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1 | INTRODUCTION

Gastric cancer is one of the most common tumors that poses a
potential threat to human health and quality of life."? At present,
platinum-based chemotherapy is commonly used for patients with
gastric cancer, which can improve prognosis and prolong the sur-
vival of patients. Unfortunately, poor response to platinum-based
chemotherapy is often observed in gastric cancer patients due to
the primary or obtained resistance, which becomes the major cause
of treatment failure.>* Over the past few decades, scientists have
studied the mechanisms of cisplatin resistance. It is a complex cel-
lular process that involves multiple pathways, including DNA repair,
autophagy, and glutamine metabolism.>”” Consequently, the under-
standing of molecular mechanisms for platinum resistance and in-
vestigating potential therapeutic targets are urgent.

Autophagy is a system of cellular degradation, which is a prev-
alent element of drug resistance to chemotherapy in tumor cells.8?
Chemotherapeutic drugs could induce autophagy, which avoids
cancer cell apoptosis, thereby producing drug resistance.® Previous
studies have shown that 5-fluorouracil induced autophagic death of
gastric cancer cells and inhibited cell proliferation by upregulating
Beclinl expression by inhibiting microRNA-30.1! It was found that
autophagy, which was involved in the formation and maintenance of
chemotherapy resistance, inhibited the killing effect of imatinib on
tumor cells in BCR-ABL positive chronic myelogenous leukemia. 214
Some studies have found that paclitaxel increased the expression of
BECN1 and decreased P62, inducing autophagy, in both cases.'>16
Unc-51-like kinase 1 (ULK1) is a cytoplasmic kinase, which recruits
the autophagy proteins to mediate the initiation of autophagy.17 A
selective inhibitor of ULK1 (SBI0206965) significantly inhibits the
progress of autophagy in cisplatin-resistant non-small-cell lung can-
cer (NSCLC) cells.*® In addition, knockdown of ULK1 in NSCLC cells
makes cells more sensitive to cisplatin.19

Né-methyladenosine (m®A), in which the sixth nitrogen (N) atom
of adenine is methylated, is the most frequent modification on
mRNAs in eukaryotes. Modification of mA is regulated by methyl-
transferase complex (“writers”), demethylases (“erasers”), and RNA-

binding proteins (“readers”).?°

The main discovered components of
the methyltransferases include methyltransferase-like 3 (METTL3)
and METTL14, while fat mass and obesity-associated protein (FTO)
and a-ketoglutarate-dependent dioxygenase homolog 5 (ALKBH5)
have been identified as demethylated enzymes. The main known
“reader” proteins include YTH domain families (YTHDF1, YTHDF2,
and YTHDC1), which mediate mRNA stabilization.?%22 In the current
study, we aimed to clarify the effects and mechanisms of m®A RNA
modification on autophagy-related cisplatin resistance in gastric
cancer cells.

Fat mass and obesity-associated protein, the first identified méA
demethylase, has important roles in various types of disease.?®2°
The present study found that FTO was obviously elevated in the
cisplatin-resistant (SGC-7901/DDP) gastric cancer cells. Knockdown

of FTO reversed cisplatin resistance both in vitro and in vivo, which

was attributed to the inhibition of ULK1-mediated autophagy.
Furthermore, ULK1 expression was regulated in the FTO-m°A de-
pendent and YTHDF2-mediated manner.

2 | MATERIALS AND METHODS

2.1 | Cell culture

The human gastric epithelial cell line GES-1 and the human gastric
cancer cell line SGC-7901 were obtained from the Health Science
Research Resources Bank and used in our previous study.?® Cells
were cultured in RPMI-1640 medium (Gibco) supplemented with
10% FBS (Lonsera). The cisplatin-resistant cell line (SGC-7901/DDP)
was produced from parental SGC-7901 cells. In brief, SGC-7901 cells
were subjected to increasing concentrations of cisplatin from 0.1 uM
(Sigma-Aldrich) until the cells acquired resistance to 1 pM cisplatin.
The cells were additionally treated with 0.5 pM cisplatin to maintain
the cisplatin-resistant phenotype. The cisplatin in the medium was

removed 2 weeks before other experiments.

2.2 | Celltransfection

Lentivirus (LV) carrying FTO shRNA (shFTO) or negative control
shRNA (shNC) and plasmid (pCDNAS.1) carrying FTO or YTHDF2
were purchased from HanBio. The ULK1 siRNA (siULK1), YTHDF2
siRNA (siYTHDF2), and negative control siRNA (siNC) were pur-
chased from RiboBio. Cells in 6-well culture plates were infected
with lentivirus carrying shRNA for 72h. Cell transfection with
plasmid and siRNA was undertaken with Lipofectamine 3000
(Invitrogen) for 48h. The procedures were carried out strictly in
accordance with the manufacturer's instructions. The FTO shRNA
sequences were: #1, 5-GGATGACTCTCATCTCGAAGG-3’; and
#2, 5'-AAGAGCAGAGCAGCATACAACGTAA-3'. The ULK1 siRNA
sequences were: #1, 5-CGCCTGTTCTACGAGAAGA-3'; and #2,
5-ACCAGCGCATTGAGCGAAA-3'. The YTHDF2 siRNA sequence
was 5-GACCAAGAATGGCATTGCA-3' and NC sequence was
5-UUCUCCGAACGUGUCACGUTT-3".

2.3 | Cellviability assay

Cell viability assays were performed using the CCK-8 method. Cells
at log-phase growth were seeded into 96-well plates at 5000 cells/
well. After treatment, 10 pl CCK-8 solution (Beyotime) was added
into each well, followed by an additional incubation for 2h at 37°C.
Finally, the 450nm absorbance (OD) was determined using a micro-
plate reader (Bio-Tek). The percentage cell viability was calculated.
Cells were treated with different concentrations of cisplatin (0, 1, 2,
4,8, 16,and 32 uM) for 24 h. The cell viability was measured by CCK-8
after cisplatin treatment. The IC,, values of cisplatin were calculated.



ZHANG ET AL.

H 3087
Cancer Science A yinsan.

2.4 | m°A RNA methylation quantification

Total RNA was extracted from GES-1, SGC-7901, and SGC-7901/DDP
cells using TRIzol reagent. The m®A content in the total RNA was de-
tected using the m®A RNA Methylation Assay Kit (Abcam). The percent-
age of m®A in total RNA was carried out using the following formula:
m®A% = {[(sample OD - negative control OD) + sample amount] / [(pos-
itive control OD-NC OD) + positive control amount]} x 100%.

2.5 | Western blot analysis

Cells or tumor tissues were lysed in RIPA lysis buffer with protease
and phosphatase inhibitors (Beyotime). Thirty micrograms of total pro-
tein was subjected to SDS-PAGE gels and subsequently transferred to
PVDF membranes. The membranes were blocked and then incubated
with primary Abs overnight at 4°C. After washing three times, the
membranes were incubated with the secondary Abs for 2 h at room
temperature. Finally, protein bands were visualized by a chemilumi-
nescence imaging system (Tanon) using western chemiluminescent
HRP substrate (ECL, Millipore). The following Abs were purchased:
METTL3, METTL14, FTO, ALKBH5, and YTHDF2 (Cat. No. ab195352,
ab220030, ab126605, ab195377, and ab220163, respectively;
Abcam); ULK1, LC3B, and P62/SQSTM1 (Cat. No. 8054, 3868, and
88588, respectively; Cell Signaling Technology); ATG13 pS318 (Cat.
No. 600-401-C49; Rockland); actin (Cat. No. A5441; Sigma-Aldrich);
and anti-rabbit HRP-linked Ab and anti-mouse HRP-linked Ab (Cat. No.
7074 and 7076, respectively; Cell Signaling Technology).

2.6 | Transmission electron microscopy
Autophagosomes refer to endogenous substances, including dam-
aged organelles or excess glycogen stored in cells due to physi-
ological or pathological reasons, which can be formed by wrapping
membranes of the cells themselves (such as endoplasmic reticulum
or Golgi complex membranes). Under transmission electron mi-
croscopy (TEM), autophagosomes were characterized as crescent-
shaped or cup-shaped double- or multilayered autophagosomes
with a tendency to enclose cytoplasmic components. Cells were
centrifuged and the supernatant discarded. After centrifugation,
the cell clumps were fixed in 2% glutaraldehyde overnight at 4°C,
then incubated in 1% osmium tetroxide for 1 h at 4°C, dehydrated
in graded ethanol, saturated in graded acetone, and cut into 50-nm
ultrathin sections. The autophagosomes in cells were viewed under
a JEM-1010 TEM (JEOL).

2.7 | Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde and then permeabi-

lized with Triton X-100 (Beyotime) at room temperature. Cells were

incubated with anti-LC3B Abs (Abcam) at 4°C overnight after block-
ing with the Immunol staining blocking buffer (Beyotime) for 60min.
After washing three times with TBST solution, cells were incubated
with Cy3 goat anti-rabbit IgG (Abclonal) at room temperature for 1 h.
Cell nuclei were stained with DAPI (Beyotime) for 10 min at room
temperature. Cells were observed under fluorescence microscope
and images were collected after adding antifluorescence attenuation

sealer.

2.8 | Quantitative real-time PCR

TRIzol reagent (Invitrogen) was used to extract total RNA from cells,
and a reverse transcription kit (Tiangen) was used for reverse tran-
scription. cDNA was generated according to the manufacturer's
instructions. In addition, quantitative real-time PCR (qgPCR) was car-
ried out to analyze gene expression using the SYBR Green PCR Kit
(Tiangen). The PCR data were normalized to human GAPDH expres-
sion. The relative gene expression was calculated using the com-
parative cycle threshold (2724Y method. The primer sequences for
genes are shown as follows:

GAPDH forward, 5-CAGGAGGCATTGCTGATGAT-3' and re-
verse, 5-GAAGGCTGGGGCTCATTT-3'; ATG5 forward, 5-GC
AGATGGACAGTTGCACACAC-3" and reverse, 5-GAGGTGTT
TCCAACATTGGCTCA-3'; ATG7 forward, 5-CGTTGCCCACAG
CATCATCTTC-3' and reverse, 5-CACTGAGGTTCACCATCCTTGG-
3'; ULK1 forward, 5-GCAAGGACTCTTCCTGTGACAC-3' and re-
verse 5'-CCACTGCACATCAGGCTGTCTG-3"; and Beclinl forward,
5'-CTGGACACTCAGCTCAACGTCA-3" and reverse, 5-CTCTAG
TGCCAGCTCCTTTAGC-3".

2.9 | N®-methyladenosine RIP qPCR assay

This procedure was undertaken with the m°A RIP (MeRIP) kit
(Bersinbio) according to the manufacturer's instructions. Briefly,
total RNA was extracted from 2x 10’ SGC-7901/DDP cells using
TRIzol reagent, and RNA was further fragmentated using ultrasound.
The processed fragment size was approximately 300bp. After frag-
mentation, 50pl RNA samples were stored as Input samples at
-80°C; the remaining RNA samples were immunoprecipitated with
anti-m%A Ab (Abcam) or anti-IgG Ab and washed with immunopre-
cipitation (IP) buffer. Protein A/G magnetic beads were incubated
with RNA-Ab hybridization solution for 1 h at 4°C in a vertical mixer.
The beads were washed three times with IP buffer and then digested
with proteinase K at 55°C for 45 min. Supernatant was transferred to
new RNase-free tubes, and RNA was purified, followed by gRT-PCR.
Primer sequences were:

ULK1 (site 1) forward, 5-TCTGTGCCTGACCTTTCTGG-3'
5'-GCTCAGCACCAGCGATCA-3'; ULK1 (site
2) forward, 5-ATGGCGCTGATCGCTGG-3' and
5-AATTCTGTGATCCCCACCTGT-3;  and

and reverse,
reverse,
ULK1  (site  3)
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forward, 5-AGCCTCTCCCTCCGAGATAC-3' and reverse, 5-TG
TACAAACACCAGGCCACT-3".

2.10 | RNA immunoprecipitation PCR

RNA immunoprecipitation was undertaken with the RIP kit
(Bersinbio) according to the manufacturer's instructions. Briefly,
total RNA was extracted from 2x107 cells using TRIzol reagent.
RNA samples were divided into three: the IP group, IgG group and
Input group. The Input samples were stored at -80°C. Anti-FTO,
-YTHDF2, or -IgG Abs were conjugated to protein A/G magnetic
beads in IP buffer for 16h at 4°C in a vertical mixer. The RNA was
eluted from the beads with proteinase K at 55°C for 45 min. Finally,
the precipitated RNA and input RNA were detected by qRT-PCR.

2.11 | mRNA stability analysis

Cells were transfected with either the NC siRNA or YTHDF2 siRNA
for 24h and then treated with 5 pg/ml actinomycin D (MCE) to in-
hibit mRNA transcription. The cells were collected and total RNA
was extracted by TRIzol reagent after treatment for the indicated
times. The levels of MRNA were detected by gRT-PCR.

2.12 | Animals and treatments

Five-week-old male BALB/c nude mice were purchased from
Hangzhou Medical College Laboratory Animal Co., Ltd. The mice
were raised in pathogen-free conditions, and all the experiments
were implemented according to the Guide for the Care and Use of
Laboratory Animals published by the US NIH.

SGC-7901/DDP cells expressing LV-shFTO or LV-shNC were re-
suspended in PBS solution. A total of 5x10° cells in 200 pl PBS were
injected subcutaneously into the flanks of nude mice. After injection,
cisplatin treatment was initiated on day 5. Mice were injected with
5 mg/kg cisplatin or PBS solution in the abdominal cavity once a week
for 3weeks. The tumor volume was measured and calculated. The for-
mula volume = % (larger diameter)x (smaller diameter)x (smaller diam-
eter). The animal experiments were approved by the Ethics Committee
of The First Affiliated Hospital of Wannan Medical College.

2.13 | Hematoxylin—eosin and
immunohistochemistry staining

Tumor tissues of the mice were fixed in 4% paraformaldehyde
and then embedded in paraffin. After embedding and sectioning,
the tumor tissues were stained with H&E. Immunohistochemistry
staining was carried out using an anti-Ki-67 mAb (Cell Signaling
Technology). The protein expression levels of Ki-67 in tumor tissues
were observed under microscopy.

2.14 | Statistical analysis

The data are presented as the mean+SD. The statistical analyses
were undertaken using a two-tailed Student's t-test or ANOVA,
which was used to analyze the differences when there were more
than two groups. The statistical analyses were carried out using
SPSS 19.0 software. P values less than 0.05 were considered to be

statistically significant.

3 | RESULTS

3.1 | Fat mass and obesity-associated protein is
a potential target of cisplatin resistance in gastric
cancer cells

CCK-8 assays were used to examine the effects of cisplatin on
the viability of gastric cancer cells and cisplatin-resistant cells.
Compared with SGC-7901 cells, cisplatin-resistant cells (SGC-7901/
DDP) showed significant resistance to cisplatin treatment. The IC,,
value of cisplatin in SGC-7901/DDP cells was significantly higher
than that in SGC-7901 cells (SGC-7901/DDP, 16.29 +3.58 uM vs.
SGC-7901, 3.18 +0.40uM; Figure 1A,B). To clarify the relationship
between m®A methylation modification and cisplatin resistance of
gastric cancer, we first quantified the m®A methylation content in
total RNAs and the protein expression of méA methyltransferases
and demethylases in GES-1, SGC-7901, and SGC-7901/DDP cells.
As shown in Figure 1C, the m®A levels in total RNAs were obviously
decreased in SGC-7901/DDP cells compared to that in GES-1 and
SGC-7901 cells. Furthermore, FTO expression was dramatically
upregulated in SGC-7901/DDP cells, while the expression levels
of METTL3, METTL14, FTO, and ALKBH5 were considerably less
pronounced (Figure 1D,E). To further investigate the effects of FTO
on cisplatin resistance, we knocked down FTO by shRNAs (shFTO-
1 and shFTO-2) and overexpressed FTO by pcDNA3.1 plasmid in
SGC-7901/DDP and SGC-7901 cells (Figure 1F-H). Knockdown or
overexpression of FTO did not affect the cell viability of SGC-7901
or SGC-7901/DDP cells (Figure 11,J). However, FTO silencing obvi-
ously enhanced the sensitivity of SGC-7901/DDP cells to cisplatin
(Figure 1K). We also observed that FTO overexpression significantly
reduced the sensitivity of SGC-7901 cells to cisplatin (Figure 1L).
These results indicate that m®A demethylase enzyme FTO mediates

cisplatin resistance of gastric cancer cells.

3.2 | Fat mass and obesity-associated protein
promotes cisplatin resistance by facilitating
autophagy in gastric cancer cells

Autophagy is a common cellular process in eukaryotic cells, which
is largely involved in the cisplatin resistance of tumors.»2728
During autophagy, LC3 | is converted to LC3 Il through lipida-

tion by a ubiquitin-like system, and P62 can be degraded by the
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FIGURE 1 Fat mass and obesity-associated protein (FTO) is the potential target of cisplatin (DDP) resistance in gastric cancer cells. (A)
SGC-7901 and SGC-7901/DDP cells were treated with 0-32.0 pM DDP, and CCK-8 assays were carried out to assess cell viability after

24h. (B) IC,, values of cisplatin in SGC-7901 and SGC-7901/DDP cells were calculated. (C) m®A methylation levels in total RNAs in GES-1,
SGC-7901, and SGC-7901/DDP cells were assessed. (D, E) Expression of METTL3, METTL14, FTO, and ALKBH5 in GES-1, SGC-7901, and
SGC-7901/DDP cells was measured by western blotting. (F-H) SGC-7901/DDP cells were transfected with lentivirus FTO shRNA. SGC-7901
cells were transfected with pcDNA3.1-FTO plasmid. Western blot analysis was used to detect the protein expression of FTO. (I, J) SGC-
7901/DDP and SGC-7901 cells were transfected with FTO shRNA and FTO plasmid, and the cell viability was measured by CCK-8 assays.

(K, L) SGC-7901/DDP and SGC-7901 cells were transfected with FTO shRNA and FTO plasmid and the cell viability was measured by CCK-8
assays after DDP treatment for 24 h. Results are presented as mean + SD of n = 3-4 independent experiments. *p <0.05 vs. SGC-7901, GES-
1, negative control shRNA (shNC), or negative control (NC) group; #p<0.05 vs. SGC-7901 group. FTO, pcDNA3.1-FTO plasmid; OD, optical

density; shFTO, FTO shRNA

autophagosome.??3% Consequently, degradation of P62 and ac-
cumulation of LC3 Il (bottom LC3 band) are indicators of au-
tophagy induction. To explore whether FTO mediated autophagy
in cisplatin-resistant and cisplatin-sensitive gastric cancer cells,
protein levels of the autophagy markers LC3B and P62 were meas-
ured to determine the autophagy activation. The results showed
that the expression of LCB3 Il was significantly decreased while
the P62 expression was obviously increased in SGC-7901/DDP
cells with FTO silencing (Figure 2A,B). However, overexpression
of FTO by plasmid dramatically increased LCB3 Il expression and
reduced P62 level in SGC-7901 cells (Figure 2C,D). In addition,

immunofluorescence assays showed that knockdown of FTO sig-
nificantly reduced the formation of LC3B punctain SGC-7901/DDP
cells, whereas LC3B puncta was enhanced in FTO-overexpressed
SGC-7901 cells (Figure 2E). The results of TEM images also revealed
that FTO silencing reduced the number of autophagosomes in
SGC-7901/DDP cells. In contrast, overexpression of FTO increased
the number of autophagosomes in SGC-7901 cells (Figure 2F). To
further confirm the roles of autophagy in cisplatin resistance, we
used 3-methyladenine and chloroquine to inhibit autophagy and
found that inhibiting autophagy reversed the cisplatin resistance
of SGC-7901/DDP cells (Figure 2G-I).
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FIGURE 2 Fat mass and obesity-associated protein (FTO) promotes cisplatin (DDP) resistance by facilitating autophagy in gastric cancer
cells. (A, B) Western blot analysis of FTO, P62, and LC3B expression in SGC-7901/DDP cells with FTO knockdown. (C, D) Western blot
analysis of FTO, P62, and LC3B expression in SGC-7901 cells with FTO overexpression. (E) Immunofluorescence images of LC3B puncta in
SGC-7901/DDP and SGC-7901 cells transfected with FTO shRNA and FTO overexpression plasmids. (F) Transmission electron microscopy
analysis of autophagosomes in SGC-7901/DDP and SGC-7901 cells transfected with FTO shRNA and FTO overexpression plasmids. Arrows
indicate autophagosomes. (G, H) Western blot analysis of FTO, P62, and LC3B expression in SGC-7901/DDP cells after treatment with

5 uM 3-methyladenine (3-MA) or 10 pM chloroquine (CQ) for 24 h. (I) SGC-7901/DDP cells were pretreated with 3-MA or CQ for 1 h, and
the cell viability was measured by CCK-8 assay after DDP treatment for 24 h. Results are presented as mean + SD of n = 3-4 independent
experiments. *p <0.05 vs. negative control shRNA (shNC), negative control (NC), or control (Con) group. FTO, pcDNA3.1-FTO plasmid;
shFTO, FTO shRNA

3.3 | Loss of FTO attenuates expression of ULK1 after FTO knockdown, while mRNA levels of ATG5, ATG7, and

BECLIN1 were not evidently changed (Figure 3A). As shown in
To identify potential target genes of FTO in autophagy, we under- Figure 3B-D, under- and overexpression of FTO markedly decreased
took gRT-PCR assays to determine the mRNA expression changes of and increased protein levels of ULK1, respectively, in SGC-7901/
autophagy-related genes following FTO knockdown in SGC-7901/ DDP and SGC-7901 cells. To further confirm the effects of ULK1 on
DDP cells. Similar to the results obtained from cervical cancer HelLa autophagy, we transfected SGC-7901/DDP cells with ULK1 siRNA,
cells,?* the level of ULK1 mRNA was significantly downregulated and discovered that knockdown of ULK1 significantly increased
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P62 expression and decreased LCB3 |l protein level. In addition, the
protein expression of phosphorylation of ATG13 S318 (P-ATG13)
was downregulated, indicating that ULK1 activity decreased®!3?
(Figure 3E,F). Moreover, knockdown of ULK1 obviously promoted
the inhibitory effects of cisplatin on growth in SGC-7901/DDP cells
(Figure 3G). These results indicate that ULK1 is functionally impor-

tant for autophagy and cisplatin resistance in gastric cancer cells.

3.4 | Fatmass and obesity-associated protein
regulates autophagy and cisplatin resistance through
targeting ULK1 in an m®A-dependent manner

To confirm whether FTO influenced autophagy and cisplatin resist-
ance through targeting ULK1, we undertook rescue experiments
and observed that ULK1 inhibition reversed the upregulated LC3B I,
P-ATG13 and increased the downregulated P62 in SGC-7901/DDP
cells with FTO overexpression (Figure 4A,B). In addition, immuno-
fluorescence assays showed that the elevated LC3B puncta induced

by FTO overexpression was compromised in SGC-7901/DDP cells
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when treated with siULK1 (Figure 4C). Overexpression of FTO sig-
nificantly attenuated the inhibitory effects of cisplatin on growth in
SGC-7901/DDP cells. Transfection with siULK1 obviously reversed
these effects (Figure 4D). To further explore the potential underly-
ing mechanisms of méA in autophagy regulation, MeRIP-gPCR and
RIP-gPCR assays were carried out. As shown in Figure 4E, silencing
of FTO significantly increased the m%A levels on mRNA of ULK1 at
three sites. Furthermore, RIP-gPCR analysis revealed that ULK1 was
a direct target of FTO (Figure 4F). These results indicate that FTO
regulates the expression of ULK1 in an m®A-dependent manner.

3.5 | Fat mass and obesity-associated protein
modulates ULK1 expression through YTHDF2

It is well known that m®A methylation mediates targeted mRNAs by
specific RNA-binding proteins. YTHDF2, a major méA reader, is re-
ported to selectively bind and destabilize méA-modified mRNAs.2333
To investigate whether the expression of ULK1 was affected by
YTHDF2, we treated SGC-7901/DDP cells with YTHDF2 siRNA and
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FIGURE 3 Loss of fat mass and obesity-associated protein (FTO) attenuates the expression of Unc-51-like kinase 1 (ULK1). (A) mRNA
expression of autophagy-related genes (ATG5, ATG7, ULK1, and BECLIN1) was detected by quantitative real-time PCR in SGC-7901/DDP cells
with FTO knockdown. (B-D) Western blot analysis of FTO and ULK1 expression in SGC-7901/DDP and SGC-7901 cells with FTO shRNA and
FTO overexpression plasmid. (E, F) Western blot analysis of FTO, ULK1, P-ATG13, P62, and LC3B expression in SGC-7901/DDP cells after
transfection with ULK1 siRNA. (G) SGC-7901/DDP cells were transfected with ULK1 siRNA and the cell viability was measured by CCK-8
assays after DDP treatment for 24 h. Results are presented as mean + SD of n = 3-4 independent experiments. *p <0.05 vs. negative control
shRNA (shNC), negative control (NC), or negative control siRNA (siNC) group. DDP, cisplatin; FTO, pcDNA3.1-FTO plasmid; shFTO, FTO
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found that YTHDF2 silencing significantly increased the protein level
of ULK1 and P-ATG13 (Figure 5A,B). The RIP-qPCR assays indicated
the direct binding within YTHDF2 and ULK1 mRNA (Figure 5C). In
addition, mRNA stability analysis showed that the decay of ULK1
mRNA was inhibited in SGC-7901/DDP cells transfected with
YTHDF2 siRNA, when the transcription was halted with actinomycin
D (Figure 5D). To confirm whether FTO regulated ULK1-mediated au-
tophagy through YTHDF2, we undertook rescue experiments and ob-
served that knockdown of YTHDF2 could reverse the downregulation
of ULK1, LC3B I, and P-ATG13, and decrease the upregulation of P62
in SGC-7901/DDP cells with FTO knockdown (Figure 5E,F). Moreover,
CCK-8 experiments revealed that siYTHDF2 transfection mark-
edly restrained the inhibitory effects of cisplatin on growth in FTO-
downregulated SGC-7901/DDP cells (Figure 5G). Together, our data
suggest that FTO regulates ULK1 in a YTHDF2-dependent manner.

3.6 | Knockdown of FTO improves the
sensitivity of cisplatin-resistant gastric cancer cells to
cisplatin in vivo

We finally explored the effects of FTO knockdown on tumor for-

mation using nude mice xenograft experiments. Either control or

FTO-silenced SGC-7901/DDP cells were injected subcutaneously
in the flanks of male nude mice. Mice were injected with cispl-
atin or PBS solution in the abdominal cavity. In nude mice xen-
ografts, the volume of tumors that carried FTO shRNA showed
significantly slower growth than in the shNC group when the mice
treated with DDP (Figure 6A,B). Although the data from H&E
staining had no obvious difference between groups, knockdown
of FTO inhibited cell proliferation in DDP-treated nude mice
as evidenced by the decreased Ki-67 staining on the xenograft
(Figure 6C,D). Consistent with the data of the in vitro study, FTO
knockdown alleviated protein expression of ULK1 and LC3B Il
while elevating P62 protein abundance (Figure 6E,F). Taken to-
gether, these results suggest that FTO silencing could increase
the sensitivity of cisplatin through inactivating ULK1-dependent
autophagy in vivo.

4 | DISCUSSION

The m®A modification is one of the most crucial RNA modifications

8435 N°-methyladenosine modifica-

in human malignant diseases.
tion plays a crucial role in regulating gene expression through RNA

splicing, stability, translocation, and translation.3¢%” The expression
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levels of m®A regulators, including writers, erasers, and readers, are
usually dysregulated in cancers, which contributes to drug resistance
and cancer relapse.®®~4° Expression of METTL3 is downregulated in
sorafenib-resistant hepatocellular carcinoma and triggered degra-
dation of FOXO3, which elevates autophagy-induced sorafenib re-
sistance.*! The FTO-mediated m®A demethylation regulates mRNA
stability of MERTK, then controls TKI resistance.*? However, few
studies have focused on the roles of m®A modification in regulating
drug resistance for gastric cancer.

In the present study, we first revealed the relationship between
m®A RNA modification and cisplatin resistance. The m°A levels in
total RNAs were obviously decreased in SGC7901/DDP cells, which
was attributed to the upregulation of FTO. Furthermore, knockdown
of FTO in cisplatin-resistant SGC7901/DDP cells increased the re-
activity to cisplatin, whereas overexpression of FTO in cisplatin-
sensitive SGC7901 cells decreased the cisplatin sensitivity. These
results indicate the direct roles of FTO-mediated m®A modification
in cisplatin resistance of gastric cancer.

Previous studies have indicated that FTO positively regulates
autophagy in cervical cancer Hela cells?* and mouse pre-adipocyte
3T3-L1 cells.?® Autophagy functions as a protective factor in resis-
tance of cancer cells exposed to anticancer drugs.za"13 Our data de-
termined a similar modulatory role of FTO in mediating autophagy,
and FTO-dependent cisplatin resistance in gastric cancer was regu-
lated by promoting autophagy. Silencing FTO reduced the number
of autophagosomes and accumulation of LC3B Il in gastric cancer
cells, which indicated that suppression of autophagy might reverse
the m“’A—dependent resistance to cisplatin.

To elucidate the mechanisms by which FTO mediated autophagy,
we identified the target genes of autophagy following FTO knock-
down. ATG5 and ATG?7 are significantly attenuated following FTO
knockdown in 3T3-L1 cells.*® Knockdown of FTO positively regulates
the expression of ULK1 in HeLa cells.” These results suggested that
target genes involved in the FTO-mediated autophagy might be spe-
cies- and cell-specific. We identified ULK1, but not ATG5 or ATG7,
as a primary regulator connecting méA modification with autophagy
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in gastric cancer cells. ULK1 is essential for the recruitment of other
autophagy-related proteins to initiate the autophagosome forma-
tion, linking cellular nutrient status to downstream events in auto-
phagy.** ULK1 forms a complex with ATG101, ATG13, and FIP200.%
Following autophagy induction, ULK1 can phosphorylate serine-318
(P-5318) in ATG13, which serves as an indicator for ULK1 activity.!
The expression of ULK1 protects tumor cells from excessive auto-
phagy.*¢=*® Knockdown of ULK1 makes cells more sensitive to cis-
platin in NSCLC cells.}? MicroRNA-489 directly targets ULK1 and
negatively regulates its expression, and thus overcomes resistance
to doxorubicin, tamoxifen, and cisplatin by inhibiting autophagy
in breast cancer cells. 84 Consistently, our results suggested that
knockdown of ULK1 significantly inhibited autophagy and promoted
the inhibitory effects on growth in SGC-7901/DDP cells treated
with cisplatin, which indicated that ULK1 is functionally important
for autophagy and cisplatin resistance in gastric cancer cells.

We further validated ULK1 as a direct target of FTO in an m°A-
dependent manner in gastric cancer cells. Knockdown of FTO
markedly reduced ULK1 expression at both mRNA and protein lev-
els. Furthermore, by using MeRIP-qPCR assays with gene-specific

ULK1

P62 LC3B II/1

primers according to the published data of the m“’A-sequence,24
we found that FTO overexpression elevated m°A levels of ULK1
mMRNA. The RIP-gPCR assay revealed a strong signal for ULK1
mRNA following overexpression of FTO, suggesting that ULK1
was the target of FTO. Previous study showed that m®A-modified
mRNA tended to be less stable, which was largely attributed to
the YTHDF2-mediated mRNA degradation.50 We treated SGC-
7901/DDP cells with YTHDF2 siRNA and found that YTHDF2
silencing markedly increased ULK1 expression. The RIP-qPCR
assay validated ULK1 as a direct target of YTHDF2. In addition,
mRNA stability analysis indicated that the decay of ULK1 mRNA
was inhibited when transfected with YTHDF2 siRNA. To con-
firm whether FTO regulated ULK1-mediated autophagy through
YTHDF2, we undertook rescue experiments and observed that
knockdown of YTHDF2 could reverse the downregulation of
ULK1 and the inhibitory effects of cisplatin on growth in SGC-
7901/DDP cells with FTO silencing.

In summary, the present study reveals a critical role of FTO in
mediating cisplatin resistance of gastric cancer cells. Upregulated
FTO promotes autophagy-induced cisplatin resistance by regulating
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YTHDF2-related ULK1 expression in cisplatin-resistant gastric can-
cer cells. Our findings clarify the underlying mechanisms through
which m®A mRNA methylation functions in cisplatin-resistant gas-

tric cancer cells, suggesting a potential therapeutic target.
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