-FTO antibody. A clear PCR product cor-
responding to YAP mRNA was detected in the FTO-

immunoprecipitated samples, whereas only an undetectable
band was observed in the IgG control (Fig. 5G). Further-
more, the results of the MeRIP-qPCR experiments indicate
that, compared with their respective control groups, FTO
knockdown led to a significant increase in the m®A abun-
dance of YAP mRNA, while FTO overexpression resulted
in a significant decrease (Fig. 5H). Collectively, bioinfor-
matic predictions and results suggest that YAP is a down-
stream target of FTO, and its expression is regulated by FTO
through an m°A-dependent mechanism.
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The expression analysis of Y4 P across multiple cancer
types demonstrated inconsistent expression patterns (Fig.
6A). In osteosarcoma, YA P expression was significantly up-
regulated (Fig. 6B), consistent with F70O (Fig. 1B). Fur-
thermore, high Y4P expression was associated with a lower
overall survival rate in patients with tumors (Fig. 6C).
Combined with previous studies, these findings suggest that
YAP plays an oncogenic role in osteosarcoma.

Given that YAP is a downstream target of FTO, it
is important to clarify whether F7O promotes osteosar-
coma via YAP. To validate this, cell line models for FTO
knockdown combined with YAP overexpression, and FTO
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overexpression combined with Y4P knockdown were es-
tablished. Western blot confirmed the successful construc-
tion of these cell lines and indicated that modulated F7O
significantly altered YAP expression, while changes in YAP
expression did not markedly affect F70 levels (Fig. 6D—
G). CCK-8 assay revealed that YAP overexpression could
partially rescue the proliferation inhibition caused by FTO
knockdown, while Y4P knockdown suppressed the tumor
proliferation promotion induced by FTO overexpression
(Fig. 6H,I). And plate colony formation assay further sup-
ported these findings (Fig. 6J,K and Supplementary Fig.
2D,E). Wound-healing and Transwell assays showed that
the impaired cell-migration caused by F7O knockdown
could be partially rescued by Y4P overexpression (Fig. 7A—
D). Statistical analysis confirmed that the rescue group re-
mained significantly different from the control group (p <
0.05), indicating partial rescue. In summary, these results
demonstrate that 70 promotes osteosarcoma cell prolifer-
ation and migration of osteosarcoma cells in vitro through
YAP.
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3.6 FTO Promotes Tumor Progression In Vivo Through
YAP

Since FTO promotes osteosarcoma progression in
vitro via YAP and drives tumor progression in vivo, it is
necessary to elucidate YAP’s role in F'7O-mediated in vivo
cancer promotion. Hence, subcutaneous tumorigenesis ex-
periments were performed, and the results showed that
FTO knockdown inhibited tumor growth, an effect coun-
teracted by YAP overexpression (shNC: 978.19 + 97.42
mm?; shFTO: 512.38 + 105.27 mm?; shFTO + OEYAP:
837.88 + 116.69 mm?) (Fig. 8A,B). Additionally, in the
tail vein injection-established lung metastasis model, F'7O
knockdown reduced the number of pulmonary metastatic
nodules, alleviating the tumor metastasis burden, and YAP
overexpression significantly attenuated this inhibitory ef-
fect (Fig. 8C,D and Supplementary Fig. 2F). In summary,
as a downstream target of FTO, YAP mediates the tumor-
promoting effects of FTO in vivo.

4. Discussion

As one of the most abundant epigenetic modifications
in eukaryotic mRNA, m®A is dynamically regulated by var-
ious proteins and profoundly influences tumor initiation and
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progression [23,24,25,26]. As a key m°A demethylase,
FTO has been demonstrated to be overexpressed and ex-
ert oncogenic functions in multiple malignancies, includ-
ing leukemia [27] and melanoma [28]. However, its spe-
cific role and downstream targets in osteosarcoma remain
incompletely elucidated.

In this study, through bioinformatic analysis and in
vitro experiments, we confirmed that F70 expression is sig-
nificantly upregulated in osteosarcoma. Gain- and loss-of-
function experiments demonstrated that /70 promotes os-
teosarcoma cell proliferation and migration. Subcutaneous
xenograft and tail vein injection metastasis models further
validated FTO’s role in driving in vivo osteosarcoma growth
and metastasis. Cisplatin is one of the first-line chemother-

14

<0.001.

apeutic drugs for osteosarcoma; however, variable sensi-
tivity and drug resistance pose major challenges in clini-
cal treatment. The in vitro experiments revealed that dif-
ferences in FTO expression levels correlate with variable
cisplatin sensitivity among osteosarcoma cell lines, and that
modulation of FTO expression alters their sensitivity to cis-
platin. These findings establish the functional role of F7O
in osteosarcoma.

Moreover, we further investigated the underlying
mechanism. Through bioinformatic analysis and transcrip-
tome sequencing, we identified YAP as a key downstream
target of FTO. YAP is a critical effector of the Hippo sig-
naling pathway. Bioinformatic analysis indicated that YAP
exhibits diverse expression patterns across different can-
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cers. In osteosarcoma, YAP expression shows an upregu-
lation trend consistent with that of FTO. Previous studies
have shown that YAP plays a tumor-promoting role in os-
teosarcoma. By generating cell lines with combined modu-
lation of FTO and YAP, we demonstrated that YAP is the
key downstream effector mediating the pro-proliferative
and pro-metastatic effects of F70 in osteosarcoma, both in
vitro and in vivo. Furthermore, F7O modulates cisplatin
sensitivity in osteosarcoma via YAP. These findings re-
veal the FTO-YAP regulatory axis, providing deeper in-
sights into the specific mechanisms by which F70O drives
osteosarcoma progression. Notably, the FTO/YAP regula-
tory axis has been previously implicated in chemoresistance
in other cancer types. The present study extends this mech-
anistic framework to osteosarcoma, demonstrating for the
first time that FTO modulates cisplatin sensitivity through
a YAP-dependent pathway. These findings suggest that tar-
geting the FTO/YAP axis may represent a novel therapeutic
strategy to overcome cisplatin resistance in osteosarcoma.

In summary, this study demonstrates the role of F7O
in osteosarcoma progression and cisplatin sensitivity, re-
vealing that it exerts its oncogenic functions through its
downstream target gene YAP. These findings provide a the-
oretical foundation for identifying potential therapeutic tar-
gets in osteosarcoma and offer insights for developing novel
treatment strategies.

5. Limitations

It should be noted that this study has certain limita-
tions. The conclusion regarding FTO’s specific overexpres-
sion in osteosarcoma is primarily based on bioinformatic
analysis. Future studies incorporating paired normal bone
tissue would help strengthen the clinical conclusions. For
the reason that MG-63 has moderate FTO expression to fa-
cilitate bidirectional modulation, it was chosen for mech-
anistic experiments, and extension to additional cell lines
would be beneficial. In addition, the observed changes in
PI3K-Akt phosphorylation and the cisplatin response were
assessed through correlative and short-term sensitivity as-
says, respectively. Further experiments are needed to ex-
plore the underlying causal mechanisms and long-term re-
sistance. Finally, the partial rescue by YAP suggests that
other pathways may also contribute to the effects of FTO,
which could be investigated in subsequent studies.

6. Conclusions

FTO is prominently expressed in osteosarcoma, pro-
moting disease progression and diminishing sensitivity to
cisplatin. Y4AP, adownstream effector of F70, is also highly
expressed in osteosarcoma and plays a mediating role in the
oncogenic effects.
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