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Introduction: Colorectal cancer (CRC) remains a significant cause of cancer
related mortality. Fat mass and obesity-associated protein (FTO) is a m6A mRNA
demethylase that plays an oncogenic role in various malignancies. In this study we
evaluated the role of FTO in CRC tumorigenesis.

Methods: Cell proliferation assays were conducted in 6 CRC cell lines with the FTO
inhibitor CS1 (50-3200 nM) (+ 5-FU 5-80 mM) and after lentivirus mediated FTO
knockdown. Cell cycle and apoptosis assays were conducted in HCT116 cells (24 h
and 48 h, 290 nM CS1). Western blot and m6A dot plot assays were performed to
assess CSlinhibition of cell cycle proteins and FTO demethylase activity. Migration and
invasion assays of shFTO cells and CS1 treated cells were performed. An in vivo
heterotopic model of HCT116 cells treated with CS1 or with FTO knockdown cells was
performed. RNA-seq was performed on shFTO cells to assess which molecular and
metabolic pathways were impacted. RT-PCR was conducted on select genes down-
regulated by FTO knockdown.

Results: We found that the FTO inhibitor, CS1 suppressed CRC cell proliferation in 6
colorectal cancer cell lines and in the 5-Fluorouracil resistant cell line (HCT116-5FUR).
CS1 induced cell cycle arrest in the G2/M phase by down regulation of CDC25C and
promoted apoptosis of HCT116 cells. CS1 suppressed in vivo tumor growth in the
HCT116 heterotopic model (p< 0.05). Lentivirus knockdown of FTO in HCT116 cells
(shFTO) mitigated in vivo tumor proliferation and in vitro demethylase activity, cell
growth, migration and invasion compared to shScr controls (p< 0.01). RNA-seq of
shFTO cells compared to shScr demonstrated down-regulation of pathways related
to oxidative phosphorylation, MYC and Akt/ mTOR signaling pathways.

Discussion: Further work exploring the targeted pathways will elucidate precise
downstream mechanisms that can potentially translate these findings to clinical trials.

KEYWORDS

colorectal cancer, FTO, FTO inhibitor, RNA-seq, signaling pathways

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1087644/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1087644/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1087644/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1087644/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1087644&domain=pdf&date_stamp=2023-02-17
mailto:lmelstrom@coh.org
https://doi.org/10.3389/fonc.2023.1087644
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1087644
https://www.frontiersin.org/journals/oncology

Phan et al.

Introduction

Colorectal cancer (CRC) is the most common gastrointestinal
malignancy and the second leading cause of cancer-related death,
with an estimated greater than 150,000 diagnosed and 50,000 deaths
in the United States in 2020 (1). Treatments for CRC includes
conventional therapies such as surgery, chemotherapy,
immunotherapy, and radiation. The 5-year survival rate for CRC is
64% at all stages and decreases to only 14% for metastatic disease (2).
Interestingly, recent study found out that some specific gut
microorganisms playing an important role in resistant to 5-
Fluorouracil (5-FU) and oxaliplatin therapy via modulating
autophagy pathway (3). On the other hand, the use of antibiotics
might reduce gut microbiota which is associated with lower mortality
in metastatic CRC patients with bevacizumab therapy (4). Therefore,
further investigation is needed to develop novel and effective systemic
therapies for this disease. N6-methyladenosine (m6A) is the most
abundant and prevalent internal modification in eukaryotic mRNA
among various types of RNA, including messenger RNA, microRNA,
long noncoding RNA and circular RNA (5, 6). m6A modification is
the methylation of the adenosine base at the nitrogen-6 position of
mRNA and reversibly mediated by the methyltransferase (“writers”
including METTL3, METTL14 and WTAP) (7-9), the demethylases
(“erasers” including FTO and ALKBH5) (10, 11) and binding proteins
that preferentially recognized m6A methylated transcripts and trigger
downstream pathways (“readers” including YTH, HNRNP and
IGF2BP) (12-14). m6A RNA methylation is also regulated by
intestinal bacteria, which is related to the progression of cancers
(15, 16). Especially, m6A modifications in CRC cells and patient-
derived xenograft markedly suppressed by Fucobacterium nucleatum
via downregulation of METTL3, which enhances the colorectal
metastasis (17). FTO and ALKHB5 belong to human AIkB family
of non-heme Fe(II) and 2-oxoglutarate-dependent oxygenases and
oxidatively demethylate m6A (10). FTO catalyzes the conversion of
mo6A to hm6A with slow release of A and formaldehyde (FA), while
ALKBH5 directly demethylates m6A to A with rapid FA formation
(18). Fat mass and obesity-associated protein (FTO), which plays a
role in regulating fat mass and adipogenesis, was identified as the first
m6A RNA demethylase (10). Recent studies demonstrated that FTO
is overexpressed and plays oncogenic roles in various cancers such as
acute myeloid leukemia, gastric cancer, breast cancer, melanoma, and
cervical cancer (19-23). Meanwhile, other studies indicated that FTO
could function as a tumor suppressor and downregulation of FTO
promotes cancer development in renal cell cancer, liver cancer and
ovarian cancer (24-27). Importantly, the role of FTO in CRC
tumorigenesis through the m6A pathway remains controversial.
Recently, Lin et al. demonstrated that FTO was overexpressed in
primary and 5-FU-resistant CRC tissues and FTO enhances 5-FU
resistance through SIVAl-mediated apoptosis pathway (28). Wang
et al. also found that FTO promotes CRC development and increases
chemotherapy resistance through G6PD/PARP1 demethylation (29).
In contrast, Ruan et al. indicated the low expression of FTO in CRC
tissues and better prognosis in patients with higher level of FTO
protein (30). Inhibition of FTO promotes cancer stem cell properties
in CRC including sphere formation, tumor development and
chemoresistance (31). Therefore, understanding the role of FTO in
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CRC is very important, especially to find out the effective target for
treatment to fight against cancer.

In this study, we demonstrated that FTO is expressed in different
CRC cell lines. To explore the biological function of FTO in CRC, we
conducted knockdown of FTO and analyzed changes in proliferation,
migration, and invasion of cultured cells in vitro and in tumor
progression in vivo. We also investigated the underlying mechanism
of FTO inhibition using RNA-sequencing (RNA-seq). Additionally,
as proof of principle, CS1, a small molecule FTO inhibitor was
evaluated as a promising candidate for CRC treatment (32). The
overall aim of this work was to assess the role of FTO in CRC as it
pertains to tumor progression.

Materials and methods
Tumor cell line and mice

Human colorectal cancer cell lines (CRC) including KRAS wild
type (HT-29, COLO) and KRAS mutant (HCT116, LoVo, SW480,
SW620) were purchased from American Type Culture Collection
(ATCC, USA). 5-FU resistant HCT116 cell line was obtained from
MD Anderson Cancer Center (USA). Cells were cultured in McCoy
for HT-29 or DMEM for COLO, HCT116, HCT116-5FUR, SW480,
SW620 or F-12K for LoVo (all media from Corning, USA). Media
were supplemented with 10% FBS (Gibco, USA) and 1% penicillin-
streptomycin (Gibco, USA) and cells were grown at 37°C in a
humidified incubator with 5% CO,.

6-week-old female NSG mice were purchased from Jackson Lab
and maintained under specific pathogen-free conditions at Animal
Research Center (City of Hope). Animals were handled according to
Institutional Animal Care and Use Committee (IACUC) guidelines
under an approved protocol #16067.

Reagents

FTO inhibitor, CS1 or bisantrene (B4563, Sigma-Aldrich) was
dissolved in DMSO and saturated B-cyclodextrin (C0926, Sigma-
Aldrich) solution for in vitro and in vivo experiments, respectively.

Cell proliferation assay

The proliferation of CRC cell lines under CS1 treatment was
determined using the MTS assays (Cell Titer 96 Aqueous One
Solution, Promega, USA). Cells (1x10* cells/100 ul/well) were
seeded in 96-well tissue culture plates. After 24 h, cells were
incubated with CS1 (50-3200 nM) as single agent. In combination
treatment, HCT116 cells were incubated with CS1 and 5-FU (5-80
uM). After 72 h of treatment, cell proliferation was evaluated using an
MTS assay according to the manufacturer’s instructions. Briefly, 20 pl
of MTS reagent was added to each well, and the plates were incubated
for 2 h at 37°C. Absorbance at 492nm was measured with a
microplate reader (Filtermax F3). Results were represented as the
means + standard deviation of the mean (SD) from triplicate wells.
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Cell cycle analysis

HCT116 cells were seeded into 6-well plates (5x10° cells/well),
treated with 290 nM CS1 or DMSO (vehicle control) for 24 h and 48
h. Then cells were harvested, fixed in 70% ice-cold ethanol for >1 h at
4°C, washed twice with cold PBS, and treated with 100 pug/mL
ribonuclease, before staining with 50 pg/mL propidium iodide.
Subsequently, the stained cells were measured by LSR Fortessa flow
cytometer (BD, USA) and analyzed by Flowjo software.

Apoptosis assay

FITC Annexin V and PI double staining was used to determine
apoptosis (Apoptosis Detection Kit I, BD, USA). HCT116 cells were
seeded into 6-well plates (5x10° cells/well), treated with 290 nM CS1
or DMSO (vehicle control) for 24 h and 48 h. According to the
manufacturer’s protocol, the cells were harvested, washed with
Annexin V binding buffer, and stained with PI and Annexin
solution for 15 min at room temperature in the dark. The stained
cells were measured by LSR Fortessa flow cytometer (BD, USA) and
analyzed by Flowjo software.

FTO knockdown in HCT116 cell line using
Lentivirus

For lentivirus production, HEK293T cells were co-transfected
with Lentiviral vector pLKO.1-shScr (Scramble control), pLKO.1-
shFTO-A (Sigma) targeting FTO gene and packaging plasmids
(TR30037, Origene) using TurboFectin transfection reagent
(Origene). 24 h after transfection, media was changed and after
another 48 h, cell supernatants were harvested, centrifuged, and
filtered to collect lentiviral particles. Next, HCT116 cells were
transduced with packaged lentiviral particles in the presence of
polybrene (8 pg/ml) using the spinoculation method at 1000 g for 1
h. For stable cell line generation, transduced cells were selected with 2
pg/ml puromycin beginning 48 h after infection and maintained
under selection for 2-3 passages.

Western blot analysis

CRC cells were collected and lysed in protein extraction buffer (150
mM NaCl, 10 mM Tris, 1 mM EDTA, 1% NP-40, 1 mM EGTA, and 50
mM NaF) containing protease inhibitor cocktail (Roche) on ice for 30
min, followed by centrifuge at 13,000 rpm at 4°C for 15 min. The
supernatants were then collected, and the protein concentration was
quantified by the BCA method. The cell lysates were subjected to SDS-
PAGE, and subsequently transferred to PVDF membrane (Invitrogen).
The membranes were probed with rabbit anti-human FTO (ab124892,
Abcam; 1:1000 dilution) or rabbit anti-human B-actin (4970, Cell
Signaling; 1:1000 dilution) antibodies, followed by goat anti-rabbit IgG
(whole molecule) peroxidase conjugate (A6154, Sigma; 1:2000 dilution).
Bioluminescence was catalyzed using a Quick Spray Chemiluminescent
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HRP Antibody Detection Reagent (Thomas Scientific, E2400), and
bands were detected in a luminescent image analyzer PXi (Syngene).

m6A dot blot assay

HCT116 cells were treated with DMSO or CS1 at 290nM (IC50)
for 48 h. Total RNA was extracted using RNeasy Mini Kit (Qiagen),
and poly (A)+ RNA was further enriched with PolyATract mRNA
isolation System IV (Promega) according to the manufacturer’s
instructions. The RNA samples were diluted in RNA binding
buffer, and denatured at 65°C for 5 min. Then one volume of 20X
SSC buffer was added into the RNA samples before dotted onto the
Amersham Hybond-N+ membrane (GE Healthcare) with Bio-Dot
Apparatus (Bio-Rad). The RNA samples were cross-linked onto the
membrane via UV irradiation for 5 min. The membrane was stained
with 0.02% methylene blue (MB) as loading control. After that, the
membrane was washed with 1X PBS-T buffer, blocked with 5% nonfat
dry milk and incubated with rabbit anti-m6A antibody (202003,
Synaptic Systems, 1:2000 dilution) at 4°C overnight. Finally, the
membrane was incubated with the HRP-conjugated goat anti-rabbit
IgG (sc-2030, Santa Cruz Biotechnology) and developed with
Amersham ECL Prime Western Blotting Detection Reagent
(GE Healthcare).

Tumor challenge and therapy

Stably transduced HCT116 shScr or HCT116 shFTO-A cell lines (5
x 10°) were suspended in PBS and injected subcutaneously into the
right thigh of NSG mice (n=3/group). Two weeks after implantation,
the tumors were measured once a week by a caliper and tumor volume
(mm?®) was calculated using the formula 1/2 x Length x Width x Depth.

For studying the therapeutic effect of CS1, HCT116 cells (5 x 10%)
were suspended in PBS implanted subcutaneously into the right thigh
of NSG mice (n=4-5/group). Three weeks after tumor inoculation,
when the tumor sizes reached 50 mm?, the mice were randomized
into 2 groups: control and CS1. Mice were administrated with total of
15 doses of CS1 (5 mg/kg) or control vehicle (B-cyclodextrin) every
other day by intraperitoneal injection. Tumor volume (mm?) was
measured once a week with a caliper until the tumor volume exceeded
1000 mm” or any experimental endpoint, as pre-determined in the
TACUC protocol.

Cell migration and invasion

For migration assays, 5 x 10* cells (HCT116 shScr and HCT116
shFTO-A) were plated in the top chamber of the non-coated insert
(Corning, USA) with 8 um pore size. For invasion assays, 1 x 10 cells
were plated in the top chamber of Matrigel-coated insert with 8 um
pore size. Cells were seeded in 200 pl low-serum (1% FBS) DMEM
(upper chamber) and placed in 24-well plates (lower chamber)
containing 800 pl of high-serum (10% FBS) DMEM. After 24 h of
incubation at 37°C, the cells remaining in the upper side of the insert
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membrane were gently scraped off with cotton swabs. The cells that
migrated or invaded through the pores to the lower surface of the
insert membrane were fixed in 4% formaldehyde, stained with 1%
crystal violet dye, and then counted under a microscope. The values
were calculated by averaging the total number of cells from different
microscopic fields of three chambers per condition.

RNA sequencing and data analysis

Total RNA samples were isolated from HCT116 shScr or HCT116
ShFTO-A cells with RNeasy Mini Kit (Qiagen, USA) for sequencing.
RNA concentration was measured by NanoDrop 1000 (Thermo
Fisher Scientific, USA) and RNA integrity was determined using
Bioanalyzer (Agilent). Each RNA sample was spiked in with an
appropriate amount of either Mixl or Mix2 according to Life
Technologies” guidelines which would lead to about 1% of the total
number of RNA-Seq reads mapping to the 92 ERCC control
sequences, assuming the mRNA fraction in the total RNA is 2%.
Library construction of 300 ng total RNA for each sample was made
using KAPA Stranded mRNA-Seq Kit (Illumina Platforms) (Kapa
Biosystems, Wilmington, USA) with 10 cycles of PCR amplification.
Libraries were purified using AxyPrep Mag PCR Clean-up kit
(Thermo Fisher Scientific). Each library was quantified using a
Qubit fluorometer (Life Technologies) and the size distribution
assessed using the 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, USA). Sequencing was performed on an Illumina Hiseq 2500
(Mumina, San Diego, CA, USA) instrument using the TruSeq SR
Cluster Kit V4-cBot-HS (Illumina) to generate 51 bp single-end reads
sequencing with v4 chemistry. Quality control of RNA-Seq reads was
performed using FastQC. Each group contains 3-4 replicates. Reads
were trimmed for adaptor sequence, masked for low complexity or
low-quality sequence by Cutadapt (33), and then aligned to reference
genome GRCh38 by STAR (34). The expressions of the genes were
calculated using RSEM (35), p < 0.05 was set as the threshold of the
differential expressions. The reads distributed in a specific transcript
were displayed by IGV (36). Hierarchical cluster analysis was
generated by R package cluster. Gene Set Enrichment Analysis
(GSEA) and hallmark gene sets in Molecular Signatures Database
(MSigDB) (37) were applied for enriched pathways.

Quantitative real-time PCR

To study the gene-downregulation related to FTO, HCT116 cells
were treated with 290nM CS1 or DMSO as control for 48 h. Then,
cells (control, CS1-treated HCT116, HCT116-shScr, and HCT116-
shFTO-A) were collected and total RNAs were extracted using
RNeasy Mini Kit (Qiagen, USA), according to manufacturers’
instructions. The ¢cDNA was synthesized from RNA using
RevertAid Reverse Transcriptase (Thermo Fisher Scientific, USA).
Next, cDNA was amplified using the RT-PCR primer sets listed in the
Table 1. PCRs were performed in QuantStudio 3 machine (Thermo
Fisher Scientific, USA). Select Master Mix (Applied Biosystem, USA)
was used to detect amplification under the following conditions: 2 m
at 50°C, 2 m at 95°C followed by 40 cycles of 15 s at 95°C, and 60 s at
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TABLE 1 Primer set for RT-PCR in this study.

Gene name Primer sequence (5" — 3’)

GAPDH F: GCA CCG TCA AGG CTG AGAAC
R: ATG GTG GTG AAG ACG CCAGT
EREG F: GTG ATT CCA TCA TGT ATC CCA GGAG
R: AGA TGC ACT GTC CAT GCA AACAA
KRAP F: CAT ATG ACA GAG GAG GAC A
R: GTG GCT GTC CTG CTT AGG
PDE4B F: ATC TCA CGC TTT GGA GTC AAC
R: TTA AGA CCC CAT TTG TTC AGG
KRAP F: GAC GTG ATG AAC CAG ATA TTG CT
R: TTG ACG AAA ACG GCT TGT TAA AG

60°C. Results were analyzed with QuantStudio Analysis Software.
HPRT was used as housekeeping gene to assess target gene.

Results

The FTO inhibitor, CS1 inhibits cell
proliferation of different human colorectal
cancer cell lines in vitro

The cytotoxic effects of the small molecule FTO inhibitor, CS1
was examined in different CRC cell lines (HT-29, COLO, HCT-116,
LoVo, SW480, SW620) using an MTS assay. As shown in Figure 1A,
CS1 (50-3200nM) suppresses the proliferation of CRC cells in a dose-
dependent manner after 72 h of treatment (p<0.05). The most
significant suppression was observed in HCT116 and SW620 cells
(16.23% and 17.37% at 3200 nM respectively). 5-FU-based
chemotherapy is the standard approach for colon cancer treatment,
and resistance to 5-FU is a major cause of therapeutic failure. Next, we
explored if CS1 could inhibit cell growth in a 5-FU resistant HCT116
cell line (HCT116-5FUR). The MTS results indicated that CS1 also
suppressed cell viability in a dose-dependent manner (50-3200nM) in
HCT116-5FUR (Figure 1B) (p<0.05 from 400nM). At a concentration
of 3.2uM CS1, the proportion of cell toxicity was comparable in 5-FU
resistant HCT116 and parental HCT116 cells. We then explored if the
combination of 5-FU and CS1 treatment could enhance the inhibitory
effect of each drug alone. HCT116 cells were treated with CS1 (50-
800nM) and 5-FU (5-80uM) alone or in combination for 72h and
MTS assay was performed for cell viability. The results showed the
similar percentages of cell viability at CS1 200-800nM and 5-FU 20-
80uM as single agents and in combination (37.17% to 23.56%), with
no findings of synergy (combination index >1 by CompuSyn
program, data not shown) between these 2 drugs (Figure 1C). The
protein expression of FTO in all CRC cells in this study were
confirmed by Western blot (Figure 1D). To assess the inhibition of
FTO by CSI treatment on mRNA methylation, m6A dot plot assay
was performed after HCT116 cells were treated by CS1 (290nM,
1C50). The results showed a substantial increase of m6A abundance in
transcriptomes of CSl-treated samples compared to the controls
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Inhibitory effect of CS1 on different human colorectal cancer cell lines (CRC). (A) KRAS wild type (HT-29, COLO) and KRAS mutant (HCT116, LoVo,
SW480, SW620) cell lines were seeded in 96 well-plates at a concentration of 1x10* cells/well. 24 h later, cells were treated with CS1 at increasing
concentrations (0, 50, 100, 200, 400, 800, 1600 and 3200 nM). 72 h after treatment, MTS assay was applied to evaluate the percentage of cell viability.
(B) Similar procedure was applied in the parental HCT116 cells and 5-FU resistant derivatives. HCT116 (C) were treated with CS1 (0, 50, 100, 200, 400,
and 800 nM) and/or 5-FU (0, 5, 10, 20, 40, and 80 puM) as single agents or in combination. Results from one representative experiment are presented

as means + SD, with triplicate determinations. (*) p < 0.05; (**) p < 0.01; (***) p < 0.001; and (****) p < 0.0001. p-value vs control (untreated group) in
each cell line. (D) CRC cells were collected, lysed, and total protein was obtained. Western blot analysis was performed to examine the expression of
FTO. B-actin was used as a loading control. (E) Determination of m6A abundance in mRNA in HCT116 cells after 72 h of CS1 treatment via dot blot assay.

MB (methylene blue) represents loading control of RNA samples.

(Figure 1E). These data indicated that CS1 inhibited the demethylase
activity of FTO protein in CS1-treated cells.

CS1 induces cell cycle arrest in G2/M phase
and promotes apoptosis

To investigate how CSI influences the cell cycle, HCT116 cells
were treated with 290nM CS1 or DMSO and then the cell cycle was
analyzed using flow cytometry. As shown in Figures 2A, B, CS1
treatment resulted in a greater percentage of cells in G2/M phase
compared to controls at 24 h (62.8% vs 27.0%) and 48 h (69.6% vs
23.9%) (p<0.0001). CDC25C is one of the crucial regulators that
dephosphorylates CDC2 and leads to the activation of the CDK1
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complex at the G2/M checkpoint (38). Western blot data indicated
that CS1-treated cells demonstrated decreased expression of CDC25C
(Figure 2E). These data suggest that CS1 may induces G2/M cell cycle
arrest in HCT116 cells through downregulation of CDC25C leading
to cell growth inhibition. Next, to investigate whether apoptosis
contributed to the growth inhibition by CS1, we performed an
apoptosis assay using FITC annexin V and propidium iodide
double staining in HCT116 cells. There was a significantly higher
proportion of total apoptotic cells observed in the CS1-treated groups
vs the controls at 24 h (13.8% vs 9.9%) and 48 h (10.7% vs 9.2%)
(p<0.05) (Figures 2C, D). Overall, these data demonstrate that
inhibition of cell growth in CS1-treated HCT116 cells is associated
with G2/M cell cycle arrest, decreased CDC25C expression, and the
induction of cell apoptosis.
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Effect of CS1 in cell cycle and apoptosis. HCT116 cells were seeded into 6-well plates (5x10° cells/well), treated with 290nM CS1 or DMSO (vehicle
control) for 24 h and 48 (h) (A, B) For cell cycle analysis, cells were fixed in 70% ice-cold ethanol, treated with 100 pg/mL ribonuclease, stained with 50
pg/mL propidium iodide (Pl) and then analyzed using flow cytometry. The percentage of cells in GO/G1, S and G2 phases of cell cycle was calculated and
displayed. (C, D) For cell apoptosis assay, cells were double-stained with Annexin V-FITC+PI and assessed by flow cytometry. The percentages of early
apoptotic cells (annexin V (+)/PI (-)), late apoptotic cells (annexin V (+)/PI (+)) and total apoptotic cells were calculated and displayed. (E) Western blot
analysis of proteins related to G2/M phase (CDC25C) were performed after 48 h of CS1 treatment. B-actin was used as a protein loading control. Data
are presented as mean + SD. of three independent experiments. (*) p <0.05 and (**) p<0.0001

FTO inhibition suppresses tumor growth in
the HCT116 xenograft mouse model

To investigate the in vivo antitumor efficacy of the FTO inhibitor,
CS1, a xenograft mouse model with HCT116 cells was used. After
appropriate growth of tumors, the mice were randomized into 2 groups:
control and CS1. As shown in Figure 3A, CS1 significantly inhibited
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tumor progression compared to vehicle, especially from day 21 post-
treatment (p<0.05). We also observed no significant differences in mice
body weight between the CSl-treated group and controls, which
suggested minimal toxicity of CS1 in vivo (Figure 3B). Consistent with
the tumor growth curve, all the tumor masses from HCT116 tumor
bearing mice treated with CS1 were found to be substantially smaller
than the tumor masses from the control (Figures 3C, D).
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FIGURE 3

Therapeutic effect of CS1 treatment on HCT116 xenograft mouse model. 6-week-old female NSG mice (n = 4-5/group) were subcutaneously injected
into the right thigh with HCT116 cells (5 x 10° cells/mouse). After 21 days, when the tumor volume reached around 50 mm?, the mice were randomized
into 2 groups: control and CS1. Mice were administrated with total of 15 doses of CS1 (5 mg/kg) or control vehicle (3-cyclodextrin) every other day by
intraperitoneal injection. Tumor volume was measured every 7 days until the end of experiment. Mice were then euthanized when the tumor volume
reached 1000mm?3. (A) Tumor growth curve. (B) Mouse weights. (C) Tumor weights and (D) the photographs of excised tumors at day 35 after the first

treatment. Data are presented as means + SD. (*) p <0.05 and (**) p<0.0001.
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Knockdown of FTO by employment of
Lentivirus-mediated shRNA in HCT116 cells

To study the role of FTO in colorectal cancer, we used Lentivirus-
mediated shRNA targeting FTO to inhibit FTO expression. HCT116
cells were stably transduced to express an ShRNA sequence (shFTO-
A) that specifically silences FTO. The FTO-knockdown effects were
confirmed through Western blot for protein expression. As shown in
Figure 4A, shFTO-A transduced cell lines have lower expression of
FTO protein compared to shScr transduced cells. Additionally,
knockdown of FTO by shFTO-A markedly inhibited cell growth in
HCT116 cells in vitro (Figure 4B, p< 0.0001). To further investigate
the oncogenic role of FTO in colon cancer, we utilized a subcutaneous
mouse model. Stable FTO knockdown (FTO KD) shFTO-A and
control shScr transduced in HCT116 cells were injected into the
right thigh of the mice. The tumor growth curve of the shFTO-A
group was markedly less than control (Figures 4C, D). Furthermore,
we assessed the effect of FTO KD on m6A mRNA levels. To assess the
functional impact of FTO KD on FTO demethylase activity, we
performed a m6A dot plot assay. Knockdown of FTO increased
m6A mRNA levels, demonstrating inhibition of FTO demethylase
activity (Figure 4E). Altogether, these findings suggested that FTO has
an important role in cell proliferation, tumor progression and m6A
demethylation in the HCT116 colon cancer cell line.
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Knockdown of FTO inhibited in vitro
migration and invasion of HCT116 cells

To evaluate the impact of FTO KD on cell migration and invasion,
the transwell assay was performed on three stably transduced
HCT116 cell lines with shFTO-A or negative control shScr. As
shown in Figures 5A, C (upper panel), after 24hr of incubation,
FTO KD cells by shFTO-A had a markedly lower percentage of
migration compared to the negative controls (p<0.05). Similar to the
migration assay, shFTO-A demonstrated significantly less invasion
compared to controls (p<0.01) (Figures 5B, C, lower panel). These
results suggest that sShRNA-mediated inhibition of FTO expression
decreases the capacity of migration and invasion of HCT116 cells.

Proposed signaling pathways related to FTO
knockdown

RNA sequencing (RNA-seq) was performed to understand the
underlying mechanisms related to FTO KD. Distribution of RNA-seq
reads around the genomic locus of FTO indicating a successful
knockdown of FTO by shFTO (Figure 6A). Next, the hierarchical
clustering dendrogram demonstrates that shFTO-A can be grouped
together and these separate from the shScr controls (Figure 6B),
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FIGURE 4

methylene blue (MB) as loading control (right panel).

Knockdown of FTO in HCT116 cell line using Lentivirus-mediated shRNA. HCT116 cells were transduced with shFTO-A (knockdown group) or shScr
(negative control group) lentivirus. Three stably transduced cell lines of each clone were selected using 2 pug/ml puromycin. (A) For knockdown efficiency
of FTO by shRNA lentivirus, Western blotting was performed to detect the FTO expression levels in FTO KD (shFTO-A) and negative control (shScr) cells.
B-actin was used as a loading control. (B) Cell proliferations were examined using MTS assay at 24 h, 48 h and 72 (h) (C, D) The effect of FTO KD on
tumor growth in vivo was confirmed by subcutaneous mouse model. 6-week-old female NSG mice (n = 3/group) were injected into the right thigh with
HCT116 shScr or HCT116 shFTO-A cell lines (5 x 10°). Two weeks after implantation, the tumors were measured once a week by a caliper and tumor
volume (mm?) was calculated using the formula 1/2 x Length x Width x Depth for tumor growth curve (C). Pictures of tumor bearing mice were taken at
day 14 and 28 after tumor inoculation (D). Data are presented as means + SD. (*) p <0.01 and (**) p<0.0001. (E) Global m6A abundance of poly(A)+ RNA
isolated from HCT116 shScr or HCT116 shFTO-A cell lines and detected by m6A dot plot assay (left panel). The membrane was stained with 0.02%
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which indicates the consistency and variance of the samples (n=4/
group). As compared to HCT116-shScr cells, HCT116-shFTO cells
had 459 up-regulated genes and 192 down-regulated genes
(Figure 6C). Top 15 differentially expressed genes have been shown
in Figure 6D and top 4 down-regulated genes (EREG, KRAP, PDE4B
and SLC38A2) were confirmed by qPCR (Figure 6E). There were no
significant differences between untreated and shScr cells. Similar to
FTO KD by shFTO, CS1 treatment markedly suppressed these 4 genes
compared to controls (Figure 6E). A global gene set enrichment
analysis (GSEA) revealed a set of downregulated or upregulated
pathways in FTO KD compared to shScr (Figures 6F, G). There
were various signaling pathways downregulated by FTO KD,
including MYC target V1, MYC target V2, oxidative
phosphorylation, reactive oxygen species, G2M checkpoint,
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mTORCI, and unfolded protein response (Figure 6F). On the other
hand, FTO KD upregulated pathways involving Tumor Growth
Factor beta, epithelial mesenchymal transition, KRAS signaling,
estrogen response, UV response, myogenesis, and coagulation
signaling (Figure 6G). These results indicate that FTO is involved
in multiple signaling pathways; however, CS1 and FTO KD
demonstrated commonalities of down-regulation of 4 key genes
EREG, KRAP, PDE4B and SLC38A2.

Discussion

FTO has been shown to play an important role in modulating fat
mass, adipogenesis, and total body weight (39-41). Epidemiologic
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FTO knockdown inhibited the migration and invasion of HCT116 cells. Cell migration or invasion was assessed with a transwell assay. Stable FTO
knockdown (shFTO-A) and negative control (shScr) of HCT116 cell lines were seeded in 1% FBS containing medium in non-coated inserts or in Matrigel-
coated inserts (Corning, USA), and were placed in 24 well plates with 10% FBS containing medium. After 24 h, the cells that migrated or invaded through
the pores to the lower surface of the insert membrane were fixed, stained, and counted under a microscope. (A) Percentage of migrated cells are
shown. (B) Percentage of invaded cells are shown. (C) Representative images are shown. Data are presented as means + SD from 3 fields. Scale = 50pum.

(*) p <0.05 and (**) p<0.0001

studies demonstrated that FTO single nucleotide polymorphisms
(SNPs) are associated with the increased obesity and higher risk of
multiple cancers including colorectal cancer (42). Specifically, there is
a positive association between colorectal cancer and rs1558902,
rs8050136, rs3751812, rs9939609 FTO SNPs in Japanese population
(43) and the A allele of rs9939609 FTO SNP in Iranian population
(44, 45). FTO, the first described demethylase of m6A mRNA, has
been reported as an oncogene in different types of cancers. FTO is also
found markedly upregulated in colorectal adenocarcinoma tissues
(46). However, the role of FTO in colorectal cancer has not been fully
investigated. In the present study, we show that FTO is expressed in
various human colorectal cancer cell lines. We demonstrated that
knockdown of FTO decreased cell proliferation, migration, invasion
in vitro and suppressed tumor progression in vivo, which suggests that
FTO may have an oncogenic role in colorectal cancer.

Since the 1980s, CS1 (or bisantrene) has shown some response in
clinical trials as an anthracene compound for many types of cancer
(47, 48). Recently, CS1 has been found to have high therapeutic
efficacy against acute myeloid leukemia cells (32). In line with these
findings, in our study, CS1 suppressed cell proliferation, induced cell
cycle arrest in G2/M phase and promoted cell apoptosis in HCT116
cells in vitro. Moreover, CS1 treatment also inhibited tumor growth
with minimal toxicity in colon cancer mouse models. 5-FU is the most
common chemotherapeutic for CRC (49). However, the clinical
efficacy is decreased in 5-FU resistant cells (50). Here, CS1
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suppressed HCT116-5FUR cell viability in a dose-dependent
manner (50-3200 nM, p<0.05 from 400 nM). These data suggested
that CS1 might serve as a single alternative agent or in combination to
overcome the resistance of 5-FU based therapies for CRC.

Using next-generation sequencing technology (NGS) with RNA-
seq we investigated variations at the transcriptome level and
differentially expressed genes (DEGs) of FTO KD in CRC. RNA-seq
analysis of FTO KD revealed the distinct underlying molecular
mechanisms and signaling pathways associated with antitumor
activities in colorectal cancer cells through a set of differentially
expressed genes including the top 4 down-regulated genes (EREG,
KRAP, PDE4B and SLC38A2) confirmed by qPCR (Figures 6D, E).
Epiregulin (EREG) is a ligand of epidermal growth factor receptor
(EGFR), which is involved in RAS-RAF-MAPK and PI3K-AKT-
mTOR signaling pathways regulating tumor proliferation, invasion,
and migration (51). EREG is overexpressed in many types of cancer
including colorectal cancer (52). Nearly 50% of colorectal cancers
harbor KRAS mutations (53). CRC cells with mutant KRAS have been
found to express higher autocrine levels of high-affinity EGFR ligands
compared to wild-type KRAS (54). This strategy would be
advantageous by targeting EREG in the 30% to 50% of CRC
patients that harbor a KRAS mutation. KRAS-induced actin-
interacting protein (KRAP), also named as actin-interacting protein
sperm-specific antigen 2 (SSFA2), was originally identified as one of
the genes that was up-regulated by activated KRAS in HCT116 cells
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FIGURE 6

Proposed signaling pathways related to FTO knockdown. RNA-seq was performed on mRNA of shScr and shFTO-A from HCT116 cells. (A) Distribution of
RNA-seq reads around the genomic locus of FTO in shScr and shFTO using Integrative Genomics Viewer (IGV). (B) Hierarchical clustering dendrogram of
RNA-seq data from controls and FTO KD. (C) Volcano plot represents differentially expressed genes in FTO KD HCT116 cells compared to shScr control. The
red dots and green dots indicate significantly upregulated and downregulated genes, respectively. The blue dots indicate insignificant differentially expressed
genes. False Discovery Rate (FDR) is an adjusted p-value for multiple tests (by the Benjamini-Hochberg procedure) by giving the proportion of tests above
threshold that will be false positives. FC=fold change. (D) Top 15 differentially expressed genes using Ingenuity Pathway Analysis (Qiagen). (E) Top 4
downregulated genes from control, CS1-treated, shScr and shFTO HCT116 cells by RT-PCR. Data are presented as means + SD from 3 fields. (*) p<0.0001.
(F, G) Scattergrams of the downregulated pathways (F) and upregulated pathways (G) based on GSEA.

(55). KRAP contributed to the regulation of filamentous actin and
signals from the outside of the cells (56). Importantly, KRAP has been
shown to be involved in cell proliferation in glioma (57) and oral
squamous cell carcinoma (58). Those studies suggested that KRAP
may serve as a potential target for colon cancer and other cancers. Our
work demonstrates that FTO inhibition via FTO KD or via CSl1
treatment leads to down-regulation of KRAP and may account for the
mechanism of growth inhibition.

PDE4B belongs to the phosphodiesterase (PDE) family that
catalyzes the hydrolysis of cyclic adenosine 3,5 monophosphate
(cAMP) to AMP. cAMP is a ubiquitous second messenger and
activated through its binding to activated protein kinase A (PKA),
which is associated with various cellular processes including
proliferation, differentiation, migration, and apoptosis (59). PDE4 is
highly expressed in many kinds of cancer including colon cancer,
melanoma, lymphoma, glioma, ovarian, brain tumors, and non-small
cell lung cancer (60). Moreover, the expression of PDE4B is
upregulated by oncogenic KRAS in HCT116 cells (61). PDE4B
modulates the expression of MYC that leads to low intracellular
cAMP levels, activates AKT/mTOR signaling, and promotes cell
survival in colorectal cancer (62). These findings suggest that
PDE4B may play a role in colon cancer and inhibition of PDE4B is
a potential target for anticancer therapy We have demonstrated that
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FTO KD and inhibition with CS1 down-regulates PDE4B accounting
for a possible mechanism of action of growth inhibition.

In order to promote proliferation and metastasis, tumor cells take
up high levels of extracellular amino acids including glutamine (63).
Glutamine is imported into cells via transporters, such as the Na
+-coupled neutral amino acid transporters (SNATSs) or the SLC38
superfamily (64). Among those transporters, SLC38A2 or SNAT2
have been reported to be overexpressed in tumors including prostate
cancer (65), breast cancer (66), pancreatic cancer (67), and colorectal
cancer (68). KRAS as one of the most prevalently mutated oncogenes
in CRCs (69), has been found to upregulate glutamine transport,
metabolism, and cell proliferation through mTOR activation leading
to drug resistance (70, 71). Knockdown of amino acid transporters
like SLC38A2, inhibit amino acid uptake and cell proliferation via
mTOR suppression (68). This would be another effective strategy for
colorectal cancer treatment. In this study we have demonstrated that
FTO inhibition with CS1 or FTO KD leads to down regulation
of SLC38A2.

There are multiple hallmarks of cancer during development of
tumors including promoting cellular proliferation (72). MYC is a
transcription factor regulating groups of genes (MYC targets) related
to enhance cell growth in most types of human cancers (73).
Consistently, our study revealed different signaling pathways
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FIGURE 7

Targeting FTO in CRC treatment. FTO was identified as a potential oncogene in colorectal cancer cells and inhibition of FTO (by shFTO or CS1)
significantly suppressed cancer cell proliferation, migration and invasion in vitro and tumor progression in vivo. FTO inhibition impacts multiple pathways
related to EREG, KRAP, PDE4B and SLC38A2 that may account for its role as an oncogene. CS1, the FTO inhibitor, can be applied as a potential

therapeutic agent for CRC treatment.

downregulated by FTO KD, including MYC target V1 and MYC
target V2. In CRCs, c-MYC has been shown to have a role in self
—renewal, tumorigenicity, invasion and chemoresistance of cancer
stem cells (74). In anti-EGFR targeted therapy, patients with high c-
MYC expression had a markedly lower PES, OS and more frequent
metastases compared to patients with low c-MYC expression, which
suggests a pivotal role of ¢-MYC in CRC resistance to EGFR
inhibitors (75). Our RNA-seq data suggests that FTO inhibition
leads to down regulation of the MYC pathway suggesting an
additional potential mechanism of action.

In general, during malignant transformation, cancer cells undergo
metabolic reprogramming to produce a huge amount of energy and
biomass including a metabolic shift towards aerobic glycolysis
characterized as the Warburg effect (76). On the other hand,
oxidative phosphorylation (OXPHOS) is also a crucial pathway of
cancer metabolism which supports progression and invasiveness in
CRC (77, 78). OXPHOS has been found to be upregulated in CRC
cells compared to healthy surrounding tissues, while the levels of
glycolysis remained unchanged (79). A metabolic shift towards
OXPHOS was linked to chemoresistance in CRC (77). Interestingly,
KRAS mutations might be associated with an oxidative phenotype,
while BRAF mutations with a glycolytic phenotype (80). In line with
this, our study shows in our KRAS mutated cell line HCT116, FTO
KD led to down regulation in oxidative phosphorylation pathways as
seen by RNA-seq and no significant difference in glycolysis after
treatment with the FTO inhibitor CS1 (Seahorse assay, data not
shown). This data indicates that FTO KD impacts OXPHOS perhaps
more than glycolysis.

Lastly, cell cycle regulation plays a key role in cell proliferation
and in the progression of cancer via cell cycle-associated signaling
pathways (81, 82). Our RNA-seq results indicated that the G2/M
checkpoint was a downregulated pathway, in which CS1-treated
HCT116 cells were induced into G2/M cell cycle arrest and
subsequently the induction of cell apoptosis. Importantly, CS1
treatment suppressed the expression of CDC25C, one of the
important regulators in the G2/M phase.
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In summary, we identified FTO as a potential oncogene in
colorectal cancer cells and we demonstrated that targeting FTO
significantly suppressed cancer cell proliferation, migration and
invasion in vitro and tumor progression in vivo. Additionally, we
found that FTO inhibition impacts multiple pathways that may
account for its role as an oncogene. Importantly, the FTO inhibitor,
CS1 can be applied as a potential therapeutic agent for CRC treatment
(Figure 7). Further work is needed to explore the roles of the most
prominent downstream transcripts and signaling pathways that are
impacted with changes in FTO expression and activity. This will lead
to future clinical trials targeting FTO as a potential therapeutic
strategy in the treatment of metastatic colorectal cancer.
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