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N6-methyladenosine (m6A) is the most pervasive RNA modifi-
cation and is recognized as a novel epigenetic regulation in
RNA metabolism. Although the m6A modification involves
various physiological processes, its roles in drug resistance in
colorectal cancer (CRC) still remain unknown. We analyzed
the RNA expression profile of m6A/A (%) with MRM mass
spectrometry in human 5-fluorouracil (5-FU)-resistant CRC
tissues, and used the m6A RNA immunoprecipitation assay
to validate the m6A-regulated target. Our results have shown
that the m6A demethylase FTOwas up-regulated in human pri-
mary and 5-FU-resistant CRC. Depletion of FTO decreased cell
growth, colony formation and metastasis in 5-FU-resistant
CRC cells in vitro and in vivo. Mechanistically, we identified
SIVA1, a critical apoptotic gene, as a key downstream target
of the FTO-mediatedm6A demethylation. Them6A demethyla-
tion of SIVA1 at the CDS region induced its mRNA degrada-
tion via a YTHDF2-dependent mechanism. The SIVA1 levels
were negatively correlated with the FTO levels in clinical
CRC tissues. Notably, inhibition of FTO significantly reduced
the tolerance of 5-FU in 5-FU-resistant CRC cells via the
FTO-SIVA1 axis, whereas SIVA1-depletion could restore the
m6A-dependent 5-FU sensitivity in CRC cells. In summary,
our findings demonstrate a critical role of FTO as an m6A
demethylase enhancing chemo-resistance in CRC cells, and
suggest that FTO inhibition may restore the sensitivity of
chemo-resistant CRC cells to 5-FU.
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INTRODUCTION
Colorectal cancer (CRC) is one of the most malignant diseases in
the gastrointestinal tract, and causes over 600,000 deaths annually
worldwide.1 Over the past decade, the incidence and mortality rates
of CRC have substantially declined owing to the improvement in
curative treatments including polypectomy, chemotherapy, targeted
molecular therapy, and immunotherapy. However, drug resistance
and metastasis are the major challenges for CRC treatment and
Molec
This is an open access article under the CC BY-NC-
limit therapeutic efficacy.2 5-Fluorouracil (5-FU) is the main
chemotherapeutic treatment alone or combination with other
chemotherapeutic agents for CRC patients; however, the majority
of advanced CRC patients treated with 5-FU eventually suffer a
relapse and generate 5-FU resistance.3 Tremendous progress has
demonstrated that epigenetic events, together with genetic alter-
ations contribute to initiation and progression of CRC, and are
involved in development of acquired chemo-resistance.4,5 Use of
epigenetic drugs in CRC with focus on the advantages of combina-
tion therapy over single chemotherapy represents a promising field
for CRC treatment.

N6-methyladenosine (m6A) RNA methylation, the most pervasive
RNA modification in humans, acts as an emerging regulatory mech-
anism at the post-transcriptional level.6 This modification is revers-
ible and its functional components are mostly defined as writer,
eraser, and reader proteins. The writer complex includes METTL3,
METTL14, and WTAP, defined as m6A methyltransferase.7,8 The
eraser enzymes FTO and ALKBH5 mediate the reversal of m6A
methylation,9,10 while m6A methylated transcripts are recognized
by reader proteins such as YTH family member,11 HNRNPA2B1,12

and IGF2BP.13,14 Currently the m6A modification is shown to affect
RNA stability, translation, and degradation.15,16 Dysregulation of
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the m6A levels is highly associated with tumor occurrence and pro-
gression.17,18 Previous studies have reported that the m6A modifica-
tion is actively involved in chemo-resistance in various cancers,
including head and neck squamous cell carcinoma, non-small-cell
lung cancer, melanoma, and pancreatic cancer.19-22 In a recent study,
we reported that the m6A writer methyltransferase-like 3 (METTL3)
was down-regulated in sorafenib-resistant liver cancer via reducing
the m6A level of FOXO3 and enhancing FOXO3-mediated autophagy
under hypoxia.23 Emerging evidence has shown that the m6Amethyl-
ation plays an important role in mediating proliferation, migration,
and metastasis in CRC24-27; however, whether m6A modification is
associated with drug resistance in CRC remains unclear.

Here, we aimed to investigate the role of m6A modification in 5-FU-
resistant CRC and explore the potential combination therapy with
epigenetic drugs by targeting the m6A methylation to improve CRC
treatment. We found that FTO played an oncogenic role in CRC
cell proliferation, colony formation, development, and progression
in vitro and in vivo. Depletion of FTO enhanced the sensitivity of
5-FU-resistant CRC cells to 5-FU treatment via increasing the m6A
modification of SIVA1. Taken together, our findings provided
novel insights into the significance of FTO status in predicting drug
resistance in CRC patients, and the FTO-SIVA1 axis may be instru-
mental in CRC therapeutic treatment with 5-FU-based adjuvant
chemotherapy.

RESULTS
Up-regulation of FTO in human primary and 5-FU-resistant CRC

tissues

To explore the role of the m6A modification in the acquired 5-FU
resistance in CRC, we systematically analyzed the mRNA expression
profile of m6A/A (%) in normal, primary, and 5-FU-resistant tissues
from CRC patients by multiple reaction monitoring (MRM) mass
spectrometry. We found that the global m6A levels were decreased
in primary and 5-FU-resistant CRC tissues compared with normal
tissues, with the lowest modification ratio of m6A/A (%) in 5-FU-
resistant CRC tissues (Figure 1A and Table S2). The reduced m6A
levels in primary and 5-FU-resistant CRC tissues were also confirmed
by the dot-blotting assay (Figure 1B), suggesting a decreasing ten-
dency of the m6A levels during the progression of acquired 5-FU
Figure 1. Up-regulation of FTO in human 5-FU-resistant CRC
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***p < 0.001; ****p < 0.0001; two-tailed t test. Data are presented as means ± SD and
resistance in CRC. To examine the change of functional component
in m6A modification, we measured the key m6A regulators in the tis-
sues above and found that FTO was significantly up-regulated in
5-FU-resistant CRC tumors in both protein and mRNA levels
(Figures 1C, 1D, and S1A), and up-regulation of FTO was also
confirmed in the clinical CRC samples by immunohistochemistry
assay (Figures 1E and 1F). In line with our results, up-regulation of
FTO in CRC patients was validated by other independent clinical
cohorts (Figures 1G and 1I). With analysis of the clinical outcome,
we found that the up-regulated level of FTO showed poorer clinical
prognosis in CRC patients (Figures S1B and S1C). The immunohisto-
chemical (IHC) assay of clinical CRC patients demonstrated that FTO
level was up-regulated in CRC tumor tissues compared with adjacent
nontumor tissues (Figures 1J, 1K, and S1D). Moreover, the increased
levels of FTO in CRC patients were significantly correlated with the
higher pathological stages in our IHC assay and other database
(Figures 1L and S1E).

To confirm the correlation between FTO and acquired 5-FU resis-
tance, we first measured the expression of FTO at both protein and
RNA levels in eight CRC cell lines and one normal colonic epithelial
cell line (Figures 1M and 1O), and evaluated their sensitivity to 5-FU
treatment (Figure S2A). Notably, the half maximal inhibitory concen-
tration (IC50) of 5-FU was positively correlated with the expression
levels of FTO in CRC cell lines (Figure 1P). To examine the direct
role of FTO in the acquired 5-FU resistance, we overexpressed FTO
in two CRC cells with lower level of FTO (RKO and HCT-15) and
measured their response to 5-FU treatment. Overexpression of FTO
triggered the increased tolerance toward 5-FU treatment in both
RKO and HCT-15 cell lines (Figures S2B and S2C).

To mimic the acquirement of chemo-resistance in clinical, we gener-
ated the acquired 5-FU-resistant HCT-8 and HCT-116 cell lines by
gradually increasing the concentration by 5% of IC50 until reaching
to the IC50 (Figure S2D). Consistently, the global RNA m6A levels
were decreased in these 5-FU-resistant CRC cells, as indicated by
both MRM mass spectrometry and the dot-blotting assay (Figure 1Q
and Table S2). We found that the induction of FTO led to the change
of the m6A levels during the acquired resistance (Figures 1R, 1S, S2E,
and S2F). Meanwhile, we further analyzed the variation of FTO
RC patients determined by MRMmass spectrometry assay, n = 3. (B) The m6A level

by dot-blotting assay. (C) The protein expression level of the m6A regulator genes in

assay. (D) ThemRNA expression level of them6A regulator genes in normal, primary,

expression level of FTO in normal, primary, and resistant tissues from CRC patients

Pro Plus (IPP) in (F). (G) The mRNA expression level of the m6A regulator genes

d I) FTO expression level in human CRC tumors and nontumor tissues in GSE20916

TO expression level of representative tumor and adjacent normal tissues in 80 pairs

(Tumor versus Nontumor) and L (different pathological Stage I-III). (M–O) The protein

human normal colon epithelial cell line as a control. Quantification of FTO protein level

mRNA level and the IC50 values of 5-FU in CRC cell lines. (Q) The m6A level of global

. (R and S) The protein expression level of the m6A regulator genes in HCT-8, HCT-8/

(S). Data information: In all relevant panels, ns, no significant, *p < 0.05; **p < 0.01;

are representative of three independent experiments.
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expression in HCT-8 naive and resistant cells treated with 5-FU for
24 h or 48 h from the GSE81005 database, and found that FTO was
significantly up-regulated in resistant cells in 48 h treated with
5-FU (Figure S2G). However, the mRNA and protein expression
levels of FTO had no change upon various doses of 5-FU treatment
for 48 h from our cell model (Figures S2H–S2J). Overall, these data
suggested the potential role of FTO-mediated m6A modification in
5-FU resistance in CRC.

FTO promoted 5-FU resistance and cell growth in CRC cells

To validate the role of FTO in acquired 5-FU resistance, we con-
structed stable FTO-depleted CRC cell lines and verified by protein
and mRNA expression levels (Figures 2A and S3A–S3C). We showed
the decrease of global RNA m6A level in these stable FTO-depleted
cell lines by dot-blotting assay (Figures 2B and S3D). Knockdown
of FTO slightly up-regulated the level of ALKBH5, while the levels
of METTL3 and METTL14 remained unchanged (Figures S3E and
S3F). Notably, knockdown of FTO significantly increased the sensi-
tivity of 5-FU (Figures 2C and S3G) and inhibited cell growth
(Figures 2D, 2E, S3H, and S3I) in both naive and resistant HCT-8
and HCT-116 cell lines. Next, we confirmed the suppressed effect
of FTO depletion in cell proliferation in a 5-FU dose-dependent
manner by the EdU staining assay and the clonogenic survival assay
(Figures 2F–2I and S3J–S3M). Furthermore, we performed the
colonosphere formation assay by seeding control and FTO-depleted
CRC cells in colonosphere culture medium with or without 5-FU
treatment after 2 weeks of cultivation in non-adherent dishes. Knock-
down of FTO in CRC cells dramatically impaired colonosphere
formation and enhanced sensitivity to 5-FU treatment (Figures 2J
and S4A). We also generated a doxycycline-inducible short hairpin
RNA (shRNA) based-knockdown system for FTO in HCT8/5-FU
cells to determine whether FTO affected CRC tumorigenesis
(Figure 2K). Similarly, inducible-depletion of FTO by doxycycline
suppressed cell proliferation in a 5-FU dose-dependent manner by
the clonogenic survival assay (Figure 2L).

To verify the therapeutic potential of targeting FTO in 5-FU-resistant
CRC, we used Rhein, a general FTO inhibitor to measure the sup-
pressed effect of FTO (Figure S4B). Treatment with Rhein for 48 h
caused down-regulation of FTO in a dose-dependent manner
(Figure S4C), and induced the global RNA m6A levels in CRC cell
lines accordingly (Figure S4D). Importantly, inhibition of FTO by
Rhein restored the sensitivity of CRC cell lines toward 5-FU treatment
Figure 2. FTO enhanced 5-FU resistance, proliferation, colony formation in CR

(A) Stable FTO-knockdown in HCT-8/5-FU and HCT-116/5-FU cells by lentiviral shRNA s

quantification wasmeasured by ImageJ on the right. (B) Them6A level of global RNAs in

FTO-knockdown in HCT-8/5-FU and HCT-116/5-FU cells treated with 5-FU for 48 h. (D

and HCT-116/5-FU cells. (E) FTO-knockdown reduced cell growth determined by cell nu

the sensitivity of HCT-8/5-FU (F) and HCT-116/5-FU cells (G) to 5-FU after 48-h treatm

clonogenic survival of HCT-8/5-FU (H) and HCT-116/5-FU cells (I) treated with 5-FU for 1

8/5-FU cells. Scale bar, 1 mm. (K) Half maximal inhibitory concentration of FTO inducible

FTO decreased clonogenic survival of HCT-8/5-FU cells treated with 5-FU for 14 days

***p < 0.001; ****p < 0.0001; two-tailed t test. Data are presented as means ± SD and
(Figures S4E and S4F), as indicated with the suppression of cell colony
formation (Figures S4G–S4J) and cell proliferation (Figures S4K–
S4L). Since Rhein showed little selectivity for the ALKB subfamily,
which may eclipse its utility for targeting FTO, we further used two
more specific and selective FTO inhibitors, FB23 and FB23-2, to
examine the therapeutic effects by inhibiting the activity of FTO
(Figures S4M–S4P). Treatment with FB23-2 for 48 h caused the
induction of global RNA m6A levels in 5-FU-resistant HCT-8 cells
(Figure S4Q), and as expected, inhibition of FTO by FB23-2 could
restore the sensitivity toward 5-FU treatment in HCT-8/5-FU cells
(Figure S4R). Taken together, our results showed that FTO depletion
enhanced the sensitivity to 5-FU and suppressed cell growth in CRC.

Inhibition of FTO suppressed tumor growth and decreased 5-FU

tolerance in vivo

To further confirm the role of FTO in inducing sensitivity of chemo-
therapy in colorectal cancer in vivo, we conducted two subcutaneous
tumor xenograft models in BALB/C nude mice with inducible FTO-
knockdown in HCT-8/5-FU and HCT-116/5-FU cell lines
(Figures 3A and 3E). The Dox-shFTO CRC tumors showed increased
sensitivity to 5-FU treatment compared with the Dox-Ctrl CRC tu-
mors (Figures 3B, 3C, 3F, and 3G) and the knockdown effects by
doxycycline were verified in tumors (Figures 3D, 3H, and 3I). More-
over, we used MC38, a mouse-derived CRC cell line, to generate the
syngeneic mouse model. Knockdown of FTO inMC38 led to suppres-
sion on cell growth cell viability and colony formation in vitro
(Figures S5A–S5F). Similarly, knockdown of FTO by shRNAs or in-
hibition of FTO by Rhein significantly enhanced the inhibitory effects
of 5-FU treatment in vivo, as indicated by the reduced tumor size and
tumor weight, while single treatment (Rhein or 5-FU) showed only
slight suppression of tumor growth in vivo (Figures S5G–S5P).

In addition, we performed an intraperitoneal mouse model to mimic
the microenvironment for colorectal tumors with inducible FTO-
knockdown HCT8/5-FU cells or MC38 cells. As expected, the group
treated with Dox-shFTO or FB23-2 in the Dox-system (Figures 3J–
3M) and shFTO or Rhein in the shRNA-system (Figures S5Q and
S5R) consistently showed increased sensitivity to 5-FU treatment
compared with the control group. Analysis of tumor tissues by IHC
verified that FTO depletion or FTO inhibition reduced the expression
of Ki67, a marker of cell proliferation, and the reduction of Ki67 was
more pronounced in the FTO-depletion group treated with 5-FU
(Figures 3N and S5S).
C cells

equences (shFTO#1 and #2). The knockdown effect was verified at protein level and

HCT-8/5-FU and HCT-116/5-FU cells with FTO-depletion. (C) Cell survival curves for

) FTO-knockdown reduced cell growth determined by CCK8 assay in HCT-8/5-FU

mbers in HCT-8/5-FU and HCT-116/5-FU cells. (F–I) Knockdown of FTO increased

ent by the EdU assay. Scale bar, 1 mm. (H and I) Knockdown of FTO decreased

0 days. (J) Knockdown of FTO impaired colonosphere formation in HCT-8 and HCT-

-depletion in HCT-8/5-FU cells treated with 5-FU for 48 h. (L) Inducible-depletion of

. Data information: In all relevant panels, ns, not significant, *p < 0.05; **p < 0.01;

are representative of three independent experiments.
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To investigate the effect on colorectal tumor metastasis, FTO-
depleted MC38 cells and control cells were intravenously injected
into C57BL/6 mice. As expected, silencing FTO attenuated lung
metastasis and enhanced sensitivity to 5-FU in mice with the reduc-
tion of lung metastases and weight (Figures 3O–3Q). Collectively,
these animal results suggested that FTO plays a critical role in pro-
moting colorectal tumor growth and resistance to 5-FU in vivo.

FTO regulated 5-FU resistance in CRC by mediating autophagic

or apoptotic aberration

To explore how FTO mediated acquired 5-FU resistance in CRC, we
examined the microenvironment with transmission electron micro-
scopy in HCT-8/5-FU cells (Figure 4A). The number of autophago-
somes in HCT-8/5-FU cells treated with 5-FU alone was increased
compared with control, while the number of apoptosis bodies in
HCT-8/5-FU cells with FTO depletion was increased regardless of
5-FU treatment. The positive correlation was found between the
expression of LC3B, a marker of autophagy activation, and the
expression of FTO in normal and 5-FU-resistant CRC tissues
(Figures 4B–4D). Next, we examined autophagic activity by
measuring the level of LC3 lipidation in FTO-knockdown CRC cell
lines treated with various concentrations of 5-FU, and found that
FTO depletion significantly reduced LC3-II accumulation (Figures
4E, 4F, 4H, and 4I). We used Chloroquine (CQ) to inhibit the late
autophagy and measured the effects of FTO on the accumulation of
LC3-II in CRC cells. FTO depletion caused inhibition of autophagy,
as indicated by the weaker LC3 aggregation than the control
(Figures 4G and 4J). In addition, we confirmed the reduction of auto-
phagic signals with the subcellular redistribution of GFP-LC3 in CRC
cell lines with FTO-knockdown or FTO inhibition by Rhein
(Figures 4K–4N). Further, our results showed that knockdown of
FTO resulted in significant increase of cell apoptosis and enhanced
sensitivity to 5-FU treatment in CRC cell lines by flow cytometry
(Figures 4O and 4P). The expression of Bcl-2, the biomarker of
anti-apoptosis, was decreased under the treatment of 5-FU in FTO-
knockdown cells compared with the control cells (Figures 4Q and
4R). It indicated that down-regulation of FTOmay enhance apoptotic
effect in CRC cells treated with 5-FU.

FTO regulated apoptosis in CRC cells through mediating SIVA1

signaling

To explore the mechanism by which FTO regulates apoptosis, we per-
formed qPCR array analysis in apoptotic signaling pathway and
Figure 3. Silencing FTO suppressed tumor growth and increased the sensitivit

(A–D) Inducible-depletion of FTO effectively suppressed HCT-8/5-FU cell growth and in

(C) are shown. The effect of doxycycline-inducible FTO in tumors was determined by wes

HCT-116/5-FU cell growth and increased the sensitivity to 5-FU in vivo (E). Tumor growth

tumors was determined by western blotting assay (H), n = 6. (I) Quantification of FTO

FB23-2 and 5-FU effectively suppressed HCT8/5-FU cell growth in intraperitoneal micem

L). Tumor weight was quantified (M). Immunohistochemical images of Ki67 confirmed th

5-FU decreased lung metastases. Formation of CRC metastatic foci in the lung was co

count of metastases is shown in (Q). Data information: In all relevant panels, ns, not sign

presented as means ± SD.
compared the apoptotic gene signatures in HCT-8 cells treated with
or without FTO-knockdown (Figure 5A). Of note, the mRNA expres-
sion of SIVA1, an apoptotic inducing factor, was remarkably
increased in FTO-knockdown cells. We confirmed the reduction of
protein level of SIVA1 in both naive HCT-8 and HCT-8/5-FU cell
lines with FTO depletion (Figures 5B and 5C). Knockdown of FTO
increased the half-life of SIVA1 mRNA in HCT-8 cells (Figure 5D),
indicating that the induction of SIVA1 may be caused by post-tran-
scriptional regulation. To determine the potential m6A reader that
regulated the expression of SIVA1, we first investigated the effect of
knockdown of readers in the YTH family on SIVA1 mRNA expres-
sion in HCT8 cells by small interfering RNA (siRNA) and the results
showed that the YTHDF1 or YTHDF2 may be the key binding pro-
tein affecting the mRNA stability of SIVA1 (Figures S6A and S6B).
Next, we generated two stable cell lines with YTHDF1 knockdown
and YTHDF2 knockdown (Figures S6C and S6D). Our results
showed that knockdown of YTHDF2 increased both protein and
mRNA levels of SIVA1 in FTO-knockdown cells, suggesting the
role of FTO-mediated m6A modification in reducing SIVA1 expres-
sion in YTHDF2-dependent manner instead of YTHDF1 (Figures
5E–5G). Moreover, stable knockdown of YTHDF2 increased the
half-life of SIVA1 mRNA in HCT-8 cells (S6E). In addition, knock-
down of FTO significantly reduced the binding of YTHDF2 to
SIVA1 mRNA analyzed by RNA immunoprecipitation (RIP)-qPCR
(Figure 5H).

Since FTO is the core demethylase of RNA m6A modification, we
analyzed the potential m6A sites in SIVA1 mRNA and identified
two conserved motifs located in the coding sequence (CDS) from
the metagene analysis in the GSE76414 database (Figures 5I and
S6F). To explore the role of these two m6A sites in SIVA1, we gener-
ated two mutant forms of SIVA1 CDS by replacing A with T in the
core motif (RRACH) of the potential m6A site (Figure 5J). The induc-
tion of SIVA1 protein level in FTO-knockdown cells was almost abol-
ished in mutant #2 (Figure 5K), indicating the functional role of this
m6A site mediated by FTO. To validate SIVA1 as a bona fide target of
FTO for the m6A modification, we performed the m6A-RIP assay
(Me-RIP) and analyzed it with qRT-PCR. Knockdown of FTO signif-
icantly increased the m6A level of SIVA1 mRNA in mutant #2 site
(Figure 5L). Moreover, we found the expression level of SIVA1 was
negatively correlated with the expression level of FTO from the data-
set of GSE30378 and TCGA (Figures 5M and 5N).We further validate
their negative correlation in the MC38-hypodermic CRC models,
y to 5-FU in CRC mouse models

creased the sensitivity to 5-FU in vivo (A). Tumor growth curve (B) and tumor weight

tern blotting assay (D), n = 5. (E–H) Inducible-depletion of FTO effectively suppressed

curve (F) and tumor weight (G) are shown. The effect of doxycycline-inducible FTO in

expression in (D) and (H) by ImageJ. (J–N) Combination therapy with FTO inhibitor

odel (J). FTO expression in tumors was determined by western blotting assay (K and

e tumor status in mice (N). (O–Q) Combination therapy with FTO inhibitor Rhein and

nfirmed by H&E staining (O). Lung weight was quantified after 2 weeks (P) and the

ificant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; two-tailed t test. Data are
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where knockdown of FTO or inhibition of FTOwith Rhein resulted in
decreased expression level of SIVA1 by IHC assay (Figure 5O).
Collectively, we identified SIVA1 as a major downstream target of
FTO in mediating apoptosis in CRC cells.

Silencing SIVA1 significantly alleviated FTO-dependent tumor

growth and tolerance in vitro and in vivo

To investigate whether SIVA1 played a crucial role in FTO-dependent
tumor growth and progression, we first generated distinct shRNAs
targeting SIVA1 and overexpression of SIVA1 in naive and HCT-8/
5-FU cells, respectively (Figures S7A and S7B). SIVA1-depletion
slightly increased cell proliferation while, conversely, overexpression
of SIVA1 slightly inhibited cell proliferation (Figures S7C and S7D).
Next, we generated distinct shRNAs targeting SIVA1 in FTO stable
knockdown CRC cell lines (Figure 6A, S7E, and S7F). Knockdown
of SIVA1 significantly desensitized the FTO-depletion-mediated sus-
ceptibility to 5-FU treatment and enhanced the IC50 values (Fig-
ure 6B). Silencing SIVA1 effectively rescued the growth of FTO-
depletion in naive and HCT-8/5-FU cell lines (Figures 6C and 6D).
In addition, we performed the clonogenic survival assay by seeding
shCtrl, shFTO, and shFTO&shSIVA1 CRC cell lines treated with or
without 5-FU and found that double knockdown shFTO&shSIVA1
CRC cell lines rescued colony formation compared with FTO-knock-
down cells (Figures S7G and S7H). To define the direct role of
the FTO-SIVA1 axis in the apoptosis pathway, the co-expression by
the string analysis indicates that SIVA1 was highly related to the
apoptotic biomarkers Bcl-2 and caspase-3 (Figure S7I). Knockdown
of SIVA1 could rescue the FTO-deletion-mediated cell apoptosis by
flow cytometry (Figures 6E and S7J). We also confirmed that knock-
down of SIVA1 could rescue the expression of Bcl-2 in FTO-depleted
CRC cell lines (Figures 6F, 6G, and S7K–S7L), as well as restore the
inhibition of caspase-3 activity in FTO-depleted CRC cell lines under
5-FU treatment (Figures 6H–6J).

In addition, we performed subcutaneous implantation with stable
shFTO and shFTO&shSIVA1 MC38 cells into the C57BL/6 mice
(Figures 6K and S7M). Consistent with in vitro study, knockdown
of SIVA1 and FTO promoted CRC tumor growth and significantly
desensitized the FTO-depletion mediated susceptibility to 5-FU
treatment in mice (Figures 6L and 6M). To explore whether the
FTO-SIVA1 axis has therapeutic effects in vivo, we performed a
Figure 4. The switched role of FTO in mediating autophagy and apoptosis in C

(A–C) Electron micrographs of 5-FU-resistant HCT-8 cells with FTO-knockdown. Scale b

and resistant tissues from CRC patient (B). Quantification was measured by ImageJ in

(D) The heterogeneity of 5-FU-resistant CRC tumors. FTO and LC3B protein expre

Knockdown of FTO reduced protein levels of LC3 I/II in HCT-8 (E) and HCT-8/5-FU cell

LC3-II in HCT-8/5-FU cell lines treated with 5-FU (0.25mM) or Chloroquine (50 mM) for 24

respectively.

(K–N) Knockdown or inhibition of FTO decreased the LC3 levels in HCT-8 (K) and HCT-8/

was measured by Imaris in (L) and (N), respectively. (O and P) Knockdown of FTO increa

by fluorescence-activated cell sorting. Net percentage of apoptotic cells is shown in (P).

cells treated with 5-FU for 24 h. Optical density of Bcl-2 was quantified by ImageJ in (R

***p < 0.001; ****p < 0.0001; two-tailed t test. Data are presented as means ± SD and
CRC patient-derived xenograft (PDX) model in nude mice and
administered with four regimens (Figure 7A). Notably, inhibition of
FTO by Rhein significantly decreased PDX tumor growth and the
tolerance to 5-FU (Figures 7B–7D), as indicated by the reduced tumor
size and tumor weight. Inhibition of FTO increased the expression of
SIVA1 in combination therapy with 5-FU treatment (Figure 7E), as
shown as decreased cell proliferation (Ki67 expression) and increased
apoptosis (Bcl-2 and caspase-3 expression) (Figures 7F–7I). Further,
by analysis of R2 datasets, we revealed that SIVA1 levels are positively
correlated with overall survival in CRC patients (Figures 7J and 7K).
Taken together, these results demonstrated that silencing SIVA1
could significantly alleviate the inhibitory effects on tumor growth
and tolerance of 5-FUmediated by FTO depletion in vitro and in vivo.
Targeting the FTO-SIVA1 axis may have therapeutic potential to
treat CRC patients with 5-FU resistance.

DISCUSSION
N6-methyladenosine (m6A) is a pervasive nucleotide modification in
mRNA and was closely related with various human diseases including
cancers.17 FTO, the fatmass andobesity-associatedprotein,28 is thefirst
enzyme that identified asm6A demethylase,9 and plays a critical role in
mRNAstability29 and various humandiseases including cardiovascular
diseases,30 diabetes,31 Alzheimer’s disease,32 and cancers.33-36 Previ-
ously, Li et al. found the oncogenic role of FTO in regulating expression
of ASB2 and RARA by reducing m6A levels in acute myeloid leukemia
(AML).37 Inhibition of FTO suppressed glioblastoma stem cell growth
and self-renewal.38 Targeting FTO emerges as a promising strategy for
cancer treatment. Su et al. showed that R-2HG inhibited proliferation
and survival of FTO-high AML cancer cells which in turn down-regu-
lated the stability ofMYC/CEBPA transcripts.39 Recently, the dynamic
m6A modification was reported as a critical epigenetic driver for TKI-
tolerance inAMLandsorafenib-tolerance in liver cancer.23,40However,
the regulation of m6A modification in mediating acquired drug resis-
tance in CRC remains unknown.

Recently, Ruan et al. demonstrated that FTO down-regulation medi-
ated by hypoxia promoted CRC metastasis via inhibiting metastasis-
associated protein 1 (MTA1) expression, suggesting a potential tumor
suppressive role of FTO in CRC.41 Another study conducted by Relier
et al. also showed the beneficial role of low level of FTO in CRC in
which FTO was shown to inhibit cancer stem cell abilities by an
RC cells

ar, 5.0 mmand 1.0 mm. (B and C) Protein level of LC3 I/II and FTO in normal, primary,

(C).

ssion was measured by immunofluorescent microscopy. Scale, 400X. (E and F)

lines (F) treated with 5-FU for 24 h. (G) Knockdown of FTO reduced accumulation of

h. (H–J) Quantification of LC3 II/GAPDH in (E), (F), and (G) wasmeasured by ImageJ,

5-FU (M) cell lines treated with 5-FU for 24 h by immunostaining assay. Quantification

sed cellular apoptosis in HCT-8 and HCT-8/5-FU cell lines treated with 5-FU for 24 h

(Q and R) Knockdown of FTO down-regulated Bcl-2 expression level in HCT-8/5-FU

). Data information: In all relevant panels, ns, not significant, *p < 0.05; **p < 0.01;

are representative of three independent experiments.
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axis of FTO/PCIF1/CAPAM through m6Am modification.42 Howev-
er, a recent study identified an oncogenic role of FTO in CRC by de-
methylating G6PD/PARP1 and suggested targeting FTO could block
CRC tumor growth and reversed chemotherapy resistance.43 These
studies raised a controversial role of FTO in CRC and provided an
open view on the regulatory role of m6A modification under various
physiological conditions. In our study, we systematically analyzed the
expression of FTO in several CRC databases, and found that FTOmay
play an oncogenic role in CRC chemo-resistance. The expression level
of FTO could be reflected in the severity of the CRC patients and the
higher expression level of FTO was significantly associated with
poorer clinic prognosis in some public databases, indicating the onco-
genic role of FTO inmediating chemo-resistance for CRC.We further
confirmed that FTO was up-regulated in primary and 5-FU resistant
CRC tumors compared with the adjacent nontumor tissues. Overex-
pression of FTO in CRC cells increased their tolerance toward 5-FU
treatment. Depletion of FTO significantly decreased cell proliferation,
metastasis, and tumorigenesis in CRC. More importantly, inhibition
of FTO by Rhein could restore sensitivity of 5-FU-resistant CRC cells
to 5-FU treatment. Rhein is the first potent compound extracted from
Polygonaceae Rheum Officinale that competitively binds to the FTO
active site to inhibit the activity of m6A demethylation.44 Our results
demonstrated that Rhein could decrease cell proliferation, colony for-
mation, metastasis, and tumor growth even though the inhibitory ef-
fect was weaker than that of the treatment with shRNA. Since Rhein
shows little selectivity for the ALKB subfamily, more potent and effec-
tive FTO inhibitors have been under development. Recently, Huang
et al. reported two promising FTO inhibitors named as FB23 and
FB23-2, which directly bind to FTO and selectively inhibit FTO-
mediated m6A demethylase activity and showed good antitumor ef-
fects in vivo.45 We also demonstrated that FB23-2 could increase
the sensitivity of CRC cells to 5-FU both in vitro and in vivo. Subse-
quently, Peng et al. identified entacapone as a potential FTO inhibitor
based on a structure virtual screening,46 and Su et al. developed two
more potent FTO inhibitors (CS1 and CS2) and proved that these in-
hibitors could suppress cancer stem cell maintenance and immune
evasion.47 Compared with FB23-2, the novel FTO inhibitors CS1
and CS2 showed lower IC50 value toward treatment of AML and
other cancers, which may present a broad and effective treatment
for chemo-resistant CRC.

Currently, tolerance to chemotherapy and targeted therapies is a
major barrier in cancer treatment. Liu et al. identified that the m6A
Figure 5. SIVA1 as a downstream target of FTO-mediated m6A modification in

(A) Heatmap of differentially expressed genes involved in apoptotic signaling pathway in

HCT-8 and HCT-8/5-FU cell lines. Quantification was measured by ImageJ in (C). (D) Ha

and F) Protein level of SIVA1 in FTO-knockdown naive HCT-8 cells was affected by the

ImageJ in (F). (G) The mRNA level of SIVA1 in FTO-knockdown naive HCT-8 cells was

(H) Knockdown of FTO reduced the m6Amethylation in SIVA1 mRNA by the YTHDF2-RIP

(J) Mutation of the m6A consensus sequence was generated by replacing adenosine

knockdown HCT-8 cells. (L) The m6A Me-RIP analysis of SIVA1 in FTO-knockdown H

GSE30378. (N) Pearson correlation between FTO and SIVA1 mRNA expression in TCGA

hypodermic CRC tumor treated with Rhein or FTO shRNA. Data information: In all releva

tailed t test. Data are presented as means ± SD and are representative of three indepe
methylation played a crucial role in regulating cell fate decisions
and demonstrated that dynamic m6A methylome was an additional
epigenetic driver of reversible TKI-tolerance state.48 Yang et al. found
that FTO promoted melanoma tumorigenesis and mediated mela-
noma resistance to anti-PD-1 in vitro and in vivo. In their study,
FTO level was increased in human melanoma induced by metabolic
starvation stress and knockdown of FTO sensitized melanoma cells
to interferon gamma (IFN-g) and sensitized melanoma to anti-PD-
1 treatment via adaptive immunity. Importantly, the combination
of FTO inhibition with anti-PD-1 blockade can reduce the resistance
to immunotherapy in melanoma.21 Our recent study also found that
reduced RNA m6A methylation promoted sorafenib resistance in he-
patocellular carcinoma through FOXO3-mediated autophagy.23 For
CRC, few studies have focused on the role of m6A modification in
regulating tolerance to chemotherapeutics. Here, we first demon-
strated that FTO played a switch role in sensitivity to 5-FU treatment
in CRC, which enhanced tolerance via activating the autophagy
signaling pathway in 5-FU-resistant CRC and decreased tolerance
via following apoptosis signaling pathway in primary CRC. Previous
studies have shown that autophagy performed as a protective mech-
anism in development of tolerance of chemotherapeutics.49-52

Consistently, we found up-regulation of FTO promoted LC3B accu-
mulation in 5-FU-resistant CRC cells. Consequently, depletion of
FTO accelerated the process of apoptosis and inhibited the tumor
growth in both primary and 5-FU-resistant CRC cell lines.

To decipher the molecular mechanism by which FTO-mediated m6A
modification regulated apoptosis, we performed analysis in the
apoptotic signaling pathway and identified SIVA1 as the downstream
of FTO-mediated apoptosis in CRC. SIVA1 was previously shown to
bind to and inhibit Bcl-mediated protection against UV radiation-
induced apoptosis.53 As an apoptosis-inducing factor, SIVA1
was involved in CD27-mediated apoptosis54 and p53-mediated
apoptosis.55 In this study, silencing FTO promoted SIVA1 expression
in both mRNA and protein levels. We further identified two potential
m6A sites in the CDS region of SIVA1 from Metagene analysis and
verified that the site located at chr14:105,220,045-chr14:105,220,049
was the essential site to modulate the stability of SIVA1 mRNA by
Me-RIP analysis. In addition, we investigated the role of potential
m6A readers inmediating the SIVA1mRNA expression.12,16 Previous
studies have shown that YTHDF2 can destabilize the target mRNA
via promoting mRNA degradation.56-58 Here, our results showed
that FTO mediated-m6A modification decreased SIVA1 expression
CRC

FTO-knockdown HCT-8 cells. (B and C) Protein level of SIVA1 in FTO-knockdown

lf-life of SIVA1 mRNA in FTO-knockdown HCT-8 cells treated with actinomycin D. (E

m6A binding proteins YTHDF1 (E) and YTHDF2 (F). Quantification was measured by

affected by the m6A binding proteins.

analysis. (I) Metagene analysis of m6A site in SIVA1 based on GSE76414 database.

with thymine. (K) Protein in the wild-type form and mutant form of SIVA1 in FTO-

CT-8 cells. (M) Pearson correlation between FTO and SIVA1 mRNA expression in

-COAD. (O) The correlation of SIVA1 expression and FTO expression level in MC38-

nt panels, ns, not significant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; two-

ndent experiments.
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in the YTHDF2-dependent manner in CRC. Depletion of SIVA1 in
FTO-knockdown CRC cells could effectively rescue the suppression
of cell proliferation, colony formation, and susceptibility to 5-FU
treatment in CRC. However, all the alleviations induced by SIVA1
were limited compared with the same treatment to the control CRC
cells, which suggested that there may be other underlying mecha-
nisms involved in FTO-mediated m6A modification.

In summary, we have demonstrated that FTO was up-regulated in
development of 5-FU resistance in CRC cells. Inhibition of FTO
suppressed CRC tumorigenicity through FTO-mediated m6A modi-
fication in SIVA1 mRNA decay in a YTHDF2-dependent manner
(Figure 7L). Inhibition of FTO restored sensitivity of 5-FU treatment
in 5-FU-resistant CRC cells. Our findings suggested that FTOmay be
a potential therapeutic target in CRC and combination therapy of
FTO inhibitors and chemotherapy may be an effective strategy for
resistant CRC treatment.
MATERIALS AND METHODS
Tissue and cell culture

TheCRCpatient samples were obtained at the First AffiliatedHospital
of Sun Yat-sen University and were approved by the institutional re-
view board of the hospital. The study was compliant with all relevant
ethical regulations regarding research involving human participants.
HCT-8, HCT-116, HEK-293T, and MC38 cells were obtained from
the Procell. All cells were cultured in RPMI-1640 orDMEM (Corning,
USA) with 10% fetal bovine serum at 37�C in 5% CO2. All cell lines
were stored in multiple back up upon receipt to reduce risk of phono-
typic drift, and tested with mycoplasma free by Mycoplasma Stain
Assay Kit (C0296, Beyotime, China). Cell line authentication was vali-
dated by the STR analysis using GenePrint 10 System according to the
manufacturer’s instruction (B9510, Promega, USA). 5-FU-resistant
HCT-8 and HCT116 cell lines were generated by exposing the cells
with 5-FUat 5%of IC concentration for 3 days and gradually increased
the concentration by 5% of IC until reaching the IC50.
Multiple reaction monitoring mass spectrometry

RNA sample (10 mg) was digested with nuclease P1 (Sigma, USA)
enzyme at 37�C for 1 h, and subsequently incubated with alkaline
phosphatase (Sigma, USA) at 37�C for 4 h. The digested products
were diluted and analyzed directly with SCIEX Triple Quad 4500
liquid chromatography-tandem mass spectrometry system and
Figure 6. Silencing SIVA1 alleviated FTO-dependent tumor growth in vitro and

(A) Protein level of SIVA1 in FTO-knockdownHCT-8 and HCT-8/5-FU cell lines. (B) Half m

and HCT-8/5-FU cell lines treated with 5-FU for 48 h. (C) Silencing SIVA1 increased cell g

Silencing SIVA1 increased cell growth by the cell number in FTO-knockdown HCT-8 and

knockdownHCT-8 andHCT-8/5-FU cell lines by fluorescence-activated cell sorting. (F a

HCT-8/5-FU cell lines. Quantification of Bcl-2 expression was measured by ImageJ in (G

in FTO-knockdownHCT-8 (H) andHCT-8/5-FU (I) cell lines treated with 5-FU for 24 h. Th

measured by Imaris in (J).

(K–M) Silencing SIVA1 effectively alleviated FTO-dependent MC38 cell growth and incre

shown, n = 6. Data information: In all relevant panels, ns, not significant, *p < 0.05; **p <

SD and are representative of three independent experiments.
SCIEX ExionLC AC UHPLC system. The control software was ana-
lyst 1.6.3 and all the data were quantified with Multiquant.

Plasmid constructions, cell transfection, and virus infection

Stable knockdownof target geneswas accomplished by lentiviral-based
specific shRNA delivery. For inducible knockdown of FTO, the FTO
shRNAs were cloned into the Tet-on pLKO.1 vector (21,915, Addg-
ene). The vector pLKO.1-puromycin or pLKO.1-hygromycin was con-
structed by using primers listed in Table S1. The SIVA1 cDNA clone
(NM_006427)was constructed into pcDNA3.1 vector, and twomutant
forms SIVA1 were generated from A to T by QuikChange II Site-
DirectedMutagenesis Kit (200,523, Agilent, USA) according to the in-
structions. For stable knockdown assay, pLKO.1 vector together with
packing and helper plasmids PAX2 and MD2G were co-transfected
into HEK-293T cells by Calcium Phosphate Transfection Kit
(CAPHOS-1KT, Sigma). Viruses were produced, filtered, and titrated
according to the instruction, and infected the desired cells with
8 mg/mL Polybrene (TR-1003, Sigma). After screening by puromycin
(1–5 mg/mL) or hygromycin (100mg/mL) in corresponding concentra-
tion for 3 to 5 days, the stable knockdown or overexpression cells were
harvested and analyzed by immunoblot or qPCR assay.

Antibodies

Anti-METTL3 (western blot [WB] 1:1,000; IHC 1:500; ab195352),
anti-FTO (WB 1:1,000; IHC 1:500; ab124892), anti-METTL14 (WB
1:1,000; IHC 1:500; ab220030), anti-ALKBH5 (WB 1:1,000; IHC
1:500; ab174124), goat anti-rabbit immunoglobulin (Ig)G (WB
1:2000; ab6721) and goat anti-rabbit IgG-FITC (immunofluorescence
[IF] 1:200, ab6717) antibodies were purchased from Abcam, USA.
Anti-MAP1LC3-B (WB 1:1,000; IHC 1:100; IF 1:100; A7198), anti-
MAP1LC3-B (WB 1:1,000; IHC 1:100; IF 1:100; A7198), anti-Bcl-2
(WB 1:1,000; IHC 1:100; A), anti-YTHDF1(WB 1:1,000; IHC 1:100;
A18126), anti-YTHDF2 (WB 1:1,000; IHC 1:100; A15616), anti-
Ki67 (IHC 1:100; A11390), anti-GAPDH (WB 1:1,000; AC027) and
anti-b-actin (WB 1:50,000; AC026) antibodies were purchased from
Abclonal, China. Anti-m6A (Me-RIP 1:1,000; ABE572) antibody
was purchased fromMerck Millipore (Massachusetts, USA). Western
blot analyses were performed by standard methods described
previously.59

Quantitative RT-PCR

Total RNA was isolated using Trizol reagent according to the manu-
facturer’s instruction (ThermoFisher, USA) and the cDNA was
in vivo

aximal inhibitory concentration of FTO-knockdown and SIVA1 knockdown in HCT-8

rowth by the CKK8 assay in FTO-knockdown HCT-8 and HCT-8/5-FU cell lines. (D)

HCT-8/5-FU cell lines. (E) Silencing SIVA1 rescued percentage of apoptotic in FTO-

ndG) Silencing SIVA1 rescued Bcl-2 expression level in FTO-knockdownHCT-8 and

). (H–J) Silencing SIVA1 decreased Caspase-3 activity by immunofluorescent assay

e Ac-DEVD-CHOwas used as a reversible inhibitor of Caspase-3. Quantification was

ased resistance to 5-FU in vivo (K). Tumor growth curve (L) and tumor weight (M) are

0.01; ***p < 0.001; ****p < 0.0001; two-tailed t test. Data are presented as means ±
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synthesized by using the PrimeScript RT reagent Kit (RR036A, Ta-
kara, Japan). The resulting cDNA was used for quantitative RT-
PCR by using SYBR-Green Master mix (RR820B, Takara, Japan) in
7500 apparatus (Applied Biosystems). RT-PCR primer sequences
are listed in Table S1.

Immunohistochemistry

For IHC analysis, CRC tissue slides were deparaffinized, rehydrated
through an alcohol series followed by antigen retrieval with sodium cit-
rate buffer. Tumor sections were blocked with 5% normal goat serum
(Vector) with 0.1% Triton X-100 and 3% H2O2 in PBS for 60 min at
room temperature and then incubated with appropriate primary
antibodies 4�Covernight. IHCstainingwasperformedwithhorseradish
peroxidase (HRP) conjugates using DAB detection. Nuclei were coun-
terstained with Hoechst. Images were taken with Nikon microscope
(Japan).

RNA m6A dot blot assay

The 300 ng poly (A) RNAs were gradient-diluted and spotted onto a
nylon membrane. The membranes were UV (245 nm) crosslinked,
blocked, incubated with m6A antibody and HRP conjugated anti-rab-
bit IgG, and subsequently washed with PBST, and subtracted in visu-
alizer (4600, Tanon, China). The same gradient-diluted total RNAs
were spotted on the membrane, stained with 0.2% methylene blue
in 0.3M sodium acetate (pH 5.2) for 2 h, and washed with ribonu-
clease-free water for 30 min.

Half maximal inhibitory concentration assay

Cells were cultured in 96-well plates with fresh medium in 0.5–
1� 104 per well. The corresponding concentration of drug was given
to cells after the cultured plates were placed for 24 h. After 24 or 48 h
treated, Cell Counting Kit-8 (Dojindo, Japan) was used to measure
drug sensitivity at 450 nm using a microplate reader (Thermo,
USA) after incubating at 37�C for an additional 2 h.

Cell proliferation and apoptosis assays

For Cell Counting Kit-8 (CCK8) assay, cells were seeded at 1,000 cells
per well in 96-well plates with fresh medium. Cell viability was as-
sayed using Cell Counting Kit-8 (CK04, Dojindo, Japan) at the time
in 0, 48, 72, 96, and 120 h. The microplates were incubated at 37�C
for an additional 2 h. Absorbance was read at 450 nm using a micro-
plate reader (ThermoFisher, USA).

For cell number assay, cells were seeded at 1,000 cells per well in
96-well plates with fresh medium. Cell numbers were counted at
the time in 0, 48, 72, 96, and 120 h. The results were expressed as a
ratio of the treated over untreated cells (as 100%).
Figure 7. Inhibition of FTO significantly enhanced the sensitivity to 5-FU in CR

(A–D) Graphic illustration of human CRC-PDX mouse model and treatment with regimen

PDX tumors to 5-FU (B). Tumor growth curve (C) and tumor weight (D) are shown, n = 6. (

H&E and immunohistochemical images of Ki67, Bcl-2, and c-Caspase-3 in CRC-PDX

histochemical images by IPP analysis. (J and K) Up-regulation of SIVA1 was highly ass

mation: In all relevant panels, ns, not significant, *p < 0.05; **p < 0.01; ***p < 0.001; **
For EdU (5-Ethynyl-20-deoxyuridine) assay, logarithmic growth
stage cells with treated or not were seeded in a 12-well plate
with corresponding concentration of EdU reagent for 2 h. Cells
were washed with PBS for 5 min twice, before incubating with
4% paraformaldehyde for 30 min. After washing with PBS for
5 min twice, samples were permeated with 0.3% Triton X-100
in PBS, and dyed with a reaction solution (C0075S, Beyotime,
China). Images collected with �20 and �40 visions in Nikon
microscopy.

For cell apoptosis assays, cells were performed using Annexin V-PI
Apoptosis Detection Kit I (WLA001a, Wanleibio, China) according
to the manufacturer’s instruction, and followed by flow cytometry
analysis (Beckman, USA).

Clonogenic assays and colonosphere formation assay

For clonogenic assay, cells were seeded into 6-well plates at a density
of 5,000 cells with fresh cell culture medium. Then plates with cells
were treated with chemo drugs after 24 h cultured and maintained
the related drug concentration for 10 days. Then, the plates were
treated with polyformaldehyde fixing solution and crystal violet stain-
ing solution (Beyotime, China), and the colony pictures were
captured separately.

For colonosphere formation assay, cells were seeded into ultralow
attachment plates (Corning) at a density of 10,000 viable cells/mL
in a serum-free DMEM-F12 supplemented with 100� insulin,
20 ng/mL epidermal growth factor, and 20 ng/mL basic fibroblast
growth factor (Sigma), and 0.4% BSA (Sigma) for 2 weeks until the
colonosphere became visible.

IF and transmission electron microscopy

For IF staining, colon cells with related treated slides were incubated
with different primary antibodies, and were subsequently incubated
with secondary antibodies. Nuclei were counterstained with DAPI.
Images were obtained by Nikon (Japan).

For transmission electron microscopy assay, Fluorouracil-resistant
HCT-8 colon cells with or without shFTO treated with DMSO or
5-FU for 24 h. Then, cells were fixed with 3% glutaraldehyde in
0.1 mol/L phosphate buffer (pH 7.4), followed by the fixation
with 1% OsO4. After dehydration, 10-nm thin sections were pre-
pared and stained with uranyl acetate and plumbous nitrate before
examination under a JEM-1230 transmission electron microscope
(JEOL, Tokyo, Japan). High-resolution digital images were acquired
from a randomly selected 10 different fields for samples of each
condition.
C patient-derived xenograft mouse models

in the green box. (B–D) Inhibition of FTO by Rhein enhanced the sensitivity of CRC-

E) Validation of SIVA1 expression in CRC-PDX tumors treated with FTO inhibitors. (F)

tumors. (G–I) Quantification of Ki67 (G), Bcl-2 (H), and c-Caspase-3 (I) in immuno-

ociated with longer overall survival in CRC patients. (L) Working model. Data infor-

**p < 0.0001; two-tailed t test. Data are presented as means ± SD.
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Caspase-3 activity assay

For alive cell Caspase-3 activity assays, cells were performed using
GreenNuc Caspase-3 activity assay (C1168S, Beyotime, China) ac-
cording to the manufacturer’s instructions. Nuclei were counter-
stained with DAPI. Images were obtained by Nikon (Japan).

m6A-RNA immunoprecipitation assay

Me-RIP sequencing was performed by standard methods described
previously.36 In brief, total RNAswere isolated from stable FTO-knock-
down HCT-8 cells and their corresponding shCtrl controls and
chemically fragmented into around 100 nt. The fragmented RNA was
incubated with m6A antibody for immunoprecipitation according to
the manufacturer’s instruction (Me-RIP m6A Kit, Merck Millipore,
USA). Enrichment of m6A containing mRNA was sent for high-
throughput NGS sequencing and validated by quantitative RT-PCR.

Animal experiments

All animal experiments were approved by the Animal Ethics Com-
mittee of Sun Yat-sen University (SYSU-IACUC-2020-B1041). For
the subcutaneous tumor mouse model in Dox-FTO group, 1 � 107

Dox-shCtrl, Dox-shFTO stable HCT8/5-FU or HCT-116 cell lines
were injected into 5-week-old BALB/C nude mice and drug adminis-
tration was adopted when the tumors reached about 100 mm3 in size.
Doxycycline hyclate was administered to mice via drinking water at a
concentration of 2 mg/mL in 2% sucrose solution. For the subcutane-
ous tumor mouse model in shFTO group, 5 � 105 shCtrl, shFTO-1,
shFTO-2 stable MC38 cells were injected into 5-week-old male
C57BL/6 mice and drug administration was adopted after 48 h. For
the subcutaneous tumor mouse model in shFTO&shSIVA1 group,
5 � 105 shCtrl, shFTO, shFTO&shSIVA1 stable MC38 cells were in-
jected into 5-week-old male C57BL/6 mice and drug administration
was adopted after 48 h. Drug administration (intraperitoneally):
DMSO or 5-FU (50 mg/kg every 2 days). For the subcutaneous tumor
mouse model in the Rhein group, 5 � 105 MC38 cells were injected
into 5-week-old male C57BL/6 mice. Drug administration was
adopted when the tumors reached about 100 mm3 in size. Drug
administration (intraperitoneally): DMSO, 5-FU (50 mg/kg every
2 days) or Rhein (10 mg/kg every 2 days).

For the tumor metastasis mouse model, 5-week-old C57BL/6 mice
were randomly grouped and injected with 5� 105 Control or shFTO
stable MC38 cells via tail vein. Drug administration was adopted
after 48 h. Drug administration (intraperitoneally): DMSO, 5-FU
(50 mg/kg every 2 days) or Rhein (10 mg/kg every 2 days). To detect
lung metastasis, mice were killed 2 weeks after tumor cell injection.
Lung tissues were harvested and fixed with 4% PFA for paraffin-
embedded section and lung metastases were detected with Nikon
microscopy. For tumor intraperitoneal mouse model, 2 � 106 Dox-
shCtrl, Dox-shFTO stable HCT8/5-FU cells were injected into
5-week-old male BALB/C nude mice. Drug administration was adop-
ted after 48 h. Drug administration (intraperitoneally): DMSO, 5-FU
(50mg/kg every 2 days) or FB23-2 (10mg/kg every 2 days). For tumor
intraperitoneal mouse model, 5� 105 shCtrl, shFTO-1, shFTO-2 sta-
ble MC38 cells were injected into 5-week-old C57BL/6 mice. Drug
532 Molecular Therapy Vol. 31 No 2 February 2023
administration was adopted after 48 h. Drug administration (intra-
peritoneally): DMSO, 5-FU (50 mg/kg every 2 days) or Rhein
(10 mg/kg every 2 days).

For the patient-derived tumor xenograft model, PDX tumors were
generated from colon cancer patients. Human colon tumor tissue
was implanted within 5 hours, expanded, and sub-implanted into
5-week-old male BALB/C nude mice. Drug administration began
3 weeks after tumors reached about 100 mm3 in size. Drug adminis-
tration (intraperitoneally): DMSO or 5-FU (50mg/kg every 2 days) or
Rhein (10 mg/kg every 2 days). Tumor volumes were measured using
a Vernier caliper and calculated using the following formula: volume
(cm3) = L�W2/2, with L andW representing the largest and smallest
diameters, respectively.
Bioinformatics analysis

The gene expression profile dataset was downloaded from Gene
Expression Omnibus (GEO) database, and subsequently analyzed by
R (Version 3.4, http://www.bioconductor.org) with edgeR package.
Fold-change (FC) of gene expression was calculated with a cut-off of
log2FC R 1, log2FC < �1 and p value < 0.05. The online database
about R2, a website of Genomics Analysis and Visualization Platform
(http://hgserve1.amc.nl/cgibin/r2/main.cgi&species=hs) was applied to
determine the clinical survival of the related genes. KEGG pathway
enrichment analysis was performed to investigate the activated path-
ways of the differentially expressed genes, by applying online tool of
DAVID Bioinformatics Resources 6.8 (http://david.ncifcrf.gov) and
KOBAS.3.0 (http://kobas.cbi.pku.edu.cn/anno_iden.php). The Search
Tool for the Retrieval of Interacting Genes (STRING) database
(V10.5, http://string-db.org) was recruited to predict the potential
interaction between SIVA1 and apoptosis genes.
Statistical analysis

Means and SDs were analyzed using GraphPad prism 8.0. Two-
tailed Student’s t test was used to compare the statistical difference
between indicated groups. Pearson analysis was used to analyze cor-
relation between genes. Statistical significance was accepted for p
values of <0.05.
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