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ABSTRACT

Objective: This study aims to investigate the role of fat mass and obesity-associated protein (FTO) in renal clear
cell carcinoma (RCC), particularly its regulatory effects on glycolysis, cell proliferation, and sirtuin 1/forkhead
box O1 (SIRT1/FOXO1) signaling pathway.

Material and Methods: The messenger RNA and protein expression levels of FTO in human proximal tubular
epithelial cells (human kidney 2 [HK-2]) and the RCC cell line A498 were determined by quantitative reverse
transcription polymerase chain reaction and Western blot. FTO expression was downregulated by FTO short
hairpin RNA and overexpressed using plasmids. Glycolysis levels were assessed by measuring glucose uptake,
lactate secretion, extracellular acidification rate, and adenosine triphosphate/adenosine diphosphate (ATP/ADP)
ratio. The effects of FTO on cell proliferation and cell cycle were evaluated through colony formation assays,
5-ethynyl-2'-deoxyuridine (EdU) staining, and flow cytometry. The SIRT1/FOXO1 signaling pathway was
analyzed through Western blot, and FOXO1 pathway inhibitor (AS1842856) was used to further explore the role
of SIRT1/FOXO1 in the FTO-mediated regulation of RCC.

Results: FTO was downregulated in A498 cells compared with that in HK-2 cells. FTO downregulation markedly
increased glucose uptake, lactate secretion, and the ATP/ADP ratio in A498 cells, and its overexpression inhibited
these processes. FTO downregulation also promoted RCC cell proliferation, as evidenced by an increase in colony
formation and the number of EdU-positive cells. Meanwhile, FTO overexpression suppressed the proliferation
of these cells. Flow cytometry analysis revealed that FTO downregulation notably increased the proportion of
cells in the S phase, and its overexpression increased the proportion of cells in the G0/G1 phase. Further analysis
indicated that FTO downregulation activated the SIRT1/FOXO1 signaling pathway, and its overexpression
inhibited this pathway. Treatment with the FOXO1 inhibitor AS1842856 significantly reversed the pro-glycolysis
and pro-proliferation effects of FTO downregulation, supporting the role of the SIRT1/FOXO1 pathway in FTO-
mediated regulation.

Conclusion: FTO downregulation promotes glycolysis and proliferation in RCC cells by activating the SIRT1/
FOXO1 signaling pathway. Targeting the FTO and SIRT1/FOXO1 pathway may provide potential therapeutic
strategies for the treatment of RCC.
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INTRODUCTION

Renal cell carcinoma (RCC) is a type of cancer that originates
in the kidneys, and it is responsible for the majority of
kidney cancer cases, representing 85-90% of all kidney
tumors."? RCC typically lacks evident clinical symptoms
in its early stages and is poorly sensitive to radiotherapy and
chemotherapy. As a result, many patients are already at an
advanced stage by the time of diagnosis, having missed the
optimal window for surgical treatment.”! Although emerging
therapies such as targeted treatments and immunotherapy
have shown some efficacy in treating RCC, the prognosis
for advanced RCC remains poor due to the high risk of drug
resistance and tumor recurrence.*! Elucidating the biological
processes underlying RCC development and identifying new
therapeutic targets are crucial to improve the prognosis of
patients with RCC patients.

The reprogramming of tumor metabolism, especially the
aberrant activation of the glycolytic pathway (Warburg
effect), is one of the key biological features in RCC
progression.*® Tumor cells preferentially use glycolysis
for energy production, even when oxygen levels are
adequate, instead of utilizing the more energy-efficient
oxidative phosphorylation pathway.”? This metabolic shift
provides the energy required for tumor cell growth and
proliferation and generates a large number of metabolic
intermediates that contribute to the formation of the tumor
microenvironment.®” Therefore, a deep understanding of
the regulatory mechanisms associated with glycolysis may
provide new insights for metabolic interventions in RCC.

Fat mass and obesity-associated protein (FTO) is an RNA
demethylase that regulates RNA metabolism processes,
including RNA stability, splicing, and translation, by
removing m6A modifications.” The role of FTO in various
malignancies has gained widespread attention, with its
function differing across different tumors.!""'?! For example,
FTO contributes to the progression of acute myeloid
leukemia™ and exhibits tumor-suppressive effects in
pancreatic cancer and thyroid cancer."** To date, systematic
research on the expression profiles and cellular functions
of FTO in RCC is still lacking. Whether FTO is involved in
the metabolic shift of RCC cells, particularly in glycolysis,
requires further investigation.

The sirtuin 1/forkhead box O1 (SIRT1/FOXO1) signaling
pathway is a highly regarded pathway in cell metabolism
regulation.!®! SIRT1 is a nicotinamide adenine dinucleotide
(NAD+)-dependent deacetylase that regulates various
downstream  targets, including FOXO1, through
deacetylation.'”®/  FOXO1 can control the expression
of glycolysis-related genes (such as glucose transporter
1 [GLUT1] and lactate dehydrogenase A [LDHA]) and play
either inhibitory or promotive roles in the development
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of various tumors.”” SIRT1 activates FOXO1 through
deacetylation, thereby regulating cell metabolism and
proliferation.””” Whether FTO regulates glycolysis and
proliferation in RCC cells through the SIRT1/FOXO1
signaling pathway remains to be clarified.

Based on the above background, this study aims to explore
the expression pattern of FTO in RCC and systematically
analyze its role in glycolysis and proliferation in RCC
cells. The potential regulatory mechanisms by which FTO
modulates RCC metabolism and proliferation through the
SIRT1/FOXO1 signaling pathway are also investigated. We
hypothesize that FTO downregulation activates the SIRT1/
FOXOL1 signaling pathway, thereby promoting glycolysis and
proliferation in RCC cells. By revealing the role of FTO in
RCC metabolic reprogramming, this study aims to provide
new molecular targets and potential therapeutic strategies for
the treatment of RCC.

MATERIAL AND METHODS
Cell culture

Human RCC cell line A498 (iCell-h010) and human
renal tubular epithelial cell line human kidney 2 (HK-2)
(iCell-h096) were obtained from Cellverse (Shanghai, China).
The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (iCell-0001, Cellverse, Shanghai, China) containing
10% fetal bovine serum (iCell-0500) and 1% penicillin/
streptomycin (iCell-15140-122, Cellverse, Shanghai, China).
The culture was maintained in an incubator at 37°C with
5% carbon dioxide (CO,). The cells used in this study were
authenticated by short tandem repeat identification (STR)
analysis, and the mycoplasma test yielded negative results.

Cell transfection and treatment

A498 cells in good condition were seeded evenly in a six-
well plate. FTO overexpression plasmid and short hairpin
RNA (shRNA) (FTO) were obtained from Sangon Biotech
(Shanghai, China) and diluted in serum-free medium.
The diluted DNA was gently mixed with Lipofectamine
3000 transfection reagent (L3000001, Thermo, Waltham,
Massachusetts, USA) and incubated at 25°C for 10 min to
form the DNA-transfection reagent complex. The prepared
transfection reagent-DNA complex was added to the cells
(500 uL), which were incubated in a 37°C, 5% CO, incubator
(MCO-170AIC, Panasonic, Osaka, Japan) for 4 h while
avoiding any disturbance. After 4 h, replace with complete
medium and continue incubation for 24 h.

The non-transfected and short hairpin RNA-fat mass and
obesity-associated protein (sh-FTO)-transfected A498 cells
were treated with AS1842856 (AS) at a concentration of
10 uM.
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Quantitative reverse transcription polymerase chain
reaction

RNA was extracted from the cells using an RNA extraction
reagent (DP420, Tiangen, Beijing, China), and its purity
and concentration were measured. The RNA was reverse-
transcribed into complementary DNA (cDNA) using a cDNA
synthesis kit (KR108, Tiangen, Beijing, China). A reaction
mixture containing SYBR Green Master Mix, forward and
reverse primers, and the ¢cDNA template was prepared
and subjected to qPCR. Cycle threshold (CT) values were
analyzed using qPCR software, and relative expression levels
were calculated using the 274" method. B-actin was used as
the internal control for normalization. The primer sequences
involved in this study are detailed in Table 1.

Western blot

The cells were lysed using a special lysis buffer (R0010,
Solarbio, Beijing, China) to collect the protein. Protein
concentration was measured using a Bicinchoninic Acid
Assay Kit (PC0020, Solarbio, Beijing, China). According to
the protein size, the appropriate concentration of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel was
selected (G2037-50T, Servicebio, Wuhan, China). Load the
samples and run electrophoresis to separate the proteins
by molecular weight. The proteins were transferred from
the gel to a polyvinylidene fluoride membrane (G6015,
Servicebio, Wuhan, China), which was then blocked with
5% bovine serum albumin solution (GC305010, Servicebio,
Wuhan, China) at room temperature for 1 h. Incubated
the membrane with primary antibodies at 4°C overnight:
FTO (1:1000, GBI111359, Servicebio, Wuhan, China),
SIRT1 (1:1000, GBI11512, Servicebio, Wuhan, China),
FOXO1 (1:1000, GB11495, Servicebio, Wuhan, China), and
B-actin (1:1000, GB15003, Servicebio, Wuhan, China). The
membrane was washed three times with TBST buffer for
5 min each and then incubated with HRP-labeled secondary
antibody (1:1000, GB23303, Servicebio, Wuhan, China)

Table 1: Primes sequences.

Primes name Primes sequences

hum-FTO-F GGATGAGCCAGCTTCACTGT
hum-FTO-R AGAAGGGTGCGATTTCTGGG
hum-GLUTI1-F TGAGCATCGTGGCCATCTTT
hum-GLUTI-R AGGCATGGAACCATTCAGGG
hum-LDHA-F CATGGCCTGTGCCATCAGTA
hum-LDHA-R AGATATCCACTTTGCCAGAGACA

hum-pB-actin-F GTGGATATTGTTGCCATCAATGACC
hum-f-actin-R GCCCCAGCCTTCTTCATGGTGGT

hum: Human, GLUT1: Glucose transporter 1, LDHA: Lactate
dehydrogenase A, A: Adenine, C: Cytosine, G: Guanine, T: Thymine

solution. An Enhanced Chemiluminescence substrate
(G2020, Servicebio, Wuhan, China) was used to incubate
the membrane, and protein bands were detected using
an imaging system (Gel Doc EZ, Bio-Rad Laboratories,
Hercules, California, USA). Band intensity was analyzed
using Image] software (version 1.5f, National Institutes of
Health, Bethesda, Maryland, USA).

Enzyme-linked immunosorbent assay (ELISA)
Glucose measurement

The cells were cultivated in a glucose-free medium for
80 min. The culture medium was harvested, followed
by centrifugation to eliminate any cell debris. A glucose
detection kit (60408ES60, Yeasen Biotechnology, Shanghai,
China) was used in accordance with the manufacturer’s
instructions. The sample, enzyme reaction reagent, and
chromogenic agent were mixed and incubated at 37°C
for 30 min to ensure complete color development. The
absorbance at 450 nm was recorded using a microplate
reader (ELx808, Agilent, Santa Clara, California, USA), and
the glucose content was calculated.

Lactate measurement

The cells were placed under culture conditions, and the
culture supernatant was collected. A lactate detection kit
was used (D799851, Sangon Biotech, Shanghai, China).
The sample was mixed with the detection buffer, lactate
dehydrogenase, and coenzyme NAD+ and incubated at 37°C
for 30 min. The absorbance at 490 nm was recorded using a
microplate reader (ELx808, Agilent, Santa Clara, California,
USA), and the lactate concentration was calculated.

ATP/ADP ratio measurement
ATP measurement

ATP content assay kits (MAK473, Merck, Rahway, New Jersey,
USA) were purchased. The cells were collected and lysed to
extract total proteins and other components, obtaining an
ATP solution. The ATP solution was mixed with ATP enzymes
(glucose kinase), substrates (NADH), and other relevant
enzymes, catalyzing the reaction to generate a measurable
colored compound. The absorbance at 340 nm was recorded
using a microplate reader, and the ATP concentration was
calculated by comparing it with the standard curve.

ADP measurement

ADP content assay kits (MAK518, Merck, Rahway, New
Jersey, USA) were purchased. The cells were lysed with lysis
buffer to obtain a clear extract and then mixed with luciferase
substrate, ATPase, and appropriate buffer. Measure the
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luminescence intensity of the samples using a luminometer.
Compare the luminescence intensity of the samples with the
standard curve to calculate the ADP concentration.

ATP/ADP ratio = ATP concentration/ADP concentration

Extracellular acidification rate (ECAR) analysis

First, the cells were seeded into a culture plate containing
a culture medium without carbon sources to avoid
interference and then incubated at 37°C. The pH changes
in the extracellular medium were measured using the
Seahorse analyzer (XFe96, Agilent Technologies, Santa Clara,
California, USA). Different metabolic stimulators (glucose,
oligomycin, and 2-DG) were injected to influence the
glycolysis reaction, and the ECAR was calculated.

Colony formation assay

Approximately 1000 cells/well were seeded and allowed to
adhere to a culture plate and then incubated in a 37°C, 5%
CO; environment for 14 days. If drug treatment was required,
the drug was added during the incubation period. After the
culture medium was removed, the cells were fixed with a
fixative, followed by staining with crystal violet solution
(G1014, Servicebio, Wuhan, China) for 10 min. An inverted
microscope (IX83, Olympus, Tokyo, Japan) was used to
observe and count colonies larger than 50 pm.

EdU staining

First, the cells were incubated at an appropriate density. After 10
uM EdU solution (GDP1023, Servicebio, Wuhan, China) was
added, incubation was continued for 1 h to incorporate EdU into
the newly synthesized DNA. Then, fix the cells. Next, perform
the click reaction by combining Alexa Fluor 488 with EdU and
incubating for 30 min. For nucleus visualization, the cells were
stained with DAPI (G1047, Servicebio, Wuhan, China) for
5 min and observed under a fluorescence microscope (LSM
980, Carl Zeiss, Oberkochen, Baden-Wiirttemberg, Germany).

Flow cytometry

First, the cells were collected using trypsin and centrifuged
to remove the supernatant. The cells were resuspended, and
their concentration was adjusted to 1 x 10° cells/mL. The cells
were fixed with 70% ice-cold ethanol, mixed thoroughly, and
stored at —20°C for 1 h. After fixation, the cells were washed
with PBS to remove the ethanol.

The cells were stained with DNA dye (propidium iodide,
PI) (G1021, Servicebio, Wuhan, China). A working solution
with a PI concentration of 50 ug/mL was prepared. RNase A
(G3405, Servicebio, Wuhan, China) (50 ug/mL) was added
during staining to remove RNA interference. After staining,
the cells were incubated at 25°C in the dark for 30 min and
washed with PBS to remove excess dye.

The cells were analyzed using flow cytometry (BD
LSRFortessa X-20, BD Biosciences, Parsippany, New Jersey,
USA) by setting the detection channels appropriate for the
dye’s wavelength. The cell populations were differentiated
using forward scatter and side scatter. PI-stained cells in
the red fluorescence channel were detected. Flow cytometry
software (BD FACSDiva 9.x, BD Biosciences, Parsippany,
New Jersey, USA) was used to analyze the data and plot the
cell cycle distribution. According to their DNA content, the
cells were divided into GO/G1 phase, S phase, and G2/M
phase.

CCK-8 assay

The cells from different treatment groups were treated into
a 96-well plate at approximately 1x10° cells per well and
cultured for 48 h. Each well was added with 10 uL of CCK-
8 reagent (G4103, Servicebio, Wuhan, China) and gently
shaken. The plate was incubated for 2 h, during which the
CCK-8 reagent reacted with the cells to generate an orange-
yellow dye. The optical density value of each well was
measured at 450 nm using a microplate reader ((ELx808,
Agilent, Santa Clara, California, USA).
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Figure 1: Downregulation of FTO expression in RCC. (a) qRT-PCR analysis of FTO mRNA levels in
RCC cell line (A498) and renal tubular epithelial cell line (HK-2). (b and ¢) Western blot analysis of
FTO protein levels in A498 and HK-2 cells. n = 6. **P<0.01. FTO: Fat mass and obesity-associated
protein, qRT-PCR: Quantitative reverse transcription polymerase chain reaction, RCC: Renal clear
cell carcinoma, mRNA: Messenger RNA, HK-2: Human kidney 2.
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Statistical analysis

Statistical analysis was conducted using GraphPad Prism
software (version 9.0, GraphPad Software Inc., San Diego,
California, USA). Intergroup comparisons were performed
using t-tests and one-way Analysis of Variance, followed by
Tukey’s post hoc test. Data were presented as mean + standard
deviation. A P < 0.05 was considered statistically significant.

RESULTS
FTO expression is downregulated in RCC

To assess the expression pattern of FTO in RCC cells, we
measured the messenger RNA (mRNA) and protein levels of

FTO in the HK-2 cells and the A498 cells. Figures 1a-c show
that the mRNA and protein expression levels of FTO were
significantly downregulated in the A498 cells compared with
those in the HK-2 cells (P < 0.01).

FTO knockdown promotes glycolysis in RCC cells

This study further investigated the effects of FTO knockdown
and overexpression on glycolysis in RCC cells. We used
FTO ShRNA and FTO overexpression plasmids for loss-
of-function and gain-of-function studies. Figure 2a shows
the transfection efficiency of FTO knockdown and
overexpression in the A498 cells. Among the Sh-FTO
constructs, Sh-FTO-(3) exhibited the highest knockdown
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Figure 2: FTO knockdown promotes glycolysis in RCC cells. (a) Verification of FTO knockdown
and overexpression efficiency using qRT-PCR after ShRNA and overexpression plasmid transfection.
(b-c) Measurement of glucose uptake and lactate secretion levels. (d-e) Measurement of ECAR levels
in A498 cells after transfection. (f) ATP/ADP ratio measurement. (g and h) Effect of FTO knockdown
and overexpression on GLUT1 and LDHA mRNA levels. n = 6. ¥*¥P < 0.01, ***P < 0.001. FTO: Fat
mass and obesity-associated protein, RCC: Renal clear cell carcinoma, GLUT1: Glucose transporter
1, LDHA: Lactate dehydrogenase A, ATP/ADP: Adenosine triphosphate/adenosine diphosphate,
mRNA: Messenger RNA, ECAR: Extracellular acidification rate, qRT-PCR: Quantitative reverse
transcription polymerase chain reaction, ShRNA: Short hairpin RNA.
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efficiency (P < 0.001) and, therefore, was selected for the
knockdown experiments and subsequently referred to as
Sh-FTO. In addition, Ov-FTO successfully overexpressed
the FTO gene in the A498 cells (P < 0.001). Figures 2b and ¢
show that FTO knockdown significantly increased glucose
uptake and lactate secretion in the A498 cells, and its
overexpression markedly decreased glucose uptake and
lactate secretion (P < 0.01, P < 0.001). Figures 2d and e
demonstrate that the baseline glycolysis, maximum glycolytic
capacity, and glycolytic reserve in the A498 cells were all
enhanced following Sh-FTO transfection compared with
those in the Sh-NC group. Conversely, these parameters
were suppressed in the RCC cells after Ov-FTO transfection.
Furthermore, FTO knockdown significantly increased the
ATP/ADP ratio compared with that in the Sh-NC group,
and its overexpression notably inhibited the ATP/ADP ratio
(P < 0.001) [Figure 2f]. Figures 2g and h indicate that FTO
knockdown significantly increased the mRNA expression
of GLUT1 and LDHA, and its overexpression significantly

reduced the mRNA expression of GLUT1 and LDHA
(P<0.01,P<0.001).

FTO knockdown promotes the proliferation of RCC cells

Colony formation assay results showed that FTO knockdown
significantly increased the number of colonies formed by the
A498 cells (P < 0.001), and its overexpression showed the
opposite (P < 0.001) [Figure 3a and b]. EAU fluorescence
staining results demonstrated that, compared with that in
the negative control group, the number of EdU-positive
cells significantly increased after FTO knockdown but
significantly decreased after FTO overexpression (P < 0.001)
[Figure 3c and d].

Flow cytometry results [Figure 4a-d] indicated that FTO
knockdown significantly reduced the number of cells in the
GO0/G1 phase and increased that in the S phase (P < 0.001).
By contrast, FTO overexpression led to a significant increase
in the number of cells in the GO/G1 phase and a decrease in
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Figure 3: FTO knockdown promotes the proliferation of RCC cells. (a and b) Effects of FTO
knockdown and overexpression on cell colony formation. (c and d) Effects of FTO knockdown
and overexpression on the number of EdU-positive cells in A498 cells. Scale bar: 100 um.
Magnification: x200. n = 6. ***P < 0.001. FTO: Fat mass and obesity-associated protein, RCC: Renal
clear cell carcinoma, EdU: 5-ethynyl-2'-deoxyuridine.
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Figure 4: Effect of FTO on the cell cycle of RCC cells. (a-d) Flow cytometry analysis of the effects of
FTO knockdown and overexpression on the cell proliferation cycle in A498 cells. n = 6. ***P < 0.001.
FTO: Fat mass and obesity-associated protein, RCC: Renal clear cell carcinoma.

the S phase (P < 0.001). No significant effect on the G2/M
phase was observed after FTO knockdown or overexpression
in the A498 cells.

FTO knockdown activates the SIRT1/FOXO1 signaling
pathway

We conducted the following studies to investigate the
potential molecular mechanisms of FTO in RCC. Western
blot analysis was used to assess the effects of FTO knockdown
and overexpression on the protein levels of SIRT'1 and FOXO1
in A498 cells. Figures 5a-c show that FTO knockdown
significantly increased the protein expression of SIRT1 and
FOXO1 (P < 0.001), and its overexpression had the opposite
effect (P < 0.001). To further confirm that FTO knockdown
activates the SIRT1/FOXOI signaling pathway, we added
the FOXOL1 signaling pathway inhibitor AS1842856 (AS) for
subsequent experiments. Figures 5d-f show that the protein
expression of SIRT1 and FOXO1 was significantly higher in
the Sh-FTO+AS group than in the AS group (P < 0.001). By

contrast, the protein expression of SIRT1 and FOXO1 was
significantly lower in the Sh-FTO+AS group than in the
Sh-FTO group (P < 0.001). These results suggested that AS
addition significantly reversed the activation of the SIRT1/
FOXOL1 signaling pathway induced by Sh-FTO.

FTO regulates the glycolysis and proliferation of RCC
cells through the SIRT1/FOXO1 signaling pathway

Figures 6a-c show that compared with the AS group, the
Sh-FTO+AS group exhibited significantly increased glucose
uptake, lactate production, and ATP/ADP ratio (P < 0.01).
Compared with the Sh-FTO group, the Sh-FTO+AS group
showed a significant decrease in glucose uptake, lactate
production, and ATP/ADP ratio (P < 0.001). AS addition
significantly inhibited the mRNA expression of GLUT1 and
LDHA. Figures 6d and e show that the mRNA expression
of GLUT1 and LDHA in the Sh-FTO+AS group was
significantly higher than that in the AS group (P < 0.001) and
significantly lower than that in the Sh-FTO group (P < 0.001).
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Figure 5: FTO knockdown activates the SIRT1/FOXOL1 signaling pathway. (a-c) Effects of FTO
knockdown and overexpression on the protein expression of SIRT1 and FOXO1. (d-f) Effects of the
FOXOL1 signaling pathway inhibitor AS1842856 and/or Sh-FTO on the protein expression of SIRT1
and FOXOL1. n =6. **¥*P < 0.001. FTO: Fat mass and obesity-associated protein, SIRT1/FOXOI: Sirtuin

1/Forkhead box O1.

CCK-8 assay results showed that cell viability in the
Sh-FTO+AS group was significantly higher than in the AS
group but significantly lower than that in the Sh-FTO group
(P <0.001) [Figure 6f].

Figures 7a-d show that compared with the Sh-FTO group,
the Sh-FTO+AS group had a significantly increased
percentage of cells in the GO/G1 phase and a significantly
reduced percentage of cells in the S phase (P < 0.001).
Compared with the AS group, the Sh-FTO+AS group had a
significantly reduced percentage of cells in the GO/G1 phase
and a significantly increased percentage of cells in the S phase
(P < 0.001). Sh-FTO or/and AS treatment did not affect the
cells in the G2/M phase.

DISCUSSION

This study demonstrates that FTO is significantly
downregulated in RCC cells compared with that in
normal proximal renal tubular epithelial cells. This
finding is consistent with previous research showing FTO
downregulation in various cancer types, including thyroid
and colon cancer."?" Qur study further reveals that FTO
knockdown promotes glycolysis and proliferation in RCC
cells, and its overexpression has the opposite effect. This
result suggests that FTO may act as a tumor suppressor in
RCC, primarily by regulating metabolic reprogramming and
cell proliferation.
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The metabolic reprogramming observed in our study aligns
with increasing evidence that cancer cells tend to shift
their energy metabolism toward aerobic glycolysis, known
as the Warburg effect.”? In A498 cells, FTO knockdown
led to an increase in glucose uptake, lactate production,
and glycolytic capacity, accompanied by an elevated ATP/
ADP ratio. These results are consistent with other studies
showing that changes in RNA methylation can regulate
metabolic pathways in colorectal cancer.”” In addition, the
upregulation of glycolysis-related genes GLUT1 and LDHA
induced by FTO knockdown provides new insight into
the mechanism by which FTO inhibits glycolysis in RCC
cells. Similar findings were verified in papillary thyroid
carcinoma, where FTO loss promotes glycolysis and tumor
progression.**

A major highlight of this study is the first discovery that
the SIRT1/FOXO1 signaling pathway is a key downstream
target of FTO in RCC cells. Our results indicate that FTO
knockdown activates the SIRT1/FOXO1 signaling pathway,
as evidenced by the increase in SIRT1 and FOXO1 protein
levels. Previous studies emphasized the tumor-promotion
roles of SIRT1 and FOXOL1 in cholangiocarcinoma.®! The
activation of the SIRT1/FOXO1 pathway following FTO
knockdown may be the cause of enhanced glycolysis and
increased cell proliferation, as the SIRT1/FOXOLI signaling
pathway has been shown to be involved in glucose
metabolism and cell cycle regulation. !
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Figure 6: FTO regulates the glycolysis and proliferation of RCC cells through the SIRT1/FOXO1
signaling pathway. (a-c) Effects of AS and/or Sh-FTO on glucose uptake, lactate secretion levels, and
ATP/ADP ratio. (d and e) Effects of AS and/or Sh-FTO on GLUT1 and LDHA mRNA levels. (f) Effects
of AS and/or Sh-FTO on A498 cell viability. n = 6. *P < 0.05, ¥*P < 0.01, ***P < 0.001. FTO: Fat mass
and obesity-associated protein, RCC: Renal clear cell carcinoma, SIRT1/FOXO1I: Sirtuin 1/Forkhead
box OI, GLUT1: Glucose transporter 1, LDHA: Lactate dehydrogenase A, ATP/ADP: Adenosine
triphosphate/adenosine diphosphate, mRNA: Messenger RNA.

Adding the FOXO1 inhibitor, AS1842856 reverses the
effects of FTO knockdown on the SIRT1/FOXO1 pathway,
glycolysis, and proliferation, further confirming the role of
this signaling axis in the FTO-mediated regulation of RCC
cell behavior. This finding is consistent with previous studies
showing that FOXO1 suppression can diminish its regulatory
effects on metabolism and the cell cycle.””? Moreover, our data
suggest that the metabolic and proliferative changes triggered
by FTO knockdown largely depend on the activation of
the SIRT1/FOXO1 signaling pathway, indicating that this
pathway may serve as a potential therapeutic target in RCC.

In terms of cell proliferation, our results show that FTO
knockdown significantly promotes colony formation and
cell cycle progression, as evidenced by an increase in the
proportion of S-phase cells and a decrease in GO/G1-phase
cells. This finding is consistent with the role of FOXO1 as a
key regulator of the cell cycle, where its inhibition has been
linked to enhanced cell proliferation in various types of
cancer.” Our findings also align with other studies reporting
that reduced FTO expression is associated with increased
tumor growth and aggressiveness.*’!

This study has several strengths. First, using FTO knockdown
and overexpression models, it systematically elucidates
the functional role of FTO in RCC. This bidirectional
regulation strategy provides robust data supporting a deep
understanding of FTO’s function. Second, this research is
the first to reveal the molecular mechanism by which FTO
regulates glycolysis and proliferation in RCC cells through
the SIRT1/FOXO1 signaling pathway. This discovery offers
new insights into metabolic reprogramming in RCC and
provides a basis for future potential targeted therapies.
Finally, we employed various cell function assays, such as
glycolysis analysis, cell proliferation analysis, and cell cycle
analysis, to validate FTO’s biological effects from multiple
perspectives, enhancing the scientific rigor and credibility of
the results.

Despite uncovering the potential role of FTO in RCC, this
work still has some limitations. First, our study was primarily
conducted in vitro, lacking in vivo validation. Therefore,
the relevance of FTO’s regulation of RCC through the
SIRT1/FOXO1 pathway in animal models and its clinical
applicability still require further investigation. Second,
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Figure 7: FTO regulates the cell proliferation cycle of RCC cells through the SIRT1/FOXO1 signaling
pathway. (a-d) Effects of AS1842856 (AS) and/or Sh-FTO on A498 cell proliferation cycle. n = 6.
*¥**¥P < 0.001. FTO: Fat mass and obesity-associated protein, RCC: Renal clear cell carcinoma,

SIRT1/FOXO1: Sirtuin 1/Forkhead box O1.

this study focused solely on the SIRT1/FOXOI signaling
pathway; FTO may influence tumor progression through
other downstream pathways. Future research should explore
FTO’s interaction with other potential signaling networks. In
addition, this study only used the A498 cell line; future work
should extend to other RCC cell lines or primary cells to
strengthen the generalizability of the results.

SUMMARY

This study provides new insights into the tumor-suppressive
role of FTO in RCC, showing that its downregulation
promotes glycolysis and cell proliferation by activating the
SIRT1/FOXOL1 signaling pathway. Our findings deepen the
understanding of FTO’s function in RCC and suggest that the
SIRT1/FOXOL1 signaling pathway could be a potential target
for RCC therapy. Future research should further explore the
molecular mechanisms by which FTO regulates glycolysis

CytoJournal « 2025 « 22(51) | 10

and cell proliferation and validate its clinical relevance in
RCC through in vivo experiments.
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C: Cytosine

ECAR: Extracellular acidification rate
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FTO: Fat mass and obesity-associated protein

G: Guanine

GLUT1: Glucose transporter 1
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HK-2: Human kidney 2

hum: Human

LDHA: Lactate dehydrogenase A

mRNA: Messenger RNA

qRT-PCR: Quantitative reverse transcription polymerase
chain reaction

RCC: Renal clear cell carcinoma

ShRNA: Short hairpin RNA

SIRT1/FOXO1: Sirtuin 1/Forkhead box O1

T: Thymine
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