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co-operatively activates FOXO signaling
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MRNA mediated by IGF2BP2 to enhance
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Abstract

Background N6-methyladenosine (m6A) modification is the most abundant reversible methylation modification

in eukaryotes, and it is reportedly closely associated with a variety of cancers progression, including colorectal cancer
(CRQ). This study showed that activated lipid metabolism and glycolysis play vital roles in the occurrence and devel-
opment of CRC. However, only a few studies have reported the biological mechanisms underlying this connection.

Methods Protein and mRNA levels of FTO and ALKBH5 were measured using western blot and gRT-PCR. The
effects of FTO and ALKBH5 on cell proliferation were examined using CCK-8, colony formation, and EdU assays,
and the effects on cell migration and invasion were tested using a transwell assay. m6A RNA immunoprecipitation
(MeRIP) and RNA-seq was used to explore downstream target gene. RIP was performed to verify the interaction
between m6A and HK2. The function of FTO and ALKBH5 in vivo was determined by xenograft in nude mice.

Results In this study, FTO and ALKBHS5 were significantly down-regulated in CRC patients and cells both in vivo

and in vitro in a high-fat environment. Moreover, FTO and ALKBH5 over-expression hampered cell proliferation

both in vitro and in vivo. Conversely, FTO and ALKBH5 knockdown accelerated the malignant biological behaviors

of CRC cells. The mechanism of action of FTO and ALKBH5 involves joint regulation of HK2, a key enzyme in glycolysis,
which was identified by RNA sequencing and MeRIP-seq. Furthermore, reduced expression of FTO and ALKBH5 jointly
activated the FOXO signaling pathway, which led to enhanced proliferation ability in CRC cells. IGF2BP2, as a m6A
reader, positively regulated HK2 mRNA in m6A dependent manner. Additionally, down-regulation of FTO/ALKBH5
increased METTL3 and decreased METTL14 levels, further promoting CRC progression.

Mujie Ye, Jinhao Chen, Feiyu Lu and Minghui Zhao have contributed equally
to this work.

*Correspondence:

Ye Tian

tianye6626@126.com

QiyunTang

tqy831@163.com

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit httpy/creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13578-023-01100-9&domain=pdf
http://orcid.org/0000-0002-5363-2752

Ye et al. Cell & Bioscience (2023) 13:148

Page 2 of 16

Conclusion In conclusion, our study revealed the FTO-ALKBH5/IGF2BP2/HK2/FOXO1 axis as a mechanism of aberrant

m6A modification and glycolysis regulation in CRC.

Keywords Colorectal cancer, N6-methyladenosine, RNA demethylase, Glycolysis

Background

Colorectal cancer (CRC) is one of the most commonly
diagnosed malignancies worldwide [1]. The prognosis of
CRC patients is not very desirable as most patients are
diagnosed at an advanced stage due to a lack of early
symptoms. The existing treatment regimen is limited to
surgical excision and chemotherapy [2]. Therefore, estab-
lished biomarkers are urgently required for early diagno-
sis and novel targeted therapeutics for patients with CRC.

N6-methyladenosine (m6A) is the most pervasive
internal modification form of eukaryotic mRNA and is
implicated in gene dysregulation through the methyla-
tion of the adenosine base at the nitrogen-6 position [3].
m6A-mediated mRNA modification is associated with
multiple biological processes including stem cell differ-
entiation and self-renewal, DNA damage response, and
tumor development [4, 5]. The m6A-dependent modifi-
cation is reversible and regulated by methyltransferases
(METTL3, METTL14, and WTAP), demethylases (FTO
and ALKBHS5), and m6A-binding proteins (such as YTH
domain family proteins and IGF2BP family proteins),
which are essential for cancer initiation and progression
[6].

Demethylases such as obesity-associated protein (FTO)
and alkylation repair homolog protein 5 (ALKBH5)
regulate methylation reversal, whereby their implica-
tions in carcinogenesis have been reported in multiple
cancers [7]. Hu et al. showed that up-regulation of FTO
activated HSF1 and promoted the progression of mul-
tiple myeloma [8]. Moreover, ALKBH5 was reported to
regulate the expression of USP22 and RNF40, enhancing
the growth of osteosarcoma [9]. Accordingly, the roles of
FTO and ALKBHS5 in CRC warrant further investigation.

Common features of cancer include high levels of
glycolysis and lactic acid formation under aerobic con-
ditions. The accumulation of glucose in tumor tissue
provides a massive source of energy for tumor progres-
sion [10]. Glycolysis-related genes and transcriptional
regulators have been found to correlate with the poor
prognosis of various malignant tumors [11]. More
interestingly, m6A modification is involved in regulat-
ing glycolysis in CRC [12], however, its role in glycoly-
sis modification remains unclear. Hexokinase 2 (HK2)
is an enzyme that phosphorylates glucose to produce
glucose-6-phosphate and regulates the first commit-
ted step in glucose metabolism [13, 14]. HK2 is highly
expressed in embryonic tissues, however, its expression

terminates after growth and becomes limited to very
few tissues. However, HK2 expression sharply increases
after normal cells are converted to cancer cells, which
is considered a hallmark of many malignant tumors [15,
16]. HK2 presents another perspective on the role of
glucose metabolism in tumor progression, however, the
underlying mechanisms still need to be determined.

In this study, we discovered that the demethylases
FTO and ALKBH5 were down-regulated in CRC, espe-
cially in obese patients. Functional assays indicated
an anti-cancer role of FTO and ALKBHS5 in CRC. The
mechanism of action of FTO and ALKBHS5 involved the
glycolysis via regulation of HK2 expression in an m6A-
dependent manner by IGF2BP2. Moreover, FTO and
ALKBHS5 negatively regulated METTL3 and positively
regulated METTL14 expression levels, enhancing their
role as tumor suppressors of CRC.

Materials and methods

Specimens and cell lines

Thirty-six pairs of frozen tissues were obtained from
patients diagnosed with CRC who also underwent
surgical excision at the Jiangsu Province Hospital. All
protocols were reviewed and approved by the Ethics
Committee of Nanjing Medical University. SW620 and
HCT116 cell lines were purchased from the Chinese
Academy of Science (Shanghai, China) and respec-
tively cultured in a Leibovitz’s L-15 medium (Fuheng,
Shanghai, China) and RPMI-1640 medium (Biologi-
cal Industries, Israel). DLD1, RKO and NCM460 cells
were gifts from Changhong Miao of Fudan Univer-
sity Shanghai Cancer Center. Cell culture mediums
were supplemented with 10% fetal bovine serum (FBS;
Yeasen, Shanghai, China) and 1% penicillin—streptomy-
cin (Yeasen) in a humidified incubator with 5% CO, at
37 °C.

Plasmid transfection

ALKBHS5, FTO, METTL3, METTL14, WTAP, HK2 and
IGF2BPs knockdowns in addition to over-expression
plasmids were synthesized by Shanghai Genomeditech
Biotech Co. Ltd. 293 T cells were used for lentivirus
packaging with PEIMAX treatment (Polysciences, USA).
After infection with a concentrated virus and 5 pg/ml
polybrene (Genomeditech) for 48 h, stably transfected
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cells were screened through treatment with 5 pg/mL
puromycin (Yeasen). Western blotting was performed to
verify the efficiency of transfection efficiency. All sShRNA
targets were listed in Additional file 6: Table S1.

Cell proliferation

For the cell counting kit 8 (CCK-8) assay, 5x 10> CRC
cells were seeded in 96-well plates and counted 72 h in
the respective media with 10% FBS. Cell proliferation
was measured at 450 nm absorbance by adding 10 pL in
CCK-8 (Yeasen) after 2 h. For the colony formation assay,
1x10* cells were seeded in 6-well plates and cultured in
respective media with 10% EBS for 7 days. Images were
then captured after the cells were fixed with 4% formal-
dehyde for 30 min and stained with 2% crystal violet
(Yeasen) for another 30 min. For the EdU assay, cells
seeded in 96-well plates were cultured with 50 uM EDU
for 2 h and then fixed with 4% paraformaldehyde. The
cells were then incubated with 1 X Apollo reaction cock-
tail (RiboBo, Guangzhou, China) for 30 min after perme-
abilization with 0.5% Triton-X. After DNA staining with
Hoechst33342, the images were finally visualized using a
fluorescence microscope (Zeiss, Germany).

Cell migration and invasion assay

Cells were suspended in a medium without FBS and
seeded in 8 pm pore inserts (Corning, USA) at a density
of 2x10* cells per insert. The inserts were placed into
24-well plates containing 800 pL of 30% FBS medium.
After culturing for 48 h, the cells on the upper side of the
filter were fixed with 4% formaldehyde for 30 min and
stained with 2% crystal violet for another 30 min. The
cells on the upper side were then wiped with swabs, while
the cells on the lower side were imaged randomly under
a microscope.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from cells using TRIzol rea-
gent (Invitrogen, USA), and cDNA was synthesized
using 4xHifair® III SuperMix plus (Yeasen) according to
the manufacturer’s protocols. qRT-PCR was finally per-
formed with a Roche machine using SYBR Green PCR
master mix (Yeasen). GAPDH was used as the internal
reference. The qPCR primers used in this study are listed
in Additional file 6: Table S2.

Western blotting

Cells were lysed in NP40 buffer containing protease
and phenylmethanesulfonyl fluoride (PMSF, 2 mM) for
30 min and then boiled with 1Xxloading buffer at 105 °C
for 10 min. The extracted proteins were separated using
sodium dodecyl sulfate—polyacrylamide gel (SDS-PAGE)

Page 3 of 16

electrophoresis and transferred onto a nitrocellulose fil-
ter membrane. The membranes were blocked using 8%
nonfat milk for 2 h and then washed three times with
Tris-Buffered Saline Tween-20 buffer. The blocked mem-
branes were incubated with primary antibodies at 4 C
overnight, followed by respective secondary antibodies
(1:5000) at room temperature for 2 h. Antibody infor-
mation is listed in Additional file 6: Table S3. The signals
were developed using the image lab software with an
enhanced chemiluminescence reagent kit (New Cell &
Molecular Biotech, Suzhou, China).

m6A RNA methylation quantification

N6-methyladenosine  RNA methylation was quanti-
fied using an m6A RNA methylation quantification kit.
Briefly, 300 ng of RNA were bound to wells and then
incubated with capture antibody for 1 h. The mixture was
then incubated with detection antibodies for 30 min and
reacted with an enhancer solution for another 30 min at
room temperature, the reaction signal was read using a
microplate spectrophotometer at 450 nm.

RNA immunoprecipitation (RIP) assays

Cells were lysed with RIP lysis buffer and then incubated
with specific antibodies at 4 “C for 2 h. The mixture was
then incubated with protein A/G magnetic beads at 4 °C
overnight. The bound RNA was separated from the beads
by washing with RIP buffer solution. The eluted RNA was
finally extracted and reverse-transcribed into cDNA for
further analysis using qRT-PCR.

Immunohistochemical analysis

Human CRC and paired adjacent normal tissues were
soaked in paraffin and fixed with 4% formaldehyde. After
cutting and dewaxing, the slices were incubated in citric
acid antigen retrieval buffer and blocked with 3% BSA
blocking buffer, followed by incubation with primary
antibodies at 4 °C overnight. Next, slices were incubated
with secondary antibodies for 1 h at room temperature
after being washed three times. The DAB color-devel-
oping solution was added and hematoxylin staining was
performed. Finally, the slices were dehydrated and images
were taken randomly by scanning.

Glucose and ATP level detection

For glucose assay, the cell supernatant was collected, 20ul
of the sample to be tested was added to each well, and
100ul of the working solution of the substrate was added
and incubated at 37 C for 5 min to read the OD value Al.
Then each well was added with enzymic antibody work-
ing solution of 20ul, and the reaction plate was placed at
37 °C for 15 min after shaking and mixing. The absorp-
tion value A2 was measured at 550 nm with enzymic
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marker within 30 min. All OD values are calculated by
subtracting A1 from A2. For ATP level assay, the culture
solution was removed, and the lysate was added in the
ratio of 200 pl to each well of the 6-well plate. The lysate
was blown repeatedly to fully lysate the cells. After lysate,
the supernatant was taken for subsequent determination
after centrifugation at 12000 g at 4 ‘C for 5 min. Then,
100 pl of ATP detection solution was added to each well
and placed it at room temperature for 3—5 min, so that
all the background ATP is consumed, thus reducing the
background. A sample of 20 pl was then added to the test
hole and the value was measured with a chemilumines-
cence instrument.

Animal experiments

For the mouse xenograft model, 2x10° cells were
injected subcutaneously into the flank regions of female
BALB/c nude mice (4—5 weeks). The animal procedures
were approved by the Animal Care and Use Committee
of Nanjing Medical University. Five weeks after injection,
the tumors were excised from the mice and the weight,
width (W), and length (L) were measured. The volume
(V) of each tumor was calculated using the formula:
V=(W?xL/2).

Statistical analysis

All experiments were independently repeated at least
three times. The means between groups were compared
using unpaired or paired student’s t-tests. All data were
presented in the form of mean + SD and p <0.05 was con-
sidered statistically significant.

Results

m6A demethylase FTO and ALKBH5 expression

is down-regulated in CRC

To evaluate the expression of FTO and ALKBHS5 in
human CRC samples, immunohistochemistry (IHC)
staining was used to visualize the results of the tissue
microarrays (TMAs) that contained 36 samples (Fig. 1A).
The positive percentages of FTO and ALKBH5 were sig-
nificantly lower in CRC tissues than in normal tissues
(Fig. 1B, C). The protein expression was also analyzed
showing low expression levels of FTO and ALKBH5 in
several CRC cell lines than that in normal epithelial cell
lines NCM460 (Fig. 1D). Similarly, four representative
CRC tissues showed lower FTO and ALKBH5 expres-
sion levels than the corresponding para-cancer tissues
(Fig. 1E). As FTO is known as an obesity-associated
protein, we aim to explore whether obese CRC patients
are more susceptible to suffering from CRC through
dynamic m6A changes. Interestingly, the protein expres-
sion levels of FTO and ALKBHS5 were lower in the obese
CRC patients (Fig. 1F). A high-fat environment was also
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achieved using a palmitic acid-treated medium instead
of a normal medium. The results revealed that FTO
and ALKBH5 expression levels significantly decreased
with an increase in the concentration of palmitic acid
(Fig. 1G).

FTO inhibits cell proliferation, migration, and invasion

in vitro

To examine the effect of FTO expression on CRC
growth, stably transfected cell lines with FTO knock-
down and over-expression were constructed using len-
tiviral transfection technology. The efficiency of FTO
knockdown and over-expression was verified by west-
ern blotting (Fig. 2A, Additional file 1: Figure S1A).
Subsequently, CCK-8 assays were performed, which
showed that FTO knockdown significantly promoted
proliferation in CRC cells while FTO over-expression
inhibited their proliferation (Fig. 2B, C, Additional
file 1: Figure S1B, C). The results of EAU assays also
demonstrated that FTO deficiency remarkably expe-
dited the growth of CRC cells, whereas FTO up-regula-
tion restricted the proliferation of CRC cells (Fig. 2D, E,
Additional file 1: Figure S1D, E). Similar findings were
obtained using the colony formation assay (Fig. 2F,
G, Additional file 1: Figure S1F, G). Additionally,
FTO knockdown promoted the migration and inva-
sion of CRC cells, as indicated by the transwell assays
(Fig. 2H-J, Additional file 1: Figure S1H-]J). There-
fore, the above results demonstrate that the increased
expression of FTO in CRC cells suppresses cell prolif-
eration, migration, and invasion in vitro.

ALKBHS restrains cell proliferation, migration, and invasion
in vitro

To explore the role of ALKBH5 expression in CRC, we
established a stable ALKBH5 knockdown and over-
expression model in both HCT116 and SW620 cell
lines using specific shRNAs and found that the protein
levels of ALKBHS5 were significantly inhibited and over-
expressed respectively (Fig. 3A, Additional file 2: Figure
S2A). The cell growth curve indicated that ALKBH5
knockdown accelerated cell proliferation in two CRC
cell lines, however, ALKBH5 over-expression showed
the opposite results (Fig. 3B, C, Additional file 2: Fig-
ure S2B, C). Similarly, the EdU assays showed an anti-
proliferative role of ALKBH5 in CRC cell lines (Fig. 3D,
E, Additional file 2: Figure S2D, E). Colony forma-
tion experiments revealed that ALKBH5 inhibition
increased the number of colonies, whereas ALKBH5
over-expression suppressed colony formation (Fig. 3F,
G, Additional file 2: Figure S2F, G). Additionally, the
results from the transwell assay showed that ALKBH5
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Fig. 1 The expression of FTO and ALKBH5 in human colorectal cancer. A Representative images of IHC staining FTO and ALKBH5 in TMAs. B, C The
positive percentage of FTO and ALKBH5 in CRC tissues and normal tissues. D Western blot analysis of FTO and ALKBHS5 expression in CRC cancer
cells and NCM460 cells. E The expression of FTO and ALKBHS5 in representative CRC tissues and adjacent normal tissues was indicated by western
blot. F The expression of FTO and ALKBH5 in obesity CRC group and normal weight CRC groups. G Western blot showing FTO and ALKBH5
expression in CRC cells treated with palmitic acid in different concentrations for 24 h. **p <0.01

knockdown significantly facilitated cell migration and
invasion of CRC cells, whereas, up-regulation had the
opposite effect (Fig. 3H-J, Additional file 2: Figure
S2H-J). In conclusion, these results show that ALKBH5
can hinder cell proliferation, migration, and invasion of

CRC cells.

FTO and ALKBHS5 inhibits FOXO signaling pathway

via negatively regulation of HK2

To investigate the underlying molecular mechanisms of
FTO and ALKBHS5 in CRC progression, we conducted

RNA sequencing (RNA-seq) and m6A-modified RNA
immunoprecipitation sequencing (MeRIP-seq) in CRC
cells with stable FTO over-expression, ALKBH5 over-
expression, and control cells. The differential mRNA
and differential m6A peaks modified genes are shown
in volcano plots (Fig. 4A, B). Through KEGG pathway
enrichment analysis, FOXO signaling was identified as
a common pathway (Fig. 4C, D). Furthermore, the com-
mon target gene HK2, regulated by FTO and ALKBHS5,
was identified through the intersection between RNA-
seq and MeRIP-seq (Fig. 4E). Therefore, we verified
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Fig. 2 Knockdown of FTO promotes proliferation, migration, and invasion of CRC A Knockdown of FTO by three different shRNAs in two CRC cell
lines verified by western blot. B-G The results of CCK-8, colony formation, and EdU assays in FTO knockdown stably cell lines and control groups,
together with its statistical chart (magnification times, 200 x). H-J Transwell results of FTO knockdown in HCT116 and SW620 cells, together with its

statistical chart (magnification times, 100x). **p <0.01,***p < 0.001

whether HK2 is regulated by FTO and ALKBH5 in an
m6A-dependent manner. m6A IP was conducted, which
demonstrated the successful interaction between m6A
and HK2 mRNA (Fig. 4F). Moreover, knockdown of
FTO/ALKBHS5 increased HK2 m6A modification, while
over-expression them decreased this modifications
(Additional file 5: Figure S5A).

FTO and ALKBH5 diminishes CRC malignant progression

by inactivating FOXO signaling pathway mediated by HK2
The stable cell lines of FTO and ALKBH5 knockdown
and over-expression were verified by RT-PCR (Fig. 5A,
C). Moreover, we checked the m6A level after the up/
down-regulation of FTO/ALKBH5. As expected, down-
regulating FTO or ALKBH5 increased, while up-reg-
ulation decreased the total m6A level (Fig. 5B, D). The
mRNA levels of HK2 also indicated a negative relation-
ship between FTO and ALKBHS5 (Fig. 5E, F). Moreover,

the protein levels of HK2 were significantly increased
when FTO and ALKBH5 were depleted, whereas over-
expression of FTO and ALKBHS5 inhibited HK2 protein
levels (Fig. 5G). To verify the activation of the FOXO
signaling pathway medicated by down-regulation of
FTO and ALKBHS5 in CRC cells, we analyzed the protein
expression of FOXO1 through western blotting. These
results showed that the FOXO signaling pathway was
activated in FTO and ALKBH5 knockdown cell lines,
whereas up-regulation of FTO and ALKBH5 inhibited
the FOXO signaling pathway (Fig. 5G).

Additionally, rescue experiments further validated the
functional relationship between HK2 and FTO/ALKBH5.
We performed EdU and colony formation assays and
found that FTO/ALKBH5 knockdown accelerated the
proliferation of CRC cells, whereas HK2 knockdown in
FTO/ALKBHS5 stable knockdown CRC cells decreased
cell proliferation (Fig. 5SH-K). Additionally, we validated
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Fig. 3 ALKBHS5 knockdown accelerates proliferation, migration, and invasion of CRC A The knockdown efficiency of ALKBH5 showed by western
blot. B, C CCK-8 analysis of the effects of ALKBH5 knockdown on the CRC cell viability. D, E EdU analysis of the effects of ALKBH5 knockdown

on the proliferation ability (magnification times, 200 x). F, G Colony formation analysis of ALKBH5 knockdown on the colony formation ability. H-J
Transwell of ALKBH5 knockdown on the CRC cell migration and invasion (magnification times, 100 ). **p < 0.01; ***p <0.001

the effects of migration and invasion for HK2 in FTO
and ALKBHS5 stable knockdown CRC cells. The results
showed that silencing HK2 led to the attenuation of
cell migration and invasion induced by FTO/ALKBH5
knockdown (Fig. 5L—N). In addition to knocking down
HK?2, we also utilized hexokinase inhibitor, 2-Deoxy-D-
glucose (2DG), to treat HCT116 cells. Similarly, 2DG
restored the FOXO pathway activation (Additional file 3:
Figure S3A) and increased cell proliferation (Additional
file 3: Figure S3B), colony formation (Additional file 3:
Figure S3C, D), migration and invasion (Additional file 3:
Figure S3E-G) induced by FTO and ALKBHS5 silence.
Furthermore, treating HCT116 cells with 2DG alone
also inhibited cell proliferation (Additional file 4: Figure
S4B), colony formation (Additional file 4: Figure S4C-D),
migration and invasion (Additional file 4: Figure S4E-F)
by inactivating FOXO pathway (Additional file 4: Figure
S4A). Overall, these results indicates that a deficiency in

FTO and ALKBH5 functions as oncogenes via the pro-
motion of FOXO1 mediated by HK2 in CRC.

FTO and ALKBH5 abrogates tumor growth in vivo

To confirm the bio-function of FTO and ALKBHS5 in vivo,
we subcutaneously injected CRC cells over-expressing
FTO and ALKBHS5 as well as an empty vector into nude
mice. The groups with over-expressed FTO and ALKBH5
showed a significant decrease in tumor growth, both in
terms of tumor weight and volume, compared with those
of the control group (Fig. 6A-C). Further IHC and west-
ern blot assay indicated that up-regulation of FTO and
ALKBHS5 decreased the level of the proliferation marker
Ki67 level, as well as HK2 and FOXOL1 in vivo(Fig. 6D—
H). As HK2 is a rate-limiting enzymes of the glycolytic
pathway, we also explore the effect of FTO and ALKBH5
on glucose metabolism. Results showed down-regula-
tion of FTO and ALKBH5 consumed more glucose and
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Fig.4 FTO and ALKBHS5 restrains tumor progression via regulating HK2. A, B Volcano plots of the differential mRNA levels and m6A modification
levels of FTO over-expression and ALKBH5 over-expression compared to Plvx groups by RNA-seq and MeRIP-seq. C, D The KEGG pathway

enrichment in FTO over-expression and ALKBH5 over-expression is indicated by a bubble plot. E Venn diagram showed the overlap genes

identified by RNA-seq and MeRIP-seq analysis. F The levels of HK2 mRNA were examined by RIP RT-PCR in HCT116 cells and SW620 cells. **p < 0.01;

=0 20,001



Ye et al. Cell & Bioscience

(2023) 13:148

Page 9 of 16

A B C 3 D ..
o 0.10 > oo - i
5 om = - 2 — ] —
; ::; % 0103 . < :i:: § 0.104 T
Z oo — 006 — E < o
‘:é n.ooj ’ % 0.04 ﬂ ﬂ S oos S oos] L—
E ::ooz . e : m l . l . ' ['—I E . o . o ,_l
= & > D e ¥ T ! i Y O & L ®
O A S O VS 4 PN & A & & o
X 0% T O AN Q&o% 0 = q@@gﬁ P T T
E WF > 134
O
o 0.004 F o 0006 il k v . %\\\ ’ &
5 3 s b 5
3] Q >
—o > . N A% ® & %
é 0.003 é 0006 L S G Q\\@ Q&O V&QV & Q«O »\/&E
0.002 - ‘ T_‘
% Qé 0.002 HK2 -—- -.-
&~ 0.001 | | Q |—|
£, . , AT % el ~ || FOXOl -.- - —
S N & ® NI G PR o
Q\\V O“o Q\ «O Q\\v QO Q\ S e)
< s R
Lot Lot
H

FTO shl

FTO shl
+shHK?2
ALKBHS shl

ALKBHS shl

+shHK?2
I &
:‘E
= 3
8
3
o,
c>) 2
E Migration
8
a1
D
a
LL] .
0 Invasion
Plkol + - - - -
FTO shl - + + - - M N
ALKBHS shl - - - + ”
5 w
HK2 sh - - + - + é 0 _ o g N e
Hok =1 8 bl g 8
K., s e G Z .
Z ., o 2 . 5 4
5 " S @ o = .
= = A
E‘ ‘5, 2 | | § 2
%2 zZ A . - 5 LA |||,||—|
° | | | I | | Plkol + - - - - Plkol + - = - -
M T i FTO shl -+ o+ - - FTO shl -+ o+ - -
Plkol + -~ " ATKBHSshl . - - + + ALKBHSshl - - - o+ 4
FTO shl - + + = HK2 sh _ _ + _ + HK?2 sh - - + - +
ALKBHS shl - = - e +
HK2 sh - - + - +

Fig. 5 Down-regulation of FTO and ALKBHS5 facilitates CRC progression via activating FOXO1 mediated by HK2 A, B The mRNA and m6A levels

of FTO knockdown and over-expression in HCT116 cells. C, D The mRNA and m6A levels of ALKBH5 knockdown and over-expression in HCT116
cells. E, F The HK2 expression was measured by RT-PCR in FTO knockdown/over-expression, and ALKBH5 knockdown/over-expression in HCT116
cells was verified by gPCR. G Western blot showing HK2 and FOXO1 expression in CRC cells treated with FTO knockdown/over-expression, ALKBH5
knockdown/over-expression in HCT116. H-K CCK-8, colony formation, and EdU assays all indicated the ability of proliferation in FTO/ALKBH5
deficient CRC cells was rescued by HK2 knockdown. L-N Analysis of CRC cell migration and invasion while transfected with shHK2 in FTO/ALKBH5

deficient CRC cells*p <0.05; **p <0.01; ***p <0.001



Ye et al. Cell & Bioscience

(2023) 13:148

Page 10 of 16

. C
Plvk ' @& @ < E kg =
= g
FTOoe  * ¢ =« < £ g0
: :
o 100 ?
> —
ALKBHS oe L 2 * ° @ 5 100 » . o 2 s ==
A g g —E =
g o — S A
A Q o
Q\q Q 5
& \)@k\
ag
D
Ki67 D e
g *k
O 104 ol
€5y e
L.;v"‘;’ .g
HK2 3% Z
Qe Q
o =
\‘;\2 0.0 r T T
@
2 Q\‘ﬁ‘ (‘O & Q;éf’o
FOXO1 N ?*05
F o G H 606
) o S N
S 15 - oh T O ‘ge)
5 ot0] L 2 10 ~
2 : HE | g -
(=9
.E 05 2 s .
= = FOXO1 - .
o 172}
B o = . 2 ool HE . .
% Q\** o% & o S ‘2\& <O o 6% GAIDH | - - .
Q« (3) é < \)@3’
NS = o
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Western blot for HK2 and FOXO1 in FTO over-expression and ALKBH5 over-expression compared to Plvx groups in tumors. **p <0.01; ***p <0.001

produced more ATP (Additional file 5: Figure S5B, C). To
study whether FTO/ALKBHS5 has an effect on apoptosis,
we performed flow cytometry, tunel staining and western
blot for Bcl2 and Caspase3, however, it showed no sig-
nificant difference with FTO/ALKBH5 over-expression
(Additional file 5: Figure S5D-F). Together, these results
demonstrate FTO and ALKBH5 inhibits tumor growth
in vivo and may participates glucose metabolism.

FTO and ALKBHS5 regulates HK2 in m6A-IGF2BP2
dependent manner

Since HK2 was positively regulated by m6A methyla-
tion, we further explore which m6A reader participates
in m6A methylation of HK2 mRNA. So, we searched in
RM2Target database(http://rm2target.canceromics.org)
and found IGF2BP family proteins may affect the m6A
modification of HK2. To validate our hypothesis, we
silenced IGF2BP1, IGF2BP2, and IGF2BP3 respectively
in HCT116 cells, and QPCR indicated that only IGF2BP2
down-regulation led to HK2 decrease (Fig. 7A). Then,
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RIP-QPCR was performed using anti-IGF2BP2 to con-
firm the interaction between HK2 mRNA and IGF2BP2
in CRC cells. Notably, IGF2BP2 also bound to the mRNA
of HK2 in CRC cells (Fig. 7B). Next, we performed west-
ern blot and the results showed both HK2 and FOXO1
were inhibited by IGF2BP2 knockdown (Fig. 7C). Moreo-
ver, cell functional assay demonstrated IGF2BP2 silence
significantly decreased cell proliferation (Fig. 7D), col-
ony formation (Fig. 7E-F) as well as cell migration and
invasion of CRC cells (Fig. 7G-I). In addition, we also
knocked down IGF2BP2 in FTO and ALKBH5 down-
regulation stabled-transfected cells. The results indicated
that IGF2BP2 silencing decreased the malignant behav-
iors of CRC cells in proliferation (Fig. 7J), colony forma-
tion (Fig. 7K-L), migration, and invasion (Fig. 7M-0O)
induced by FTO and ALKBHS5 silence. In summary, FTO
and ALKBH5 regulates HK2 in m6A-IGF2BP2 depend-
ent manner.

Silenced FTO or ALKBH5 increases METTL3

while decreasing METTL14 to promote CRC malignant
biological behaviors

We assumed whether FTO and ALKBHS5 could influence
other m6A regulators such as METTL3, METTL14, and
WTAP expression. Therefore, the levels of m6A writ-
ers were detected in FTO/ ALKBH5 knockdown cells
and it revealed that METTL3 was negatively correlated
with FTO and ALKBHS5, while METTL14 was positively
correlated with FTO and ALKBH5 (Fig. 8A, B). Subse-
quently, we investigated the bio-function of METTL3
and METTL14 in CRC cells. Stable CRC cell lines with
METTL3 and METTL14 knockdown were constructed
and examined by western blot (Fig. 8C, K). CCK-8 assays
demonstrated that METTL3 knockdown significantly
decreased CRC cell proliferation (Fig. 8D). Meanwhile,
both colony formation and EdU assays showed that
METTLS3 silencing inhibited the proliferation of CRC
cells (Fig. 8E-H). Moreover, transwell assays indicated
that METTL13 weakened the migration and invasion of
CRC cells (Fig. 81, J). We also knocked down METTL14
in CRC cells using shRNA. The results demonstrated that
METTL14 silencing increased the malignant behaviors
of CRC cells in proliferation (Fig. 8L-N), colony forma-
tion (Fig. 80, P), migration, and invasion (Fig. 8Q, R).

(See figure on next page.)

Page 12 of 16

Furthermore, western blot indicated that down-regula-
tion of METTL3 suppressed HK2 thus inhibiting FOXO
pathway, while silence METTL14 promoted FOXO path-
way through facilitation HK2 (Additional file 4: Figure
S4G).

Discussion

The genesis and development of tumors are closely
related to the metabolic reprogramming of cancer cells,
especially lipid metabolism and glucose metabolism [10,
17]. Studies have shown a dose—response relationship
between body mass index (BMI) and CRC. For every
2 kg/m? increase in BMI, CRC cancer risk increases by
4-10%, and for every 2 cm increase in waist circumfer-
ence, CRC risk increases by 2-5% [18]. The nutritional
availability of cancer cells in the tumor micro-environ-
ment constantly changes during tumor progression,
whereby they can utilize abundant lipids to promote
rapid cell growth [19, 20]. Studies have shown that m6A
modification dynamically changes with the external envi-
ronment [21, 22]. For instance, a high-fat environment
can lead to changes in m6A-related molecules. This study
demonstrated that m6A erasers (FTO and ALKBHS5)
were significantly down-regulated in CRC tissues com-
pared with adjacent normal tissues. Moreover, obese
CRC patients had lower levels of FTO and ALKBH5
compared with thinner CRC patients. Similarly, sodium
palmitate reduced the expression of FTO and ALKBH5
in CRC cells. Cell function experiments indicated that
both FTO and ALKBH5 had inhibitory effects on CRC
cells. Furthermore, silencing FTO/ALKBH5 decreased
METTL14, while increasing METTL3 levels. Impor-
tantly, METTL3 has been reported to act as an oncogene
in CRC. Nevertheless, METTL14 played an anti-cancer
role in CRC.

Previous studies have shown that FTO and ALKBH5
play a cancer-suppressive role in CRC. Wang et al.
revealed that reduced FTO protein expression, whose
ubiquitin-mediated protein degradation was increased in
hypoxic conditions by the E3 ligase STRAP, was associ-
ated with a higher recurrence rate and poorer progno-
sis in patients with CRC. Mechanistically, FTO acts as a
tumor suppressor by inhibiting MTA1 expression, recog-
nized by the m6A reader IGF2BP2, in an m6A-dependent

Fig. 8 Silenced FTO/ALKBHS5 promotes METTL3 while inhibits METTL14 to accelerating the development of CRC A The protein levels of METTL3,
METTL14, and WTAP, when FTO and ALKBH5 were knockdown in HCT116 cells, showed by western blot. B Western blot indicated the expression

of FTO and ALKBH5 in METTL3/METTL14/WTAP deficient cells. C The efficiency of METTL3 knockdown in CRC cells was verified by western blot. D
Viability of METTL3 knockdown cells detected by CCK-8 assay E, F EdU analysis of the effects of METTL3 knockdown (magnification times, 200 x).

G, H Representative images of colony formation assay and colony number analysis. 1, J Cell migration and invasion assays of CRC cells treated

with METTL3 knockdown (magnification times, 100 ). K The expression of METTL14 in METTL14 knockdown cells is indicated by western blot.

L-P The results of CCK-8, colony formation, and EdU (magnification times, 200 x) assays in METTL14 knockdown cells which be used to elevate cell
proliferation. Q, R Migration and invasion were detected by transwell with METTL14 knockdown in CRC cells (magnification times, 100X). **p <0.01;

KD 0,001
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Fig. 8 (Seelegend on previous page.)

manner [23]. Zhang et al. demonstrated that lower
ALKBHS5 levels were closely associated with poorer prog-
nosis in CRC patients. Functionally, down-regulation of

ALKBH5 promoted cell proliferation, migration, and
invasion, while up-regulation of ALKBH5 decreased
the malignant behaviors of CRC cells. Mechanistically,
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MeRIP-seq and RNA-seq indicated that PHF20 was
regulated by ALKBH5-mediated m6A modification by
decreasing the stability of its mRNA in 3’'UTR [24]. Chen
et al. found that METTL3 promoted CRC cell prolif-
eration by activating the m6A-GLUT1-mTORC1 axis
and is a therapeutic target in CRC [12]. The following
year, the same team reported that METTL3 inhibited
anti-tumor immunity by targeting the m6A-BHLHE41-
CXCL1/CXCR2 axis to promote CRC cell proliferation
[25]. Wang et al. demonstrated that METTL14-medi-
ated N6-methyladenosine modification of SOX4 mRNA
inhibited tumor metastasis in CRC [26]. Yang et al. illus-
trated that METTL14 suppressed CRC proliferation and
metastasis by down-regulating oncogenic IncRNA XIST
[27]. Our results are consistent with the above studies,
indicating that both FTO and ALKBH5 are down-reg-
ulated in CRC, hence, playing a role as tumor suppres-
sors. The downstream gene is HK2, whereby FTO and
ALKBHS5 co-operatively negatively regulate HK2 expres-
sion in m6A-dependent manners. Moreover, FTO and
ALKBHS5 function as tumor suppressors by inhibiting
METTLS3 while promoting METTL14 expression.

HK2 is the first rate-limiting enzyme of the glyco-
lytic pathway [28]. Warburg discovered the high glu-
cose metabolism of tumors more than 70 years ago [29].
Approximately 60% of ATP in tumor cells comes from
glycolysis. It has been confirmed that HK2 content is
increased in the resected tissues of the lung, gastrointes-
tinal, and breast malignant tumors. Additionally, it has
been found that HK2 activity is higher when the lesions
metastasize in breast cancer [30]. Hence, HK2 is essen-
tial for the metabolic behavior of rapidly growing tumors.
At the gene level, the increase in HK2 expression was
mainly due to the increase in its gene transcription. The
promoter of HK2 has a wide range of signal transduction
cascade activation pathways. Theoretically, the energy
metabolism of tumors can be affected by the inhibition of
glucose metabolism regulators, while normal cells remain
unaffected [31, 32]. Therefore, targeting HK2 may pro-
vide a new strategy for the treatment of hyper-glucose-
metabolized tumors.

Conclusion

In conclusion, we observed the reduced FTO and
ALKBHS5 expression levels in CRC tissues and cell lines,
whereby FTO and ALKBH5 were robustly down-regu-
lated in obese CRC patients and CRC cells treated with
sodium palmitate. In terms of their mechanism of action,
down-regulation of FTO and ALKBH5 recognized
HK2 m6A modification by IGF2BP2 promoted glucose
metabolism via triggering the FOXO signaling pathway.
Our results highlighted the crucial significance of m6A
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methylation in regulating CRC cell function, providing a
promising therapeutic target of m6A modulators in CRC.
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ALKBH5  Alkylation repair homolog 5

CCK8 Cell counting kit-8
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Additional file 1: Figure S1. FTO over-expression inhibits proliferation,
migration, and invasion of CRC (A) The FTO protein expression levels were
detected by western blot. (B-E) CCK-8 and EAU (magnification times,

200 %) results of FTO over-expression in HCT116 and SW620 cells. (F, G)
Colony formation results of FTO over-expression in HCT116 and SW620
cells, together with its statistical chart. (H-J) Migration and invasion results
of FTO over-expression in HCT116 cells and SW620 cells, together with its
statistical chart (magnification times, 100 x). **p < 0.01,**p < 0.001.

Additional file 2: Figure S2. Up-regulation of ALKBH5 hinders cell
proliferation, migration, and invasion of CRC (A) Western blot analysis of
transfection efficiency of over-expression ALKBH5 in HCT116 and SW620
cells. (B-G) The proliferation ability of ALKBHS5 over-expression in HCT116
and SW620 cells was evaluated by CCK-8, colony formation, and EdU
assays (magnification times, 200 ). (H-J) The cell migration and invasion
activities of HCT116 and SW620 cells with ALKBH5 over-expression were
assessed by transwell assays (magnification times, 100x). **p <0.01;
**¥p<0.001.

Additional file 3: Figure S3. HK2 inhibitor 2DG restrains oncogenic

effect induced by FTO/ALKBHS silence (A) Western blot showing HK2 and
FOXO1 protein levels in treated with FTO/ALKBH5 knockdown and 2DG in
HCT116 cells. (B) CCK-8 indicated the ability of proliferation in FTO/ALKBH5
deficient CRC cells was rescued by 2DG treatment. (C-D) Colony formation
was performed in FTO/ALKBH5 knockdown and 2DG treated HCT116 cells.
(E-G) Analysis of cell migration and invasion while treated with 2DG in
FTO/ALKBHS deficient HCT116 cells (magnification times, 100 X).*p < 0.05;
**p<0.01;***p<0.001.

Additional file 4: Figure S4. HK2 inhibitor 2DG decreases cell prolifera-
tion, migration and invasion in vitro (A) HK2 and FOXO1 protein levels
were detected by western blot in HCT116 cells. (B-D) CCK8 and colony
formation assay was performed to indicated effect of 2DG in proliferation
in HCT116 cells. (E-F) Transwell assay showing 2DG's effect on cell migra-
tion and invasion in HCT116 cells (magnification times, 100 x). (G) Western
blot indicated HK2 and FOXO?1 protein level after METTL3 / METTL14
silence. ***p < 0.001.
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Additional file 5: Figure S5. FTO and ALKBHS inhibits glucose metabo-
lism but does not affect cell apoptosis. RIP-QPCR showing HK2 m6A level
in FTO/ALKBH5 knockdown or over-expression cells. (B) Glucose levels
were detected in FTO/ALKBH5 knockdown or over-expression cells of
HCT116. (C) ATP levels were mesured in FTO/ALKBHS silence or up-regula-
tion cells of HCT116. (D) Flow cytometry of FTO/ALKBHS5 over-expression
by FITC/PI staining. (E) Tunel staining was performed in tumor tissues of
FTO/ALKBHS over-expression. (F) Western blot assay was performed in
FTO/ALKBHS over-expression for BCL2 and Caspase3 proteins. **p <0.01;
***p <0.001.

Additional file 6: Table S1. Short hairpin targets. Table S2. Primers of
genes. Table S3. Antibody information.
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