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Abstract

Background and Aims: Fat mass and obesity-associated 
protein (FTO) has been linked to various cancers, though 
its role in hepatocellular carcinoma (HCC) remains unclear. 
This study aimed to investigate FTO expression, its clini-
cal relevance, functional role in HCC progression, and the 
underlying molecular mechanisms. Methods: Quantitative 
reverse-transcription polymerase chain reaction and im-
munohistochemical analysis were used to assess FTO ex-
pression in HCC. Functional assays, including proliferation, 
invasion, and epithelial-mesenchymal transition studies, 
were conducted using HCC cell lines with FTO knockdown. 
N6-methyladenosine (m6A) RNA immunoprecipitation and 
RNA stability assays further elucidated the role of FTO in 
BUB1 mRNA methylation and stability. Co-immunoprecip-
itation studies were employed to confirm the interaction 
between BUB1 and TGF-βR1. In vivo studies in nude mice 
were conducted to evaluate tumor growth following FTO 
knockdown. Results: FTO was significantly upregulated in 
HCC tissues compared to normal liver tissues, with higher 
expression observed in advanced tumor-node-metastasis 
stages and metastatic HCC. Elevated FTO correlated with 
poor overall survival in patients. Silencing FTO decreased 
HCC cell proliferation, colony formation, invasion, epithe-
lial-mesenchymal transition, and tumor growth in nude 
mice. Mechanistically, FTO downregulation led to increased 
m6A modification of BUB1 mRNA, thereby promoting its 
degradation via the YTH domain family 2-dependent path-
way and reducing BUB1 protein levels. Additionally, BUB1 
physically interacted with TGF-βR1, activating downstream 
TGF-β signaling. Conclusions: FTO is overexpressed in 
HCC and is associated with poor clinical outcomes. Mech-
anistically, FTO promotes HCC progression by stabilizing 
BUB1 mRNA through an m6A-YTH domain family 2–de-
pendent pathway, which activates TGF-β signaling. Target-

ing the FTO–BUB1–TGF-βR1 regulatory network may offer 
a promising therapeutic strategy for HCC.

Citation of this article: Zhang L, Gan L, Lin Y, Mei Z, Liao 
S. FTO Promotes Hepatocellular Carcinoma Progression by 
Mediating m6A Modification of BUB1 and Targeting TGF-βR1 
to Activate the TGF-β Signaling Pathway. J Clin Transl Hepatol 
2025;13(5):385–394. doi: 10.14218/JCTH.2025.00007.

Introduction
Hepatocellular carcinoma (HCC) is a primary malignancy of 
the liver and represents a significant global health burden, 
ranking among the leading causes of cancer-related deaths 
worldwide.1,2 The incidence of HCC is closely linked to chron-
ic liver diseases, such as fibrosis and cirrhosis, which often 
result from prolonged hepatitis B or hepatitis C infections, 
alcohol abuse, and non-alcoholic fatty liver disease.3,4 De-
spite advancements in surgical resection, locoregional thera-
pies, and targeted molecular drugs, the overall survival rate 
of HCC patients remains suboptimal, highlighting the critical 
need for new biomarkers and targeted therapies to improve 
patient outcomes.5,6

In recent years, epitranscriptomic modifications, particu-
larly N6-methyladenosine (m6A) on mRNA, have emerged as 
pivotal regulators of gene expression in cancer biology.7–9 The 
dynamic nature of m6A modification is governed by “writers” 
(methyltransferases such as METTL3 and METTL14), “eras-
ers” (demethylases including fat mass and obesity-associat-
ed protein (FTO) and ALKBH5), and “readers” (m6A recogni-
tion proteins such as YTH domain family (YTHDF) members: 
YTHDF1, YTHDF2, and YTHDC1/2).10,11 Through these regu-
lators, m6A influences mRNA stability, translation efficiency, 
and localization.12 Accordingly, alterations in m6A regulators 
have been implicated in cancer initiation, progression, and 
metastasis.13,14

FTO is one of the first m6A demethylases identified. Initial 
studies on FTO focused on its role in metabolism and obesity, 
but further research has revealed its involvement in various 
pathophysiological processes, including carcinogenesis.15 El-
evated FTO expression has been observed in several malig-
nancies, where it can enhance tumor growth, cell prolifera-
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tion, and metastatic potential.16 In HCC, emerging evidence 
supports a role for FTO as a critical oncogenic factor,17,18 al-
though the exact mechanisms by which FTO promotes HCC 
progression remain only partially understood.

In this study, we found that one downstream target of 
FTO in HCC is BUB1 (budding uninhibited by benzimidazoles 
1), a key component of the mitotic checkpoint system. BUB1 
encodes a serine/threonine kinase that plays essential roles 
in chromosome alignment and segregation during mitosis.19 
Aberrant BUB1 expression has been reported in various 
cancers, including HCC, and is often associated with poor 
prognosis.20,21 However, the detailed molecular relationship 
between FTO and BUB1, involving m6A post-transcriptional 
regulation, has not been clearly delineated.

Further complexity arises from the cross-talk between 
BUB1 and TGF-β signaling. The TGF-β (transforming growth 
factor beta) pathway is integral to cell proliferation, differ-
entiation, and survival, often exhibiting tumor-suppressor 
activity in early-stage tumors but paradoxically promoting 
invasion and metastasis in later stages of tumorigenesis.22,23 
The TGF-β receptor, TGF-βR1, along with its downstream 
effectors—such as SMAD2 and SMAD3—coordinates these 
biological responses.24 Dysregulation of TGF-β signaling is 
frequently observed in advanced HCC and correlates with 
increased migration, invasion, and epithelial-mesenchymal 
transition (EMT).25

A recent study suggests that BUB1 binds to TGF-βR1, pro-
moting its heterodimerization with TGF-βR2, which activates 
TGF-β signaling and regulates cellular biological functions.26 
Nonetheless, how FTO-mediated m6A regulation of BUB1 
mRNA integrates with TGF-β-driven oncogenic programs re-
mains an active area of investigation. A critical understand-
ing of these interconnected pathways may lead to novel ther-
apeutic options for aggressive liver cancers.

Methods

Human tissue collection
HCC tissues and adjacent normal liver tissues were collect-
ed from 50 patients undergoing surgical resection at The 
Second Affiliated Hospital of Chongqing Medical University. 
Among these, 31 cases were classified as tumor-node-me-
tastasis (TNM) stage I-II, 19 cases as TNM stage III-IV, and 
12 cases presented with distant metastasis. None of the 
patients had received chemotherapy or radiotherapy prior 
to surgery. All specimens were histopathologically verified. 
Tissue samples were immediately snap-frozen in liquid ni-
trogen and stored at −80°C for subsequent assays. Written 
informed consent was obtained from all participants, and 
this study was approved by the Ethics Committee of The 
Second Affiliated Hospital of Chongqing Medical University 
(2021[152]).

Cells, cell culture, and transfection
The human HCC cell lines Hep3b and MHCC97H were ob-
tained from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China). Cells were maintained in Dulbec-
co’s Modified Eagle Medium (DMEM; Gibco, Thermo Fisher 
Scientific, USA) supplemented with 10% fetal bovine serum 
(FBS; Gibco, Thermo Fisher Scientific, USA) and 1% peni-
cillin-streptomycin (HyClone, Cytiva, USA) at 37°C in a hu-
midified incubator with 5% CO2. For knockdown of target 
genes (FTO, YTHDF2, and BUB1), short hairpin RNAs were 
purchased from GenePharma (Shanghai, China). For over-
expression experiments, full-length coding sequences were 
cloned into pcDNA3.1 vectors (Invitrogen, Thermo Fisher 

Scientific, USA). Transfections were performed using Lipo-
fectamine 3000 (Invitrogen, Thermo Fisher Scientific, USA) 
according to the manufacturer’s protocol.27 Stably trans-
fected cell lines were selected and maintained in medium 
containing 2 µg/mL puromycin (Sigma-Aldrich, Merck, Ger-
many) when applicable.

Database analysis
FTO expression levels in HCC were analyzed using data from 
The Cancer Genome Atlas (TCGA).28 Expression profiles and 
corresponding clinical information were downloaded from the 
Genomic Data Commons Data Portal. Differential expression 
between tumor and normal tissues was computed, with a p-
value < 0.05 considered statistically significant.

RNA sequencing
Total RNA was extracted using TRIzol reagent (Invitrogen) 
from cells treated with sh-FTO or sh-NC (negative control). 
RNA quality was assessed using an Agilent 2100 Bioanalyzer 
(Agilent Technologies). Libraries were prepared using the 
NEBNext Ultra RNA Library Prep Kit for Illumina (New Eng-
land Biolabs) according to the manufacturer’s instructions. 
Sequencing was performed on an Illumina platform (HiSeq or 
NovaSeq) to generate 150-bp paired-end reads. Differential-
ly expressed genes were identified with |log2(fold change)| 
≥ 1 and p < 0.05, and KEGG pathway enrichment analysis 
was conducted.29

Cell counting kit-8 (CCK-8) assay
Cell proliferation was measured using the CCK-8 (Dojindo, 
Japan). Briefly, transfected Hep3b or MHCC97H cells were 
seeded in 96-well plates. At designated time points (Day 1, 
2, 3, 4), 10 µL of CCK-8 solution was added to each well and 
incubated for 2 h at 37°C. Optical density values at 450 nm 
were recorded using a microplate reader (Bio-Rad, USA).30 
Each experiment was performed in triplicate.

Colony formation assay
For colony formation analysis,31 500 transfected cells were 
plated in six-well plates and maintained in complete medium 
for 10–14 days. The medium was changed every three days. 
Colonies were fixed in 4% paraformaldehyde (Sigma-Aldrich, 
USA) for 15 min and stained with 0.1% crystal violet. Visible 
colonies were counted under a microscope. Each experiment 
was performed at least in triplicate.

Transwell invasion assay
Cell invasion was evaluated using a Transwell system (Corn-
ing, USA) coated with Matrigel (Corning, USA).32 Matrigel 
was diluted 1:8 in serum-free DMEM, coated onto mem-
branes, and polymerized at 37°C for 1 h prior to cell seeding. 
Briefly, transfected cells in serum-free medium were placed 
in the upper chamber. Complete medium containing 10% 
FBS served as a chemoattractant in the lower chamber. After 
24 h of incubation, non-invading cells were removed with a 
cotton swab. Cells that had invaded through the membrane 
were fixed with 4% paraformaldehyde (Sigma-Aldrich, USA), 
stained with 0.1% crystal violet (Sigma-Aldrich, USA), and 
counted in five randomly selected fields under an inverted 
microscope.

Real-time quantitative polymerase chain reaction 
(qPCR)
Total RNA was extracted using TRIzol reagent (Invitrogen, 
USA), and 1 µg of RNA was reverse-transcribed using a Pri-
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meScript RT reagent kit (Takara, Japan) according to the 
manufacturer’s instructions. Quantitative real-time qPCR 
was performed with SYBR Green PCR Master Mix (Applied 
Biosystems, USA) on a StepOnePlus Real-Time PCR System 
(Applied Biosystems, USA). The relative expression of target 
genes was determined using the 2−ΔΔCt method, with GAPDH 
as an internal control.33

Western blotting
Cells or tissues were lysed in RIPA buffer (Beyotime, Chi-
na) containing protease and phosphatase inhibitors (Roche, 
Switzerland). Protein concentrations were measured using 
the BCA Protein Assay Kit (Thermo Fisher Scientific, USA). 
Equal amounts (30 µg) of proteins were loaded onto SDS-
PAGE gels (Bio-Rad, USA) and transferred to PVDF mem-
branes (Millipore, USA). Membranes were blocked with 5% 
nonfat milk in TBST, then incubated with primary antibodies 
overnight at 4°C. After washing, membranes were incubated 
with HRP-conjugated secondary antibodies (Thermo Fisher 
Scientific, USA) for 1 h at room temperature. Protein bands 
were visualized using an ECL detection kit (Bio-Rad, USA) 
and quantified with ImageJ software.34 β-actin served as an 
internal loading control.

Co-immunoprecipitation
To examine BUB1–TGF-βR1 interactions, co-immunopre-
cipitation assays were conducted.35 Hep3b cells were lysed 
in immunoprecipitation buffer (Beyotime, China) supple-
mented with protease inhibitors. Lysates (500–1,000 µg 
of total protein) were precleared with protein A/G agarose 
beads (Thermo Fisher Scientific, USA) for 2 h at 4°C. Sub-
sequently, the supernatant was incubated with specific an-
tibodies: anti-TGF-βR1 (2 µg per 1 mL lysate), anti-BUB1 
(2 µg per 1 mL lysate), or control IgG (2 µg per 1 mL 
lysate), overnight at 4°C with gentle rotation. The im-
munocomplex was captured by fresh protein A/G agarose 
beads for an additional 2 h. Beads were then washed three 
times with immunoprecipitation buffer, and bound proteins 
were eluted by boiling in the SDS sample buffer. Eluted 
proteins were subjected to SDS-PAGE and Western blotting 
as described above.

RNA immunoprecipitation (RIP)
RIP was performed using the Magna RIP Kit (Millipore, USA) 
to investigate RNA–YTHDF2 interactions.36 Cells were lysed 
in RIP lysis buffer, and lysates were incubated with magnetic 
beads conjugated to the specific antibody or control IgG. Af-
ter washing, RNA was extracted from the immunocomplexes 
using TRIzol (Invitrogen, USA) and subjected to qRT-PCR for 
BUB1 detection. The enrichment of a specific transcript in RIP 
samples was analyzed relative to the input.

RNA stability assays
For RNA stability measurements,37 actinomycin D (ActD; 
Selleck Chemicals, USA) was added to the culture medium 
at a final concentration of 5 µg/mL. Cells were harvested at 
multiple time points (0, 2, 4, 6 h) following ActD treatment. 
Total RNA was isolated at each time point, and the levels of 
BUB1 mRNA were quantified by qRT-PCR.

Immunohistochemistry
Paraffin-embedded tissue sections (4 µm) from clinical sam-
ples were deparaffinized, rehydrated, and subjected to an-
tigen retrieval. Endogenous peroxidases were blocked with 
3% H2O2, and nonspecific binding was blocked using 5% 
normal goat serum. Slides were incubated overnight at 4°C 

with anti-FTO followed by an HRP-linked secondary antibody 
(Thermo Fisher Scientific, USA) for 1 h at room temperature. 
Signal development was achieved using a DAB substrate kit 
(Vector Labs, USA), and hematoxylin counterstaining was 
performed. Staining intensity was evaluated by two inde-
pendent pathologists who were blinded to the experimental 
conditions.

Methylated RNA immunoprecipitation (MeRIP)-qPCR
MeRIP was carried out to assess m6A modification levels of 
BUB1 using the Magna MeRIP m6A Kit (Millipore, USA).38 
Briefly, 200 µg of total RNA was fragmented to an average 
length of ∼200 nt by incubation with fragmentation buffer. 
The sample was then immunoprecipitated with an anti-m6A 
antibody conjugated to Protein A/G beads (Thermo Fisher 
Scientific, USA). Eluted RNA was purified, and the relative 
enrichment of specific transcripts was quantified via qRT-
PCR. IgG was used as the negative control. Results were 
normalized to input RNA.

Immunofluorescence
Cells grown on coverslips were fixed with 4% paraformalde-
hyde for 15 min, permeabilized with 0.1% Triton X-100, and 
blocked with 5% normal donkey serum (Abbkine, China) for 
1 h at room temperature. Anti-Ki67 antibody was incubated 
at 4°C overnight. After PBS washes, coverslips were incu-
bated with appropriate fluorescence-conjugated secondary 
antibodies (Thermo Fisher Scientific, USA) for 1 h at room 
temperature and stained with DAPI (Beyotime, China) to vis-
ualize nuclei.39 Immunofluorescence images were captured 
using a confocal laser scanning microscope (Zeiss LSM 710).

In vivo tumor xenograft model
Animal experiments were performed in accordance with the 
guidelines of the Institutional Animal Care and Use Commit-
tee at The Second Affiliated Hospital of Chongqing Medical 
University. Four- to six-week-old BALB/c nude mice were ob-
tained from the Experimental Animal Center of Chongqing 
Medical University. For subcutaneous xenografts, ∼2×106 
Hep3b cells (stably transfected with sh-FTO or control sh-NC) 
were suspended in 100 µL of a Matrigel/PBS mixture and in-
jected into the flank of each mouse (n = 8 per group). Tumor 
dimensions were measured every seven days using digital 
calipers. Tumor volume was calculated using the formula: V 
= (length × width2)/2.40 Mice were sacrificed at the endpoint 
as determined by the Institutional Animal Care and Use Com-
mittee humane criteria, and tumor tissues were excised for 
further analyses.

Statistical analysis
Data are presented as mean ± standard deviation from at 
least three independent experiments. All data were first test-
ed for normal distribution using the Shapiro-Wilk test. For 
normally distributed data, comparisons between two groups 
were performed using Student’s t-test, while non-normally 
distributed data were analyzed using the Mann-Whitney U 
test. Differences among multiple groups were assessed using 
one-way ANOVA followed by Tukey’s post hoc test. Correla-
tions between gene expression levels were analyzed using 
Pearson’s correlation coefficient. Survival curves were gen-
erated using Kaplan-Meier analysis with the log-rank test. 
Patients were categorized into high or low FTO expression 
groups (n = 25 each) based on median FTO mRNA levels 
from qRT-PCR. Statistical significance was defined as p < 
0.05. GraphPad Prism 10.1.2 (GraphPad Software) was used 
for data processing and visualization.
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Results

High expression of FTO in HCC associated with poor 
prognosis
To evaluate the expression pattern and clinical relevance of 
FTO in HCC, publicly accessible data from TCGA were ana-
lyzed. In these datasets, FTO was found to be significantly 
upregulated in HCC tissues compared to normal liver tissues 
(Fig. 1A). Elevated FTO expression in paired human HCC 
specimens and adjacent normal controls was further con-
firmed using qRT-PCR (Fig. 1B). Receiver operating charac-
teristic (ROC) curve analysis showed an area under the curve 
(AUC) of 0.766 for FTO, suggesting a strong ability to distin-
guish HCC from normal tissues (Fig. 1C). When HCC sam-
ples were stratified according to TNM stage, FTO expression 
exhibited a progressive increase in advanced disease stages 
(Fig. 1D), which was supported by an additional ROC analysis 
(Fig. 1E). Patients with metastatic HCC also demonstrated 

higher levels of FTO (Fig. 1F), and this finding was validated 
by an ROC curve (Fig. 1G). Furthermore, a Kaplan-Meier sur-
vival analysis indicated that patients with elevated FTO had 
a significantly reduced overall survival rate (Fig. 1H). Immu-
nohistochemistry staining detected stronger FTO signals in 
tumor tissues than in matched adjacent tissues (Fig. 1I), and 
Western blot analysis reinforced these observations at the 
protein level (Fig. 1J). Taken together, these results revealed 
that FTO was highly expressed in HCC and was associated 
with poor clinical outcomes.

Knockdown of FTO inhibited proliferation, invasion, 
and EMT in HCC cells
To investigate the functional importance of FTO in HCC pro-
gression, small hairpin RNAs were employed to reduce FTO 
in Hep3b and MHCC97H cell lines. Western blot and qRT-PCR 
analysis confirmed a marked reduction in FTO protein ex-
pression in sh-FTO cells compared to negative control (sh-

Fig. 1.  FTO expression in HCC and its relationship with clinical outcomes. (A) Box plot of FTO expression levels in HCC tissues and normal liver tissues from 
The Cancer Genome Atlas (TCGA) database. (B) qRT-PCR analysis of FTO mRNA levels in HCC tissues compared with adjacent normal tissues. (C) ROC curve display-
ing the diagnostic performance of FTO in distinguishing HCC tissues from normal tissues. (D) FTO expression levels in patients with different TNM stages of HCC. (E) 
ROC curve for FTO in differentiating between early-stage and advanced-stage HCC. (F) FTO mRNA levels in HCC patients with and without metastasis. (G) ROC curve 
analysis of FTO expression for discriminating between HCC patients with and without metastasis. (H) Kaplan-Meier survival analysis of HCC patients stratified by high 
vs. low FTO expression. (I) Representative images of immunohistochemical staining for FTO protein in HCC and adjacent normal tissues. (J) Western blot analysis of 
FTO protein levels in three pairs of HCC and matched normal samples. *p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed as mean ± standard deviation. HCC, 
hepatocellular carcinoma; qRT-PCR, quantitative reverse transcription polymerase chain reaction; ROC, receiver operating characteristic; TNM, tumor-node-metastasis; 
FTO, fat mass and obesity-associated.
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NC) cells (Fig. 2A and B). When FTO levels were decreased, 
Ki-67 expression was lower than in controls, suggesting a 
loss of proliferative capacity (Fig. 2C and D). CCK-8 assays 
showed that proliferation was diminished in sh-FTO–treated 
cells at multiple time points (Fig. 2E and F). Colony formation 
assays also demonstrated that fewer colonies were formed 

by FTO-depleted cells (Fig. 2G and I). In invasion assays, 
reduced FTO expression led to decreased invasive behavior 
in both Hep3b and MHCC97H cells (Fig. 2H and J). Moreover, 
EMT-related markers were evaluated by qRT-PCR and West-
ern blot. E-cadherin was found to be elevated, whereas N-
cadherin was diminished at both the mRNA and protein levels 

Fig. 2.  Effects of FTO knockdown on HCC cells. (A) and (B) Western blot analysis of FTO levels in Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. (C) 
and (D) Immunofluorescence staining for Ki-67 in Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. (E) and (F) CCK-8 assays measuring the proliferation 
of Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. (G) and (I) Colony formation assays of Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. 
(H) and (J) Transwell invasion assays measuring the invasive capacity of Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. (K) and (L) qRT-PCR analysis 
of E-cadherin and N-cadherin mRNA levels in Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. (M) Western blot analysis of E-cadherin and N-cadherin 
proteins in Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. * p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed as mean ± standard deviation. 
HCC, Hepatocellular Carcinoma; sh-FTO, short hairpin RNA targeting FTO; sh-NC, short hairpin RNA negative control; CCK-8, Cell Counting Kit-8; qRT-PCR, quantitative 
reverse transcription polymerase chain reaction; FTO, fat mass and obesity-associated.
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in sh-FTO cells (Fig. 2K, L, and M). These data indicated that 
the knockdown of FTO suppressed proliferation, invasion, 
and EMT in HCC cells.

BUB1 protein interacted with TGF-βR1
Subsequent analyses were performed to identify the poten-
tial downstream effectors of FTO in HCC. RNA sequencing 
data indicated that genes related to TGF-β signaling were 
among the most significantly altered after FTO knockdown 
(Fig. 3A). Consistently, levels of phosphorylated SMAD2 and 
phosphorylated p38 were reduced in sh-FTO cells, indicating 
downregulation of TGF-β pathway signaling (Fig. 3B). To fur-
ther pinpoint factors involved in this pathway, TGF-βR1 was 
immunoprecipitated, followed by mass spectrometry, reveal-
ing an overlap of proteins that were differentially regulated 
by FTO knockdown (Fig. 3C). Among the intersection, BUB1 
was identified as a significant target. In line with this find-
ing, FTO knockdown reduced BUB1 protein levels (Fig. 3D). 

A subsequent co-immunoprecipitation assay demonstrated 
that BUB1 and TGF-βR1 formed a physical interaction (Fig. 
3E), suggesting that BUB1 might be critical for TGF-βR1-
mediated signaling in HCC cells.

FTO regulated BUB1 expression via an m6A-YTHDF2-
dependent mechanism
Considering the role of FTO as an m6A demethylase, we 
hypothesized that FTO may increase BUB1 expression by 
modulating its mRNA methylation status. BUB1 mRNA was 
observed to be significantly higher in HCC tissues than in 
matched normal tissues (Fig. 4A), and its expression dis-
played a positive correlation with FTO (Fig. 4B). FTO inhibi-
tion via sh-FTO resulted in a marked decrease in both BUB1 
mRNA and protein (Figs. 3D and 4C). To assess m6A levels 
on BUB1 mRNA following FTO knockdown, MeRIP was car-
ried out in both the sh-NC and sh-FTO groups. The results 
revealed that m6A levels on BUB1 transcripts increased 

Fig. 3.  BUB1 protein interacts with TGF-βR1. (A) KEGG pathway enrichment analysis of differentially expressed genes in Hep3b cells transduced with sh-FTO or 
sh-NC. (B) Western blot measurements of TGF-β–associated proteins in Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. (C) Venn diagram depicting the 
overlap between proteins altered by FTO knockdown and those immunoprecipitated with TGF-βR1. (D) Western blot analysis of BUB1 protein levels in Hep3b and MH-
CC97H cells transduced with sh-FTO or sh-NC. (E) Co-immunoprecipitation assay showing the interaction between BUB1 and TGF-βR1. Data are expressed as mean ± 
standard deviation. TGF-βR1, Transforming Growth Factor-β Receptor 1; KEGG, Kyoto Encyclopedia of Genes and Genomes; HCC, Hepatocellular Carcinoma; sh-FTO, 
short hairpin RNA targeting FTO; sh-NC, short hairpin RNA negative control; TGF-β, Transforming Growth Factor-β; FTO, fat mass and obesity-associated.
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significantly when FTO was knocked down (Fig. 4D and E). 
Furthermore, RNA stability assays conducted in the pres-
ence of actinomycin D indicated a faster decay rate of BUB1 
mRNA in FTO-silenced cells (Fig. 4F and G). Overexpres-
sion of wild-type FTO effectively elevated BUB1 transcript 
levels, whereas an enzymatically inactive FTO mutant did 
not (Fig. 4H). Moreover, RIP showed that YTHDF2, which 
targets m6A-marked RNAs for degradation, bound more 
robustly to BUB1 mRNA following FTO depletion (Fig. 4I). 
Partial rescue of BUB1 expression was achieved by concur-
rently knocking down YTHDF2 in FTO-silenced cells (Fig. 
4J and K). These observations demonstrated that FTO sus-
tained BUB1 expression via an m6A-YTHDF2-dependent 
mechanism.

FTO-mediated BUB1 activation of the TGF-β signal-
ing pathway promotes HCC progression
Given that BUB1 physically interacted with TGF-βR1, further 
investigations were conducted to determine whether FTO 

modulated TGF-β signaling through BUB1. Overexpression of 
FTO in both Hep3b and MHCC97H cells enhanced BUB1 and 
Ki-67 expression (Fig. 5A and C), accompanied by increased 
phosphorylation of SMAD2 (Fig. 5B). Augmented prolifera-
tion, as assessed by the CCK-8 assay, was observed following 
FTO overexpression (Fig. 5D and E). Additionally, FTO over-
expression reduced E-cadherin levels and increased N-cad-
herin levels (Fig. 5F and G), promoting cell invasion (Fig. 5H 
and I). However, simultaneous depletion of BUB1 (OE-FTO + 
sh-BUB1) counteracted these pro-tumor effects, implicating 
BUB1 as a key mediator of FTO-driven TGF-β-related onco-
genesis (Fig. 5A–H). Finally, subcutaneous xenograft models 
in nude mice were used to determine the functional impact 
of FTO in vivo. Tumor volumes were significantly smaller in 
the sh-FTO groups compared to control animals (Fig. 5J and 
K). These findings suggest that FTO promotes HCC progres-
sion by facilitating BUB1-mediated TGF-β signaling and un-
derscore the potential of targeting the FTO–BUB1–TGF-βR1 
axis as a therapeutic strategy in liver cancer.

Fig. 4.  FTO regulation of BUB1 expression via an m6A-YTHDF2-dependent mechanism (A) qRT-PCR analysis of BUB1 expression in HCC and adjacent 
normal tissues. (B) Correlation between FTO and BUB1 mRNA expression in HCC tissues. (C) qRT-PCR analysis of BUB1 mRNA levels in Hep3b and 
MHCC97H cells transduced with sh-FTO or sh-NC. (D) and (E) MeRIP assays measuring m6A enrichment on BUB1 mRNA in Hep3b and MHCC97H cells 
transduced with sh-FTO or sh-NC. (F) and (G) BUB1 mRNA stability assays using ActD in Hep3b and MHCC97H cells transduced with sh-FTO or sh-
NC. (H) qRT-PCR analysis of BUB1 mRNA levels in Hep3b and MHCC97H cells overexpressing wild-type FTO (FTO-WT) or mutant FTO (FTO-MUT). (I) 
RIP analysis of YTHDF2 binding to BUB1 mRNA in Hep3b and MHCC97H cells transduced with sh-FTO or sh-NC. (J) qRT-PCR analysis of BUB1 levels 
in Hep3b and MHCC97H cells transduced with sh-NC, sh-FTO, and sh-FTO+sh-YTHDF2. (K) Western blot analysis of BUB1 protein levels in Hep3b and 
MHCC97H cells treated with sh-NC, sh-FTO, and sh-FTO+sh-YTHDF2. **p < 0.01, ***p < 0.001. Data are expressed as mean ± standard deviation. HCC, 
Hepatocellular Carcinoma; m6A, N6-methyladenosine; qRT-PCR, quantitative reverse transcription polymerase chain reaction; sh-FTO, short hairpin RNA targeting FTO; 
sh-NC, short hairpin RNA negative control; MeRIP, Methylated RNA Immunoprecipitation; ActD, Actinomycin D; FTO-WT, wild-type FTO; FTO-MUT, mutant FTO; RIP, RNA 
Immunoprecipitation; sh-YTHDF2, short hairpin RNA targeting YTHDF2; FTO, fat mass and obesity-associated.
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Fig. 5.  Effects of FTO-mediated BUB1 activation on the TGF-β signaling pathway and HCC progression. (A) and (C) qRT-PCR analysis of BUB1 and Ki-67 
expression in Hep3b and MHCC97H cells treated with OE-NC, OE-FTO, and OE-FTO+sh-BUB1. (B) Western blot analysis of BUB1, phosphorylated SMAD2, and SMAD2 
protein levels in Hep3b and MHCC97H cells treated with OE-NC, OE-FTO, and OE-FTO+sh-BUB1. (D) and (E) CCK-8 assays measuring proliferation in Hep3b and MH-
CC97H cells with OE-NC, OE-FTO, and OE-FTO+sh-BUB1. (F) and (G) qRT-PCR analysis of E-cadherin and N-cadherin mRNA levels in Hep3b and MHCC97H cells treated 
with OE-NC, OE-FTO, and OE-FTO+sh-BUB1. (H) and (I) Transwell invasion assays measuring invasion ability in Hep3b and MHCC97H cells treated with OE-NC, OE-
FTO, and OE-FTO+sh-BUB1. (J) and (K) Growth curves of subcutaneous xenograft tumors in nude mice injected with sh-FTO or sh-NC stable cell lines. (L) Schematic 
diagram illustrating the role of FTO-induced BUB1 upregulation in activating the TGF-β signaling pathway and promoting HCC progression, created with BioRender.com. 
* p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed as mean ± standard deviation. HCC, Hepatocellular Carcinoma; qRT-PCR, quantitative reverse transcription 
polymerase chain reaction; OE-NC, overexpression negative control; OE-FTO, overexpression of FTO; sh-BUB1, short hairpin RNA targeting BUB1; CCK-8, Cell Counting 
Kit-8; TGF-β, Transforming Growth Factor-β; sh-FTO, short hairpin RNA targeting FTO; sh-NC, short hairpin RNA negative control; FTO, fat mass and obesity-associated.
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Discussion
Early detection and effective treatment for HCC remain sig-
nificant clinical challenges, largely due to the tumor’s hetero-
geneity and high metastatic propensity.41,42 Epitranscriptom-
ic mechanisms, including m6A modifications, have emerged 
as vital regulatory factors in various cancer types.43 In this 
study, FTO was shown to be highly expressed in HCC and 
correlated with poorer clinical outcomes. Mechanistically, FTO 
elevated BUB1 expression by reducing m6A levels, thereby 
preventing BUB1 mRNA degradation through an m6A-YTH-
DF2-dependent pathway. Furthermore, BUB1 physically in-
teracted with TGF-βR1, promoting TGF-β signaling and driv-
ing HCC progression (Fig. 5L).

FTO was initially studied for its association with obesity, 
with single nucleotide polymorphisms in the FTO locus signif-
icantly associated with body mass index.44 After recognizing 
that FTO functions as an m6A demethylase, its oncogenic or 
tumor-suppressive roles have been explored.45 Studies show 
that in certain tumors, FTO overexpression typically confers 
growth advantages, facilitating proliferation, self-renewal of 
cancer stem cells, and even resistance to chemotherapy.46,47 
Consistent with previous reports indicating an oncogenic role 
for FTO in colorectal cancer and melanoma,48,49 our data 
validate FTO’s function in promoting HCC cell proliferation, 
invasion, and EMT. Importantly, we identified BUB1—a key 
mitotic checkpoint kinase—as a novel direct target of FTO.

FTO likely executes its oncogenic functions through the 
demethylation of transcripts encoding pro-tumorigenic pro-
teins, thereby stabilizing those mRNAs or enhancing their 
translation.45 BUB1 appears to be one such transcript in HCC, 
mediated by the YTHDF2 reader protein. Ordinarily, YTHDF2 
recognizes m6A-modified transcripts and promotes their 
degradation in processing bodies or stress granules.50 How-
ever, when BUB1 transcripts contain fewer m6A marks due 
to elevated FTO activity, the efficiency of YTHDF2 binding and 
subsequent decay decreases, potentially leading to increased 
translation of BUB1 protein.

BUB1 is traditionally recognized for its central role in the 
mitotic spindle checkpoint.51 In healthy cells, it prevents 
aneuploidy by halting the metaphase-to-anaphase transition 
until chromosomes are correctly aligned. Cancer cells often 
exploit or bypass these checkpoint pathways to accelerate 
cell cycle progression.52 Hence, the aberrant elevation of 
BUB1 might confer a proliferative advantage and promote 
genomic instability—characteristics of aggressive tumor phe-
notypes.53

Our study adds depth to this perspective by demonstrat-
ing how BUB1 binds TGF-βR1 to enhance TGF-β–mediated 
oncogenic signaling. Although the TGF-β pathway can exhibit 
both tumor-suppressive and tumor-promoting functions, 
advanced-stage HCC generally exploits TGF-β–induced pro-
cesses such as EMT and increased invasive capacity to facili-
tate metastasis. Our data confirm that FTO, via upregulation 
of BUB1, amplifies TGF-β signaling, thus providing a mecha-
nistic rationale for FTO’s association with aggressive tumor 
characteristics and reduced patient survival.

Despite these compelling findings, certain limitations of 
this study should be acknowledged. Although our data dem-
onstrate that FTO knockdown enhances m6A modification of 
BUB1 mRNA, the specific m6A sites on BUB1 mRNA remain 
unmapped. Additionally, the therapeutic implications of tar-
geting the FTO–BUB1 axis warrant further exploration. Ex-
periments using xenograft models with FTO-overexpressing 
cells and BUB1 knockdown could further validate this ap-
proach. Given that FTO ablation significantly restricted tumor 
growth in our xenograft assays, pharmacological inhibitors of 
FTO, in combination with existing targeted drugs or immuno-

therapies, may be an attractive strategy for advanced HCC. 
However, the potential systemic effects of FTO blockade, giv-
en FTO’s roles in physiological metabolism and adipogenesis, 
will need careful evaluation.

Conclusions
This study highlights the critical function of FTO in orchestrat-
ing m6A-dependent regulation of BUB1 and the subsequent 
amplification of TGF-β signaling in HCC. By revealing how 
FTO-driven BUB1 upregulation fosters malignant phenotypes, 
specifically enhancing proliferation, EMT, and tumor invasive-
ness, our work offers new perspectives for targeting epitran-
scriptomic modifications in liver cancer. Further research on 
FTO inhibitors (e.g., FB23-2, Meclofenamate Sodium, Rhein, 
and Dac51), along with detailed characterization of the 
BUB1–TGF-βR1 axis, could yield novel therapeutic strategies 
to abrogate HCC progression and improve patient survival.
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