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FTO-mediated demethylation of MTUS1/ @
ATIP1 promotes tumor progression in head
and neck squamous cell carcinoma

Dongxiao Tang'?", Congyuan Cao'", Wuguo Li* and Anxun Wang"

Abstract

Background Head and neck squamous cell carcinoma (HNSCC) has been recognized as the seventh most prevalent
malignant tumor globally. It is a malignant neoplasm that arises from the mucosal epithelium of head and neck
region. In our previous research, we have demonstrated that MTUS1/ATIP1 exhibits anti-cancer properties in HNSCC.
Nevertheless, the underlying mechanism responsible for the reduction of MTUS1/ATIP1 expression has not been
investigated.

Methods HNSCC and adjacent normal tissues were collected and examined using m°A MeRIP-seq, gRT-PCR, and IHC
to investigate the relationship between MTUS1/ATIP1 and FTO. MeRIP-gPCR, m®A dot blot, RNA and protein stability
assays, and RNC-gRT-PCR were employed to elucidate the mechanism by which FTO mediates demethylation of
MTUS1/ATIPT in HNSCC. Functional assays, subcutaneous tumorigenesis, and in situ tongue cancer models were
conducted to assess the impact of the FTO-MTUS1/ATIP1 pathway on proliferative capacity of HNSCC tumors.

Results FTO was observed to be markedly upregulated and showed a negative correlation with MTUS1/ATIP1
expression in HNSCC. FTO was responsible for mediating m®A demethylation in the 3'UTR of MTUS1/ATIP1, leading
to its degradation. Additionally, silencing MTUS1/ATIP1 successfully reversed the tumor-promoting effects on HNSCC
triggered by FTO in in vitro and in vivo.

Conclusions Our research elucidated the functional importance of FTO-mediated m°A demethylation of MTUS1/
ATIP1, suggesting that targeting the FTO-MTUS1/ATIP1 axis could be a prospective novel approach for treating
HNSCC.
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Background

Head and neck squamous cell carcinoma (HNSCC) has
been recognized as the seventh most prevalent malignant
tumor globally. It is a malignant neoplasm that arises
from the mucosal epithelium of head and neck region [1,
2]. Despite advancements in current strategies for treat-
ing advanced HNSCC, the five-year overall survival rate
(OS) has not seen a significant increase and remains
around 50% [3]. The microtubule-associated tumor sup-
pressor gene, known as MTUS], is situated on chromo-
some 8p22. A group of proteins known as angiotensin
II receptor-interacting proteins (ATIPs) is encoded by
the MTUS1 gene [4-6]. Previous research conducted
by our team has shown that the major isoform found in
HNSCC tissues is MTUSLI transcript variant 5 (ATIP1)
[5]. The decreased expression of MTUS1/ATIP1 is closely
linked to the lower overall survival rates in patients with
HNSCC [7]. Restoring MTUS1/ATIP1 expression has
been shown to trigger cell death and reduce both prolif-
eration and migration abilities of HNSCC cells [8]. These
results suggest that MTUS1/ATIP1 may possess a poten-
tial tumor suppressor function in clinical management of
HNSCC [9]. However, the reasons behind the downregu-
lation of MTUS1/ATIP1 and its underlying mechanisms
in HNSCC have not been fully elucidated.

N6-methyladenosine (m°A) methylation, which con-
sists of 0.1-0.4% adenylate residues, the most prevalent
modification observed in mammalian messenger RNA
[10]. The m®A RNA modification is primarily regulated
by three main categories of enzymes: methyltransferases,
binding proteins, and demethylases [11], and it impacts
RNA splicing, export, stability, translation, and degrada-
tion [12]. Research has shown that m®A methylation is
significantly involved in the progression, dissemination,
and metastasis of various malignancies [13, 14]. The fat
mass and obesity-related gene (FTO) functions as an
m®A demethylase and has been shown to selectively con-
vert m®A back to adenosine specifically within nuclear
RNA. This discovery indicates the reversible nature of
RNA m°A modification [15]. Various researches had
revealed abnormal expression of FTO in different malig-
nant tumors [16, 17], strongly correlating with tumor
characteristics such as oncogenesis, proliferation, and
invasions [18—20].

Shi et al. revealed FTO reduces m°®A content and
enhances cell proliferation of non-small cell lung can-
cer through activating KRAS signaling [21]. Yue et al.
similarly reported The upregulation of FTO has been
shown to enhance both cell proliferation and migration
in the context of colorectal cancer. This phenomenon
arises from the interaction between FTO and the c-myc
proto-oncogene [22]. Despite these findings, research on
the specific targets of FTO and its precise functions in
HNSCC remains limited. Further exploration is needed
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to understand the epigenetic regulation of FTO in the
initiation and progression of HNSCC.

To explore FTO’s role in regulating mRNA of MTUS1/
ATIP1 within HNSCC, we initially utilized m®A-RNA
immunoprecipitation and sequencing (MeRIP-seq)
to scrutinize HNSCC tissues, revealing a significant
decrease in MTUS1/ATIP1 m®A methylation levels com-
pared to normal tissues. Subsequent validation through
qRT-PCR and immunohistochemistry staining (IHC)
demonstrated elevated FTO expression levels in HNSCC,
which were correlated with unfavorable overall survival
outcomes among patients with HNSCC. FTO expres-
sion showed an inverse correlation with MTUS1/ATIP1
expression. Further experiments, such as MeRIP-qPCR,
dual-luciferase assay, RNA and protein stability assays,
and ribosome-nascent chain complex (RNC)-qRT-PCR,
demonstrated that FTO modulated MTUS1/ATIP1
expression by reducing mRNA stability and transla-
tion. Overall, our research indicates that the decrease
in MTUS1/ATIP1 is associated with FTO-driven m°®A
demethylation in HNSCC, highlighting the potential for
targeting the FTO-MTUS1/ATIP1 axis as a therapeutic
strategy for HNSCC.

Methods

Tissue samples from HNSCC patients

All tissue specimens cited in this research were gathered
from The First Affiliated Hospital of Sun Yat-sen Univer-
sity between 2016 and 2019. The collection comprised
100 HNSCC specimens and 90 paracancerous tissues
located 2 cm away from HNSCC tissue. Patients who had
undergone chemotherapy or radiotherapy prior to sur-
gery were not included in the research. Before commenc-
ing the sample collection procedures, informed consent
was meticulously obtained from each patient. Overall
survival was computed based on the time span from the
initial diagnosis until most recent follow-up in Novem-
ber 2023 or the time of decease. This research received
authorization from the ethics board of the medical facil-
ity ([2016]074 and [2022]229).

Cell culture and transfection

HNSCC cell line HSC3 was sourced from the Japa-
nese Collection of Research Bioresource cell bank, and
HNSCC cell lines SCC9 and SCC25 were obtained from
ATCC. Each cell line underwent authentication via short
tandem repeat (STR) profiling.

FTO or ATIP1 short hairpin RNA (shRNA) and FTO
cDNA (ID: NM_001080432) lentiviral vectors, and
their respective negative control (NC) sequences were
obtained from Jikai Biotechnology Co., Ltd. (Shanghali,
China). MTUS1/ATIP1 cDNA (ID: NM_020749.4) and
corresponding NC lentiviral vectors were obtained from
iGene Co., Ltd. (Guangzhou, China). To determine the
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most effective shRNA sequences for knocking down
the expression of human ATIP1 or FTO, three different
shRNA sequences were evaluated. Following a thorough
assessment, the most potent knockdown sequence for
each gene was selected for subsequent studies. Lentivi-
ruses were used to transduce cells at an MOI of 25. The
Supplementary Table S1 contains the specific ShRNA
sequences for FTO or MTUS1/ATIP1.

Quantitative real-time PCR (qRT-PCR)

TRIzol (ThermoFisher, 15596-018) was utilized for the
isolation of RNA from tissues and cells associated with
HNSCC. Following this, Takara RT kit (Takara, RR047A)
was used for the reverse transcription of mRNA. This
method enables the synthesis of complementary DNA
from mRNA templates. The SYBR-green PCR kit
(TOYOBO, QRT-201) was employed for RT-PCR analy-
sis. The relative expression levels of all mRNAs (primers
are detailed in Supplementary Table S2) were determined
utilizing the “*Ct method.

Western blotting

Ice-cold RIPA buffer (CST, 9806 S) was used to harvested
total cellular protein from living cells. Cellular proteins
were loaded onto pre-configured SDS-PAGE gels of vary-
ing concentrations for separation, followed by transfer
onto PVDF membranes. Following a blocking step at RT
using 3% BSA (Aladdin, B265994), the membranes were
kept overnight with 1st antibodies, and subsequently
exposed to 2nd antibodies. Subsequently, the membranes
were rinsed 3x5 min in TBST and identified through
enhanced chemiluminescence (ECL; ThermoFisher,
34580), followed by visualization using the Protein-
Simple imaging system (Bio-Techne, Minneapolis, MN).
The primary antibodies used in this research include
ATIP1 (N-terminal region) from Aviva Systems Biology
(ARP44418_T100), MTUSI1 from Cell signaling Technol-
ogy (CST, 13436-1-AP), FTO from Proteintech (27226-1-
AP), B-Actin from CST (4970), and GAPDH from CST
(2118).

RNA mSA dot blot assay

RNA samples were initially subjected to a denatur-
ation step at 95 °C for 3 min in RNA incubation buffer.
The denatured samples were subsequently divided into
two experimental groups, consisting of 400 ng and 200
ng, respectively, and then transferred onto Hybond-
N+membranes (Beyotime, Shanghai, China). The
membrane was UV cross-linked using a UV crosslinker
(Spectrolinker XL-1500, Westbury, NY) at 254 nm. Fol-
lowing the blocking steps, the membranes were incu-
bated with the m°A antibody (Abcam, ab284130) and
subsequently treated with 2nd antibodies (CST, 7074 S)
for a duration of 2 h. After rinsing the membranes in
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TBST, dot blot intensities were detected using ECL
(ThermoFisher, 34580) and visualized with the Protein-
Simple imaging system (Bio-Techne, Minneapolis, MN).
Subsequent staining of the membrane was was carried
using a pre-diluted methylene blue working solution
(MCE, HY-B1359) to determine the RNA content.

MeRIP-seq and MeRIP-qPCR

The experiments were conducted following previously
published protocols with some adjustments [23-25].
Total RNA samples from HNSCC tissues in our experi-
ment were isolated and then subjected to fragmentation
using ZnCl,. The RNA was subsequently treated treated
with either m®A antibody (Abcam, ab284130) or 2nd
antibody for a duration of 2 h. Following the addition
of magnetic beads (MCE, HY-K0202), we put the mix-
ture in four-degree refrigerator for another 2 h in order
to facilitate the capture of immunoprecipitated frag-
ments. Following the purification of the fragments, they
were divided into two distinct experimental groups: one
portion was designated for sequencing library construc-
tion, while the other was allocated for qRT-PCR analysis.
Sequencing of the RNA samples was carried out utiliz-
ing a NextSeq 500 sequencer (Illumina, Hayward, CA).
The obtained data was subjected to analysis as detailed
in earlier protocols. The identification of methylated sites
on the RNAs (peaks) was done through the utilization of
MACS software.

Immunohistochemistry (IHC) staining

Tissue sections from collected specimens were deparaf-
finized and rehydrated to restore their original moisture
levels, followed by endogenous peroxidase quenching
and antigen extraction. After the blocking step, the
slides were incubated with ATIP1 (N-terminal region)
(Aviva Systems Biology, ARP44418 T100) antibody or
FTO (Proteintech, 27226-1-AP) antibody, and subse-
quently treated with a 2nd antibody. After being rinsed
in PBS, sections were dyed using a DAB kit (Proteintech,
PR30010) and hematoxylin. Each sample was evaluated
using the scoring system describedby Pirker et al. [26].
The Immunohistochemistry score is a continuous scale
(0-300), determined by multiplying the staining intensity
score (0—3) with the proportion of cells corresponding to
each level.

Protein and RNA stability assays

These experiments were carried out on HNSCC cells to
examine how FTO influences the stability of MTUS1/
ATIP1 mRNA and its corresponding protein. In the pro-
tein decay experiment, the indicated cells were exposed
to cycloheximide (CHX; APExBIO, A8244-1000) at con-
centrations of 100 mg/mL for 0, 2, 4, and 8 h. Total cel-
lular protein was collected, and the relative abundance of
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MTUS1/ATIP1 protein (compared to 0 h) was measured
through western blotting. In the RNA decay experiment,
the indicated cells were exposed to ActD at concentra-
tions of 5 mg/mL for 0, 3, and 6 h. Subsequently, the
relative level of MTUS1/ATIP1 mRNA was measured via
qRT-PCR.

Cell proliferation assay

The impact of FTO and MTUS1/ATIP1 on the prolifera-
tion of HNSCC cells was investigated using Cell Count-
ing Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) assays.
The HNSCC cell solution was initially diluted and then
seeded into a 96-well plate (3000 cells/well). The cells
were allowed to incubate for 24, 48, 72, or 96 h. After a
2-hour incubation period with the CCK-8 solution, the
absorbance was measured at 450 nm using a microplate
reader (Bio-Tek, Winooski, VT).

Plate colony formation assay

Cells were seeded in 6-well plates at a concentration of
180 cells/mL and cultured until visible colonies formed
(approximately 2 weeks). The colonies were fixed using
4% paraformaldehyde and subsequently stained with
crystal violet, followed by examination and photography.

Wound healing assay

The HNSCC cell solution was initially diluted and then
seeded in a 6-well plate until they reached 100% conflu-
ence. Subsequently, a fixed-width band was created by
scratching using a sterile 200pL tip, followed by incuba-
tion in medium containing 2% FBS for 24 h. Wound clo-
sure of all cells in the 6-well plate was examined using the
Zeiss Z1 microscope to track the migrating front.

Ribosome-nascent chain complex (RNC)-qRT-PCR assay
The ribosome-Nascent Chain Complex was extracted
following established protocols with minor modifica-
tions [27]. Cycloheximide (100 mg/mL) was initially
administered to HNSCC cells, followed by the addition
of a ribosome buffer containing 1% Triton X-100. After a
30-minute ice bath, the lysates were centrifuged to elimi-
nate cell debris and nuclei for a duration of ten minutes at
16,200xg and a temperature of 4 degrees Celsius.

The supernatants were subsequently gathered and
placed atop 20 mL of a buffer containing 30% sucrose.

We then utilized ultracentrifugation to gather RNC
under conditions of 185,000xg and 4 degrees Celsius for
a duration of five hours. Finally, RNA from the polysome
fraction was analyzed using qRT-PCR as described in the
aforementioned methods.

Animals study
BALB/c nude mice were obtained and housed in a con-
trolled specific pathogen-free (SPF) environment at the
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Animal Experiment Center affiliated with the First Affili-
ated Hospital of Sun Yat-sen University (Guangzhou,
China). The animal experiments conducted during this
research received ethical approval from the Ethics Com-
mittee of the First Affiliated Hospital of Sun Yat-sen Uni-
versity ([2022]229).

All models were created based on previously published
methods, incorporating specific modifications [23, 28,
29]. In the subcutaneous tumorigenesis model, the indi-
cated HNSCC SCC9 cells were injected into the right
armpits of six-week-old female mice at a concentration
of 1x10° cells in 100uL of vehicle composed of DMEM/
Matrigel matrix (1:1). The sizes of the xenografts were
measured, computed and recorded every three days:
tumor volume (mm?®) = %xlengthxwidth®. All mice in
the subcutaneous injection experimental group were
euthanized were euthanized 28 days post-injection. In
the in situ tongue cancer model, the indicated HNSCC
SCC9 cells were injected into the right lateral tongue of
six-week-old female mice at a concentration of 1x10°
cells in 20 pL of vehicle. The xenografts were measured,
computed and recorded every three days. At the 21-day
observation, we found the mice weight in tongue cancer
groups significantly decreased with tumor growth. Con-
sequently, we terminated the experiment for the tongue
cancer groups at that time. Following euthanasia, the
tumors were dissected, weighed, measured, and subse-
quently embedded, sectioned, and stained. For the eutha-
nasia procedure, the mice were placed in the euthanasia
box, and carbon dioxide was gradually introduced over a
period of 15 min. After euthanization by carbon dioxide
asphyxiation, each mouse was individually checked, fol-
lowed by cervical dislocation. The euthanasia methods
employed for all mice were approved by The Ethics Com-
mittee of the First Affiliated Hospital of Sun Yat-Sen Uni-
versity and are in accordance with the AVMA Euthanasia
Guidelines of Animals (2013 edition).

Statistical analysis

Statistical analysis of the data in all experiments was
carried out utilizing GraphPad Prism v10.1 along with
SPSS v27.0. The relationships between FTO and ATIP1
were evaluated through IHC scores and analyzed using
Pearson’s correlation coefficient. For survival analysis,
a Kaplan-Meier curve was generated and accompanied
by a log-rank test. Unpaired two-tailed Student’s t-tests
were used to assess differences between two groups. In
order to evaluate variations involving multiple groups,
one-way ANOVA was used. The results are presented
as meantSD or SEM. P<0.05 was deemed statistically
significant.
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Results

Downregulation of MTUS1/ATIP1 was related to mA
demethylation in HNSCC

Our previous study confirmed a notable decrease in
MTUS1/ATIP1 expression in HNSCC [5, 9]. To investi-
gate the underlying mechanism behind this downregula-
tion, we conducted m®A meRIP-seq analysis. The peaks
of N6-methyladenosine were predominantly located
near translation stop sites and were mainly enriched in
intronic regions, with some presence in distal intergenic
and promoter regions in the metagene analysis. Only
a small fraction of m°A peaks were observed in down-
stream, 5’"UTR, 3'UTR, or exonic regions (Fig. 1A). No
notable differences were found in m°®A modification
when comparing the mRNA transcripts of normal tissues
to those of HNSCC (Fig. 1B). Sequence analysis of the
meRIP-seq data identified the consensus motif GGACU
in HNSCC tissue (Fig. 1C). Visualization analysis showed
that m®A modifications of MTUS1/ATIP1 mRNA were
predominantly enriched in normal tissues, but signifi-
cantly reduced in HNSCC tissues, particularly in the
JUTR region. MTUS1/ATIP1 3'UTR m°A methylation
site was pinpointed to chr8:17,502,386—17,502,390 using
IGV visualization software (Fig. 1D).

To further investigate the demethylation of MTUS1/
ATIP1 in HNSCC, the expression levels of key m°A
modifying enzymes were investigated and compared.
The findings revealed a notable rise in the expression of
METTL3, WTAP, and FTO, whereas MTUS1/ATIP1
exhibited significantly lower expression in HNSCC com-
pared to normal tissues (Fig. 1E). Among these three
proteins, METTL3 and WTAP function as methylases,
suggesting that they are not responsible for the observed
decrease in MTUS1/ATIP1 m°A methylation levels.
These findings imply that the downregulation of MTUS1/
ATIP1 may be associated with FTO-mediated m°A
demethylation in HNSCC.

FTO exhibited a negative correlation with MTUS1/ATIP1 in
HNSCC

Initially, we investigated the possible connection between
FTO, the main m°A demethylase, and MTUS1/ATIP1
through qRT-PCR and western blotting analysis. Our
findings revealed a marked rise in both mRNA and pro-
tein levels of FTO, while MTUSI/ATIP1 levels were
notably decreased in HNSCC cells compared to human
oral keratinocytes (HOKSs) (Fig. 2A and Figure S1).

To further corroborate these findings, immunohisto-
chemistry (IHC) staining for FTO and MTUS1/ATIP1
was performed on 100 HNSCC and 90 adjacent non-
cancerous tissues collected from the First Affiliated Hos-
pital of Sun Yat-sen University. The analysis revealed a
predominant nuclear expression of FTO, which showed
a significant increase in HNSCC tissues (Fig. 2B-C). Area
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under the ROC curve (AUC) of FTO was 0.761. A thresh-
old value of 115.5 was utilized to distinguish between
patients with high and low FTO expression in cases of
HNSCC (Supplementary Table S3). Elevated levels of
FTO expression showed a positive correlation with the
clinical phenotype of HNSCC, including advanced tumor
stage (T, , versus T, ,), pathological grade (Well versus
Moderate/Poor), and lymph node metastasis (LN +versus
LN-) (Fig. 2D-E; Supplementary Table S4). Kaplan-Meier
analysis indicated that patients exhibiting higher levels of
FTO expression experienced significantly shorter overall
survival times in comparison to those with lower levels
of FTO expression (Fig. 2F). Both univariate and multi-
variate analyses validated the expression level of FTO
as a prognostic indicator for 5-year overall survival in
HNSCC patients (Supplementary Table S5). Addition-
ally, a notable inverse relationship was found between
the FTO IHC level and the MTUS1/ATIP1 IHC level in
HNSCC tissue samples (Fig. 2G).

MTUS1/ATIP1 downregulation was mediated through FTO-
m®A-dependent mechanism in HNSCC

To evaluate whether the expression of MTUS1/ATIP1
is influenced by the m°A eraser FTO in HNSCC, we
assessed the expression levels of MTUS1/ATIP1 in FTO-
overexpressed or FTO-knockdowned HNSCC cells (Fig-
ure S2). The results presented in Fig. 3A-B indicated
the overexpression of FTO notably reduced MTUS1/
ATIP1 expression, whereas knockdown of FTO resulted
in an increase in MTUS1/ATIP1 expression in HNSCC
cells. Subsequent dot blot assays demonstrated that m®A
methylation levels decreased upon FTO overexpression
(Fig. 3C) and increased after FTO silencing (Fig. 3D).
Furthermore, MeRIP-qRT-PCR analysis indicated a sig-
nificant reduction in MTUS1/ATIP1 m°A modification
following FTO overexpression (Fig. 3E), and an increase
upon FTO knockdown (Fig. 3F).

To further evaluate the necessity of m®A modifications
on mRNAs, dual-luciferase assays were carried out. Com-
pared to the control, overexpression of FTO significantly
decreased the luciferase activity of the wild-type 3° UTR
reporter construct of MTUS1/ATIP1. This effect was
reversed when the sites were mutated (Fig. 3G). These
findings suggest the expression of MTUS1/ATIP1 may be
regulated via an FTO-m®A-dependent mechanism.

FTO decreased MTUS1/ATIP1T mRNA stability and
translation

To investigate the impact of m°A demethylation on
MTUS1/ATIP1 mRNA and protein stability, actinomy-
cin D and cycloheximide assays were utilized. The results
in Fig. 4A indicated a notable decrease in the stability of
MTUS1/ATIP1 mRNA levels in FTO-overexpressed cells
compared to control cells, while the degradation rate
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Fig. 1 Downregulation of MTUST/ATIP1 was related to m®A methylation enzymes in HNSCC. A The density distribution of m°A peaks across mRNA
transcripts was analyzed by dividing the upstream untranslated region (5'UTR), coding region (CDS), and downstream untranslated region (3'UTR) into
100 segments. The percentages of peaks within each segment were then calculated. B The distribution of m®A peaks across the various regions of mRNA
transcripts, including the 5'UTR), start codon, CDS, stop codon, and 3'UTR, is presented for the entire set of mRNA transcripts. C The m®A motif was
detected using the HOMER motif discovery tool in conjunction with meRIP-seq data. The metagene plot illustrates that the distributions of m°A peaks
remain largely unchanged, revealing similar GGACU consensus motifs in both HNSCC tissues and normal tissues. D The visualization of m°A peaks from
MeRIP-seq in HNSCC tissues compared to normal tissues is presented using Integrative Genomics Viewer (IGV) plots. The m®A peaks are located within
the 3'untranslated region (3'UTR) of the MTUST/ATIP1 gene. A schematic representation of the m°A methylation site within the 3'UTR region of MTUS1/
ATIP1is provided. E gRT-PCR of HNSCC tissues and adjacent normal tissues confirmed that MTUS1/ATIP1 was significantly downregulated and m°A writers
METTL3, and WTAP were regulated in HNSCC; erasers, FTO was significantly upregulated, while ALKBH5 expression was unchanged in HNSCC. GAPDH was

used as loading proteins. *P<0.05; **P <0.01; ***P<0.001
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of MTUS1I/ATIP1 protein levels remained unchanged of MTUSI/ATIP1 mRNA. The data revealed that FTO
(Fig. 4B). Knockdown of FTO did not affect the protein  overexpression led to a reduction in the proportion of
degradation rate either (Fig. 4C). Furthermore, a Ribo- ~MTUS1/ATIP1 mRNA in actively translated polysome
some-Nascent Chain Complex (RNC)-qRT-PCR analy- fractions, whereas FTO knockdown had the opposite
sis was employed to evaluate the translation capability effect (Fig. 4D). These findings indicate FTO affects
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Fig. 3 MTUS1/ATIP1 downregulation was mediated through FTO-m®A-dependent mechanism. A-B FTO and ATIP1 protein level were detected by west-
ern blotting in FTO-overexpressed (A) or -knockdowned (B) HNSCC cells. C-D The m°A level of RNA were detected by dot blot in FTO-overexpressed
(C) or -knockdowned (D) HNSCC cells. E MeRIP-gPCR showed that relative MTUS1/ATIP1 m°A level was significantly decreased after FTO overexpression
in HNSCC cells. F MeRIP-gPCR showed that relative MTUS1/ATIPT m°A level was significantly increased after FTO knockdown in HNCSS cells. G Dual-
luciferase assays showed that FTO overexpression inhibited the luciferase activity of individual reporter constructs containing wild-type 3'UTR fragment
of MTUS1/ATIP1, while was abrogated when the m°A sites were mutated. B-actin was used as loading proteins. All data are presented as the mean+SEM

of three independent experiments. ***P <0.001

MTUS1/ATIP1 expression by influencing mRNA stabil-
ity and translation in HNSCC.

MTUS1/ATIP1 significantly alleviated the inhibitory effects
of FTO in HNSCC in vitro and in vivo

Initially, we assessed the effect of FTO in HNSCC. As
shown in Fig. 5A-F and Figure $3-S4, knockdown of
FTO resulted in a reduction in the proliferative capacity,
migration ability, and colony formation of HNSCC cells.
Co-transfection of ATIP1 shRNA successfully reversed
the inhibitory effects of FTO. Additionally, the expression
levels of MTUS1/ATIP1 were elevated in HNSCC cells

with FTO knockdown, but this effect was alleviated upon
co-transfection with ATIP1 shRNA (Fig. 5G).

To investigate the impact of the FTO-MTUS1/ATIP1
pathway on tumor proliferative capacity in vivo, a sub-
cutaneous tumorigenesis model was utilized. Stable
FTO-knockdown or FTO/ATIP1 double knockdown
cells were injected into Balb/c mice. The xenografts were
measured and recorded every three days. The results
showed that FTO-knockdown led to a notable reduce in
both the weight and volume of tumors when compared to
the control group. MTUS1/ATIP1 knockdown was able
to counteract the effects of shFTO in the subcutaneous
tumorigenesis model (Fig. 5H and Figure S5A).
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Fig. 4 FTO decreased MTUST/ATIPT mRNA stability and translation. A MTUS1/ATIPT mRNA stability was significantly decreased in FTO-overexpressed
HNSCC cells after treated with actinomycin D. B-C MTUS1/ATIP1 protein stability was no significant changes between FTO-overexpressed (B) or -knock-
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Polysome-fractionated samples analyzed by gRT-PCR showed that polysome-

bound MTUST/ATIPT mRNA levels were significantly decreased after FTO overexpression in HNSCC cells, while knockdown of FTO exerted the opposite

effects. GAPDH was used as loading proteins. All data are presented as the

An in situ tongue cancer model was established using
stable FTO-knockdown or double knockdown cells
(shFTO and shATIP1) in HNSCC cells. The mice and the
xenografts were observed every three days. Compared
to the control group, the FTO-knockdown group exhib-
ited a notable decrease in both the weight and volume of
tumors. Co-transfection of ATIP1 shRNA successfully
alleviated the inhibitory effects of FTO (Fig. 5I and Figure
S5B). These results were in line with those observed in
the subcutaneous tumor model. Collectively, these find-
ings indicate that silencing MTUS1/ATIP1 can effectively
counteract the FTO-induced inhibition of tumor growth
in HNSCC, both in vitro and in vivo.

Discussion

Microtubule-associated tumor suppressor gene (MTUS1)
has reduced expression in various malignancies includ-
ing gastric cancer [30], colorectal carcinoma [31] and
breast cancer [32]. ATIP1 is the fifth transcript variant

mean + SEM of three independent experiments. ***P<0.001

and the predominant isoform of MTUS], playing a vital
role role in the occurrence and development of of vari-
ous cancers [33]. Prior studies conducted by our team
have shown a marked decrease in the expression levels
of MTUS1/ATIP1 within HNSCC cells [5, 9]. MTUS1/
ATIP1, acting as a tumor suppressor gene, exhibits sig-
nificant antitumor activity [7, 34]. However, the reasons
behind the downregulation of MTUSI/ATIP1 and its
underlying mechanism in HNSCC remain unclear. This
study utilized MeRIP-seq analysis of HNSCC tissues
and found a significant reduction in m°A methylation of
MTUS1/ATIP1 in HNSCC, shedding light on potential
mPA-related mechanisms for the decreased expression of
MTUS1/ATIP1 in this type of cancer.
N6-methyladenosine (m®A) modification represents
a crucial and widespread internal alteration found in
human mRNA molecules, influencing mRNA splic-
ing, stability, degradation, and translation [35, 36].
Research has shown that the improper regulation of m°A
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Fig. 5 MTUS1/ATIP1 significantly alleviated the inhibitory effects of FTO in HNSCC in vitro and in vivo. A-C FTO knockdown suppressed cell proliferation,
migration, and colony formation in SCC9 cells. MTUS1/ATIP1 knockdown effectively reversed these effects, increasing the abilities of FTO-knockdown
SCC9 cells to proliferate, migrate, and form colonies. D-F MTUS1/ATIP1 knockdown was found to mitigate the impact of FTO in HSC3 cells. G MTUS1/ATIP1
protein and mRNA level were detected after knockdown of MTUS1/ATIP1 in FTO-knockdowned HNSCC cells. H Knockdown of MTUS1/ATIP1 effectively
promoted FTO-knockdown tumor growth of subcutaneous xenograft in mice (n=6). 1 Knockdown of ATIP1 effectively promoted FTO-knockdown in situ
tongue tumor growth in mice (n=6). GAPDH was used as loading proteins. All data are presented as the mean + SEM of three independent experiments.

*P<0.05; **P<0.01; ***P<0.001

modification is implicated in a variety of diseases, such
as brain developmental abnormalities and cancers [37].
Our previous paper has demonstrated a significant asso-
ciation between m®A methylation and HNSCC [23, 24].

FTO, recognized as the inaugural m®A demethylase, has
been revealed to act as an oncogene across various can-
cer subtypes, with its oncogenic function relying on its
demethylase activity. According to the findings of Yang
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and colleagues, elevated expression of FTO in melanoma
is associated with enhanced tumor growth and a reduced
efficacy of anti-PD-1 blockade immunotherapy, which
occurs through FTO-mediated m°A demethylation [38].
Jeschke et al. observed that the suppression of FTO-
mediated m°A demethylase promoted the progression of
epithelial tumors through epithelial-mesenchymal transi-
tion (EMT) [39]. However, there are relatively few stud-
ies focus on the FTO targets and their definitive roles in
HNSCC. Wang et al. demonstrated that FTO enhances
sensitivity of HNSCC to ferroptosis by suppressing
ACSL3 and GPX4 [40]. Li el al. reported that FTO reg-
ulated tumorigenesis of arecoline-promoted human
oral carcinoma [41]. The findings of this research reveal
a strong association between elevated levels of FTO
expression and poor overall survival (OS) in HNSCC
patients. Furthermore, a negative relationship was identi-
fied between the expression levels of MTUS1/ATIP1 and
FTO.

The carcinogenic effects of FTO are believed to stem
from two main mechanisms. By modulating its demeth-
ylase activity, FTO can either enhance the translation of
oncogenes or promote the degradation of tumor suppres-
sor transcripts [42, 43]. There have been limited studies
on the decay of tumor suppressor transcripts [44]. Liu et
al. discovered that FTO expression is increased in Acute
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Myeloid Leukemia (AML), facilitating the transforma-
tion of AML cells and the process of leukemogenesis by
diminishing the m®A levels and destabilizing the mRNA
of ASB2 and RARA [19]. Furthermore, FTO was found
to accelerate the proliferation, metastasis, and colony
formation abilities by influencing the mRNA stability
of BNIP3 in breast cancer [45]. To clarify the molecu-
lar mechanism through which FTO influences MTUS1/
ATIP1, we discovered a possible m°A site located in
MTUS1/ATIP1 3'UTR. We further confirmed that this
site is essential for regulating the stability of MTUS1/
ATIP1 mRNA through a dual-luciferase assay. Overex-
pression of FTO led to a reduction in both the mRNA
stability and protein level of MTUS1/ATIP1 without
affecting its protein degradation rate. These results align
with previous findings that the mRNA stability of tumor
suppressor genes in AML and breast cancer is nega-
tively regulated by FTO [19, 45]. Additionally, the level
of polysome-bound MTUS1/ATIP1 mRNA decreased in
FTO-overexpressing HNSCC cells, indicating that FTO
may control both the translation and stability of MTUS1/
ATIP1 mRNA (Fig. 6). In order to explore the function
of MTUS1/ATIP in FTO-dependent tumor growth and
progression in HNSCC, shRNA targeting ATIP1 was
introduced in FTO stable knockdown HNSCC cells.
The experimental results demonstrated that silencing

Cytosol
mRNA translationi

ATIP1 mRNA

S

ATIP1 mRNA

Nucleus

Fig.6 Schematic diagram illustrates the mechanism by which FTO mediates the m®A demethylation of MTUS1/ATIP1. FTO is significantly upregulated in
HNSCC, resulting in the m®A demethylation of MTUS1/ATIPT mRNA. This demethylation leads to a marked reduction in both the stability and translational
efficiency of MTUS1/ATIPT mRNA, ultimately resulting in decreased expression of the mitochondrial outer membrane protein MTUS1/ATIP1
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of MTUS1/ATIP1 effectively counteracted the effects of
shFTO on tumor growth, both in vitro and in vivo, high-
lighting MTUS1/ATIP1 as a downstream target of FTO
in regulating HNSCC growth and progression. In pre-
vious studies, we demonstrated that MTUS1/ATIP1 is
localized in the outer mitochondrial membrane, influ-
ences mitochondrial function and metabolism, and
induces pyroptotic death in HNSCC cells via the ROS-
BAX-caspase-9/-3-GSDME pathway [9]. This study
further elucidates the FTO demethylation mechanism
associated with the decline of MTUS1/ATIP1, reveal-
ing a previously unrecognized gene regulatory mecha-
nism in HNSCC and providing significant insights into
the molecular mechanisms underlying tumorigenesis.
Moreover, considering the critical role of FTO in the
occurrence and progression of HNSCC, targeting FTO
signaling through selective inhibitors to modulate the
expression of MTUS1/ATIP1 may represent a promis-
ing therapeutic strategy for treating HNSCC. Given that
FTO-driven demethylation is also implicated in other
cancer types, our findings could have far-reaching impli-
cations for cancer biology and treatment.

Conclusions

This study reveals that elevated FTO expression corre-
lates with poor overall survival in HNSCC and negatively
regulates MTUS1/ATIP1 expression by affecting mRNA
stability and translation. Silencing MTUS1/ATIP1 coun-
teracts FTO-driven tumor growth in vitro and in vivo,
highlighting the role of FTO-mediated m°®A demeth-
ylation in malignancy progression and identifying the
FTO-MTUS1/ATIP1 pathway as a potential therapeutic
target.
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