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WNT/B-catenin-suppressed FTO expression
increases m°A of c-Myc mRNA to promote tumor
cell glycolysis and tumorigenesis
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Abstract

FTO removes the N6-methyladenosine (m®A) modification from genes and plays a critical role in cancer development.
However, the mechanisms underlying the regulation of FTO and its subsequent impact on the regulation of the
epitranscriptome remain to be further elucidated. Here, we demonstrate that FTO expression is downregulated and
inversely correlated with poor survival of lung adenocarcinoma patients. Mechanistically, Wnt signaling induces the
binding of EZH2 to B-catenin. This protein complex binds to the LEF/TCF-binding elements at the promoter region of
FTO, where EZH2 enhances H3K27me3 and inhibits FTO expression. Downregulated FTO expression substantially
enhances the m°A levels in the mRNAs of a large number of genes in critical pathways, particularly metabolic pathway
genes, such as MYC. Enhanced m°A levels on MYC mRNA recruit YTHDF1 binding, which promotes MYC mRNA
translation and a subsequent increase in glycolysis and proliferation of tumor cells and tumorigenesis. Our findings
uncovered a critical mechanism of epitranscriptome regulation by Wnt/3-catenin-mediated FTO downregulation and

underscored the role of m°A modifications of MYC mRNA in regulating tumor cell glycolysis and growth.

Introduction

N6-Methyladenosine (m®A) is the most abundant and
reversible posttranscriptional modification of mRNAs in
eukaryotes. m°A modifications have an important role
in RNA splicing, stability, transport, and translation®”.
The abundance and effects of m°A on RNA depend on the
dynamic and integrated regulation by “writers” and “era-
sers”, which add and remove the methylation, respectively,
and “readers”, which recognize the modification™®. The
identified writers include methyltransferase-like (METTL)
3/14, Wilms tumor 1-associated protein (WTAP), RNA
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binding motif protein 15/15B (RBM15/15B), and
KIAA1429, whereas erasers include fat mass and obesity-
associated protein (FTO) and alkB homolog 5 (ALKBHS5).
YT521-B homology (YTH) domain-containing proteins
(YTHDF1-3, YTHDC1-2), heterogeneous nuclear ribonu-
cleoprotein (HNRNP) protein families, and IGF2 mRNA
binding proteins (IGF2BP) families are regarded as read-
ers®®. FTO, as the first m°A demethylase identified'*!!,
regulates the m°A modification of critical genes in differ-
ent types of cancer, such as glioblastoma'?, acute myeloid
leukemia (AML)'*'*, cervical squamous cell carcinoma
(CSCC)*®, and breast cancer'®. However, the mechanisms
underlying the regulation of FTO and its subsequent
impact on the regulation of the epitranscriptome remain
to be further elucidated.

In this study, we demonstrate that Wnt signaling
induces complex formation between the histone
methyltransferases EZH2 and B-catenin, which bind to
the promoter region of FTO, increase H3K27me3 levels,
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and inhibit FTO expression. Downregulated FTO
expression substantially increases the m°A modifica-
tions on MYC, resulting in the binding of YTHDF1 to
promote MYC mRNA translation and tumor cell gly-
colysis and growth.

Materials and methods
Materials

The following antibodies were purchased from Cell
Signaling Technology (Danvers, MA): normal rabbit
IgG (# 2729) (for immunoprecipitation and ChIP),
B-catenin (#8480) (for immunoblotting and immuno-
precipitation), FTO (#31687) (for immunoblotting and
RIP), EZH2 (#5246) (for immunoprecipitation and
ChIP), TCF4 (#2569) (for ChIP), H3K27me3 (#9733)
(for ChIP), H3K9me2 (#4658) (for ChIP), HK2 (#2867)
(for immunoblotting and IHC), and Ki-67 (#9449) (for
IHC). A mouse monoclonal antibody against tubulin
(T9026) (for immunoblotting) was purchased from
Sigma-Aldrich (St. Louis, MO). Rabbit antibodies
recognizing c-Myc (ab32072) (for immunoblotting and

IHC), Wnt-3a (ab219412) (for IHC) and FTO
(ab124892) (for IHC) were purchased from Abcam
(Cambridge, MA). Rabbit antibody recognizing

YTHDF1 (17479-1-AP) (for RIP and immunoblotting)
was purchased from Proteintech (IL, USA). RIPA lysis
and extraction buffer (89901) and Pierce IP lysis buffer
(87787) were purchased from Thermo Fisher Scientific
(Waltham, MA). Protein A/G plus-agarose (sc-2003)
was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Wnt-3a (5036-WN) was obtained from R&D
Systems (Minneapolis, MN). Cycloheximide (CHX)
(HY-12320) and nitro blue tetrazolium chloride (HY-
15925) were purchased from MedChem Express
(Monmouth Junction, NJ). Agar (1182GR500) was
purchased from BIO FROXX (Guangzhou, China).

Data resource

The clinical records and RNAseqV2 level 3 gene-level
lung adenocarcinoma data were downloaded from
TCGA (http://xena.ucsc.edu/welcome-to-ucsc-xena/).
Gene transcription estimates for each gene were ana-
lyzed with RNA-Seq using Expectation Maximization
(RSEM) software.

Specimens and cell lines

Forty pairs of frozen tissues for RNA extraction and
83 pairs of frozen tissues for immunohistochemistry
(IHC) were obtained from patients with lung adeno-
carcinoma who underwent radical resections in the
Department of Thoracic Surgery of the Cancer Hospi-
tal, Chinese Academy of Medical Sciences. The clinical
features of the patients are summarized in Table S1. We
acquired completed follow-up information for 83
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patients. The time from the date of diagnosis to death
or the last known date of follow-up was defined as
overall survival (OS). All paired tumor and adjacent
normal tissues used in this study were collected with
informed consent. This study was approved by the
Ethics Committee of the National Cancer Center/
Cancer Hospital, Chinese Academy of Medical Sci-
ences, and Peking Union Medical College. HEK 293T
and H322 and H358 lung adenocarcinoma cells were
obtained from ATCC.

Tissue microarray and immunohistochemistry analysis

Eighty-three pairs of frozen tissues from lung ade-
nocarcinoma patients were formalin-fixed and paraffin-
embedded. The tissue microarray (TMA) was con-
structed as previously described'’. Section of lung
adenocarcinoma TMA was stained with an antibody
against FTO. The tissue sections were quantitatively
scored according to the percentage of positive cells and
staining intensity as described previously'®. The fol-
lowing proportion scores were assigned to the sections:
1, 0-1%; 2, 2—-10%; 3, 11-30%; 4, 31-70%; and 5,
71-100%. The staining intensity was rated on a scale of
0-3: 0, negative; 1, weak; 2, moderate, and 3, strong.
Then the proportion and intensity scores were com-
bined to obtain a total score (range, 0-8) as described
previously'®.

Cell culture

H322 and HEK 293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (Invitrogen) and 1% penicillin-
streptomycin. H358 cells were grown in RPMI
1640 supplemented with 10% FBS (Invitrogen) and 1%
penicillin-streptomycin. Cells were cultured in 5% CO,
at 37°C in a humidified incubator. And all these cells
were routinely tested for mycoplasma. When cells were
50% confluent, the medium was replaced with a fresh
medium containing 0.5% serum for 1 day, and then
Wnt-3a was added at a final concentration of 60 ng/ml
for cell stimulation.

RNA extraction and quantitative RT-PCR analysis

Total RNA was isolated with TRIzol reagent (Invi-
trogen, USA) according to the manufacturer’s instruc-
tions. RNA (1000ng) was reverse-transcribed into
c¢DNA with a RevertAid First Strand cDNA Synthesis
kit (Thermo); SYBR Green-based qRT-PCR was per-
formed using a 7900HT fast real-time PCR system
(Applied Biosystems/Life Technologies, Waltham,
USA), as described previously'”. The relative mRNA
expression levels were calculated by the 2~*4“* method
with normalization to ACTB or GAPDH; the PCR pri-
mers are listed in Table S2.
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Lentivirus production and infection

Plasmids containing transgenes and packaging plasmids
were cotransfected into HEK 293T cells using Lipofecta-
mine 3000 (Invitrogen, USA). Viruses were collected and
concentrated after 48 h. When tumor cells reached 50%-
60% confluence, we infected the cells with concentrated
virus and then selected them by antibiotic treatment®.
The shRNA sequences are listed in Table S3.

Immunoblotting and immunoprecipitation analysis
Extraction of proteins with a modified buffer from cul-

tured cells was followed by immunoprecipitation and

immunoblotting with antibodies, as described previously*’.

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed using the SimpleChIP®
Enzymatic Chromatin IP kit (#9003, Cell Signaling
Technology, Danvers, USA) according to the manu-
facturer’s instructions, as described previously*>. The
primers are listed as follows:

binding site within the FTO promoter Forward:
GTTATCCTTCTTTGCTCACTATGCG;

binding site within the FTO promoter Reverse:
CTGAGGAAGTGAACTGAGCTC.

Dual-luciferase reporter assays

For the promoter-reporter assay, the wild-type DNA oli-
gos of the FTO promoter and the mutated oligos with three
LEF/TCF-binding element (TBE) deletions were inserted
into the upstream region of the firefly luciferase of the
PGL4.1 vector. For m°A reporter assays, the DNA fragments
of MYC-CDS containing the wild-type m®A motifs, as well
as the mutated motifs (m°A was replaced by T) were
inserted into the Xhol site of the pMIR-REPORT luciferase
reporter vector. Dual-luciferase reporter assays were per-
formed, as described previously in HEK 293T cells®,

Sequences of wild type FTO promoter:

GGAAGTACTCCTATAGAAAAGGTCAATTTTTAG
GATCCTGTTGACACATA GGCCCGTGTATGAAAA
TGATTAGTTTTCCATGACAGAGTTAAGGTCACTT
TAAAAATAATAATGATGATGATGATGATGATGGT
GTTAACATTCATTGAA CGCTTACTATGTGCCAGG
TACTGTTCTAAGTGTTCTGTTATAGGAATGAA GT
GTCTCACCATATCCTTGTGAGGCTGTTACTCAAA
TGATTCCTGCTTTA CAAATGAGGAAGCTGAGAC
ACAGATTAGTTAACTCACTTAAGGTGGTAGT TGA
AAGTATTAATAGTTGTGTCTGGTGATATTTTTGG
TTGTCACAACAAG GAAGCGGGATGCTACTGGCAT
CTAGTGAGTAGAGGCCATGGATGATGCTA AATA
TCTTACAGTGCTTAGGAGACATAATAATGAATTA
TCCAGCCCAAAA TGTTAATAATAGTGTAGAAGCT
GAAAAACCCTGCACAATGCTGCAATGCC TCTCCA
ACACCATCTTATGTTATCCTTCTTTGCTCACTATG
CTTCACTTA CATTATTCTTTACTTTCCTCGAACC
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CCCCATACCCTTGTCTTGCTCAAGG CCTTTGTAT
TAGCTGGTTCCTTAATCTTTGGAGCTCAGTTCAC
TTCCTCA GACAGGTTTTCCCTGACCATCCTATGT
TAGAGTAGTCTTCCTTACATTTC TTCACTGTTTA
TTTCTTTTCTTTTCTTTTTTTTTTTTTTGAGACAG
GGTC TTGCTATGTTGCCCGGGCTGGCCTTGAATT
CATGGGTTCAAGTGATCCTC CCACCTCAGCCTCC
CGAGTAGCTGGAACTACATGTGCGTGCCACCAAG
CA TGGCTTGTATCTCTTATAGCAACTGCCTCTAT
CTGAAGTTATCAGATAAA ATTATTGTTTGTCTCC
ACTAAAAAAGGATAAACATCTTGAGACGGGTATT
AGTCTTGTTCACAACTGTTCAGGAACAGTGCCTG
GTACAGGGTGGGAACC AACATTAATATTTATTG
AATGATTGGCTGTGCGTGGTGGCTCACACCTGT A
ATCCCAGCACTTTGCGAGGCCGAGACGGGCGGCT
GACTTCAGGCCAGGA GTTCGAGACCAGCCTGGC
CAACATGATGAAACCCTGTCTCTACTAAAAAT AC
AAAAATTAGCTGGGTGTGGTGGCACACGCCTGTA
ATCCCAGCTACTCG GGAGGCTGAGGCAGAAGAA
TCGCTTGAACCTGGGAGGAGGAGTTTGCAGT AA
GCTGAGGTCTTACCACTGCACTCCAGCCTGGGCA
ACGGAGCAAGAACC TGTCACACACACAAAAAAA
AGAATAAAGAAAAAATATTTATTGAATGAAT AA
ATGAATATCAGGTACTGAGATTAAAATGGCAAGC
AAAACCCCCGCCTT TATGAAGCTAGCAAGTTATG
GAGGTAATCACATGATAAACAAATAATATA TAA
TTAAGCAAACAATAGACCACTCAGGAGGTTTAGG
GTCTACCAACCAA CTCCTAATCCAGGGCAAATGA
GCAAACTGTGTTAGGGACCTACAACTTGC AGGA
TCTGGATAGAGATGGCAATTAGCAGCATCAACTC
TCACCTTCATGG CTGGGATATAACATTTCAAATT
GGTCCTGGACGTGGGGATAAAGGGCGGC CTGTG
ATTCAGGCCTGAGGATGTGGAGGTGTCTTGGGCT
GGGCTGCTTTC ACGCCAGCAGAACTCCAGGGCC
AACTCCAGGGCCTTCTCCAGGCGGCAGA GCGGA
CCCTAGGACCCCGGCCCGCGCTGCAGTGGGGAG
GGTCAGCAACCT CCACCCACCCTCATCCTCCCCC
ATCCTCCCGGGTACTCACCGTGCCACTG GCCCTG
CAGCTAGCTACCGTTGCTATAGCGCCGACAGCGT
GGCGGGCGEGC TGGCCGAGAGGAGCACGGGAGAA
ACATGGCAGGCTCCCGTAGCCTCCTGG GAAATG-
TAGTTCTCCTTGGACTCTAGCCTGTTTGCTCGCG
GGGTAGCGGA CTCATTTATGCTTGGTGTTATGA
TTGTAACTAAGAATCCTGGAGTGAGCT GGTTAC
AAAGTGAGCCCGACTTTCCATGGATGCACCATCC
TAGAGTGCAC

Sequences of truncated FTO promoter:

GGAAGTACTCCTATAGAAAAGGTCAATTTTTAG
GATCCTGTTGACACATA GGCCCGTGTATGAAAA
TGATTAGTTTTCCATGACAGAGTTAAGGTCACTT
TAAAAATAATAATGATGATGATGATGATGATGGT
GTTAACATTCATTGAA CGCTTACTATGTGCCAGG
TACTGTTCTAAGTGTTCTGTTATAGGAATGAA GT
GTCTCACCATATCCTTGTGAGGCTGTTACTCAAA
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TGATTCCTGCTTTA CAAATGAGGAAGCTGAGAC
ACAGATTAGTTAACTCACTTAAGGTGGTAGT TG
AAAGTATTAATAGTTGTGTCTGGTGATATTTTTG
GTTGTCACAACAAG GAAGCGGGATGCTACTGGC
ATCTAGTGAGTAGAGGCCATGGATGATGCTA AA
TATCTTACAGTGCTTAGGAGACATAATAATGAAT
TATCCAGCCCAAAA TGTTAATAATAGTGTAGAA
GCTGAAAAACCCTGCACAATGCTGCAATGCC TCT
CCAACACCATCTTATGTTATCCTTACTATGCTTC
ACTTA CATTATTCTTTACTTTCCTCGAACCCCCC
ATACCCTTGTCTTGCTCAAGG CTAGCTGGTTCCT
TAATCTCAGTTCACTTCCTCA GACAGGTTTTCCC
TGACCATCCTATGTTAGAGTAGTCTTCCTTACAT
TTC TTCACTGTTTATTTCTTTTCTTTTCTTTTTTT
TTTTTTTGAGACAGGGTC TTGCTATGTTGCCCGG
GCTGGCCTTGAATTCATGGGTTCAAGTGATCCTC
CCACCTCAGCCTCCCGAGTAGCTGGAACTACATG
TGCGTGCCACCAAGCA TGGCTTGTATCTCTTATA
GCAACTGCCTCTATCTGAAGTTATCAGATAAA AT
TATTGTTTGTCTCCACTAAAAAAGGATAAACATC
TTGAGACGGGTATT AGTCTTGTTCACAACTGTTC
AGGAACAGTGCCTGGTACAGGGTGGGAACC AAC
ATTAATATTTATTGAATGATTGGCTGTGCGTGGT
GGCTCACACCTGT AATCCCAGCACTTTGCGAGGC
CGAGACGGGCGGCTGACTTCAGGCCAGGA GTTC
GAGACCAGCCTGGCCAACATGATGAAACCCTGTC
TCTACTAAAAAT ACAAAAATTAGCTGGGTGTGG
TGGCACACGCCTGTAATCCCAGCTACTCG GGAG
GCTGAGGCAGAAGAATCGCTTGAACCTGGGAGG
AGGAGTTTGCAGT AAGCTGAGGTCTTACCACTG
CACTCCAGCCTGGGCAACGGAGCAAGAACC TGT
CACACACACAAAAAAAAGAATAAAGAAAAAATAT
TTATTGAATGAAT AAATGAATATCAGGTACTGA
GATTAAAATGGCAAGCAAAACCCCCGCCTT TATG
AAGCTAGCAAGTTATGGAGGTAATCACATGATAA
ACAAATAATATA TAATTAAGCAAACAATAGACCA
CTCAGGAGGTTTAGGGTCTACCAACCAA CTCCTA
ATCCAGGGCAAATGAGCAAACTGTGTTAGGGACC
TACAACTTGC AGGATCTGGATAGAGATGGCAAT
TAGCAGCATCAACTCTCACCTTCATGG CTGGGAT
ATAACATTTCAAATTGGTCCTGGACGTGGGGATA
AAGGGCGGC CTGTGATTCAGGCCTGAGGATGTG
GAGGTGTCTTGGGCTGGGCTGCTTTC ACGCCAG
CAGAACTCCAGGGCCAACTCCAGGGCCTTCTC-

CAGGCGGCAGA GCGGACCCTAGGACCCCGGCCC
GCGCTGCAGTGGGGAGGGTCAGCAACCT CCACC
CACCCTCATCCTCCCCCATCCTCCCGGGTACTCAC
CGTGCCACTG GCCCTGCAGCTAGCTACCGTTGCT
ATAGCGCCGACAGCGTGGCGGGCGEGEC TGGCCGA
GAGGAGCACGGGAGAAACATGGCAGGCTCCCGT
AGCCTCCTGG GAAATGTAGTTCTCCTTGGACTC
TAGCCTGTTTGCTCGCGGGGTAGCGGA CTCATT
TATGCTTGGTGTTATGATTGTAACTAAGAATCCT
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GGAGTGAGCT GGTTACAAAGTGAGCCCGACTTT
CCATGGATGCACCATCCTAGAGTGCAC

MYC-CDS with wild-type m°A sites:

GTAGTTATCCTTAAAAAAGCCACAGCATACATC
CTGTCCGTCCAAGCAGAGGAGCAAAAGCTCATTT
CTGAAGAGGACTTGTTGCGGAAACGACGAGAAC
AGTTGAAACACAAACTTGAACAGCTACGGAACT
CTTGTGCG

MYC-CDS with the mutated m°A sites:

GTAGTTATCCTTAAAAAAGCCACAGCATACATC
CTGTCCGTCCAAGCAGAGGAGCAAAAGCTCATTT
CTGAAGAGGTCTTGTTGCGGAAACGACGAGATC
AGTTGAATCACAATCTTGATCAGCTACGGATCTC
TTGTGCG.

Cell proliferation assay

2 x 10° cells were seeded in a 6-well plate and main-
tained in a medium with 10% FBS for different periods of
time. The cells were harvested and counted®*,

Soft agar assay

The assay was performed as described previously®.
Briefly, for the bottom layer of agar, we deposited the mix
of 1% agar and 2x medium into each well of a six-well
plate. For the upper layer of agar, we deposited the mix of
0.6% agar and a suspension of cells in each well (10000
cells/well). The cells were cultured for 21 days in a 37 °C
humidified cell culture incubator and then were stained
with nitroblue tetrazolium chloride solution (200 pl/ well)
and incubated overnight at 37 °C.

Migration and invasion assays

Migration and invasion assays were performed in the
chamber coated with or without Matrigel matrix (24 well,
8 um pore size, Corning, USA) according to the manu-
facturer’s instructions as previously described®.

Cell synchronization and cell cycle detection

2 x 10° Cells were seeded in 6 cm plates. After incuba-
tion for 24 h, the culture medium was replaced and the
cells were arrested at the S phase by adding thymidine
(2mM) for 24 h. The thymidine was then removed, and
the cells were washed by PBS and cultured in a fresh
culture medium for 3 h to release cells before nocodazole
treatment (100 ng/ml) for 12 h to arrest cells in the G2/M
phase. Then, the cells were washed with PBS and cultured
in a fresh medium to release cells®’.

One hour before harvesting cells at each time point,
BrdU (ThermoFisher, B23151) (20 uM) was used to label
the cells. The cells were collected by centrifugation at
500 x g for 5 min, followed by washing with PBS. The cells
were then fixed in 1 ml ice-cold 70% ethanol at 4 °C for
24 h and centrifuged at 500 x g for 5min. After being
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washed with PBS, the fixed cells were fully resuspended in
1ml of 2M HCI/0.5% Triton X-100 solution and incu-
bated at room temperature for 30 min. The cells were
spun down and neutralized in 1ml of 01M
Na2B40O7 solution (pH, 8.5). Then, the cells were spun
down and washed with cold PBS containing 1% BSA and
incubated with mouse anti-BrdU (BD PharMingen,
Cat#347580, 1:300) at 4°C for 12h. Afterward, cen-
trifuged cells were washed with cold PBS containing 1%
BSA and incubated with Alexa Fluor 647-conjugated goat
anti-mouse IgG (Invitrogen, Cat#A21235, 1:400) in room
temperature for 1 h. Finally, the cells were spun down and
washed with cold PBS containing 1% BSA, followed by
resuspended in 300 pl of PBS containing 5 ug/ml DAPI for
15min at room temperature, and then cell cycle pro-
gression was analyzed by flow cytometry.

Measurements of glucose consumption and lactate
production

Cells were seeded in culture dishes, and the medium
was changed when cells reached 50% confluence. After
incubation for 12-24 h, the culture medium was col-
lected. The glucose levels were detected by a glucose
colorimetric assay kit (#K606, BioVision), and the lac-
tate levels were detected by a lactate colorimetric assay
kit (#K627, BioVision) according to the manufacturer’s
instructions, and values were calculated as previously
described'®.

Animal experiments

Mice were randomized into several groups. For the
subcutaneous implantation model, 1 x 10° cells were
injected subcutaneously into the flank regions of female
BALB/c nude mice (4—-5 weeks). The width (W) and
length (L) of the tumors were measured every three
days, and the volume (V) of each tumor was calculated
using the formula V = (W? x L/2). For lung colonization
assays, 1 x 10° cells were injected into the tail vein of
female NOD/SCID mice (6—7 weeks), and 6 weeks later
the lung was removed and fixed with 10% formalin.
Fixed lung tissues were embedded in paraffin and cut
into consecutive sections. These sections were stained
by hematoxylin and eosin (H&E)*®. All animal experi-
ments were approved by the Animal Care and Use
Committee of the Cancer Hospital of the Chinese
Academy of Medical Sciences.

RNA immunoprecipitation (RIP) assays

A Magna RIP kit (17-700, Millipore, MA) was used to
perform the RIP assays. A sufficient number of H322 cells
were lysed by RIP lysis buffer, and the supernatant of the
RIP lysate was incubated with specific antibodies on beads
overnight at 4 °C. After washing, RNA was extracted and
analyzed by qRT-PCR.
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m®A-seq assays and data analysis

m®A-seq was performed by Cloudseq Biotech Inc.
(Shanghai, China) according to the published procedure
with slight modifications’. Briefly, fragmented mRNA
was incubated with an anti-m°A polyclonal antibody
(Synaptic Systems, 202003) in IPP buffer for 2 h at 4 °C.
The mixture was then immunoprecipitated by incuba-
tion with protein-A beads (Thermo Fisher) at 4 °C for
an additional 2 h. The bound RNA was eluted from the
beads with N6-methyladenosine (Berry and Associates,
PR3732) in IPP buffer, and then the RNA was extracted
with TRIzol reagent (Thermo Fisher) following the
manufacturer’s instructions. Purified RNA was used for
RNA-seq library generation with the NEBNext® Ultra™
RNA Library Prep kit (NEB). Both the input sample
without immunoprecipitation and the m®A IP samples
were subjected to 150 bp paired-end sequencing on an
Ilumina HiSeq 4000 sequencer.

Paired-end reads were harvested from Illumina
HiSeq 4000 sequencer and were quality-controlled by
Q30. After 3’ adapter-trimming and low-quality reads
removal by cutadapt software (v1.9.3), clean reads of
input libraries were aligned to reference genome
(UCSC HG19) by STAR software?’. After that, clean
reads of all libraries were aligned to the reference
genome by Hisat2 software (v2.0.4)*°. Methylated sites
on RNAs (peaks) were identified by MACS software®'.
Differentially methylated sites were identified by dif-
fReps®?. These peaks identified by both software and
overlapped with exons of mRNAs were selected. Raw
counts of mRNA sequencing were got by HT Seq soft-
ware (v0.9.1) and normalized by edgeR software.

m®A gPCR

Total RNA was isolated with a miRNeasy kit (#217004,
QIAGEN) with DNase I digestion. mRNA was extracted
from total RNA using a GenElute mRNA Miniprep kit
(MRN10, Sigma-Aldrich). Then, a Magna MeRIP m°®A kit
(#17-10499, Millipore) was used according to the man-
ufacturer’s instructions. m®A enrichment was analyzed by
qPCR with specific primers, and data were normalized to
input. Primer sequences were as follows:

MYC Forward: TTGCGGAAACGACGAGAACA;

MYC Reverse: TCATAGGTGATTGCTCAGGACA.

Polysome profiling

Cycloheximide (CHX) was added to the cell culture at a
final concentration of 100 pg/ml for 10min to stop
translation. Cells were washed with cold PBS and lysed
with lysis buffer. The cell lysate was loaded onto the top of
a 10-50% sucrose gradient tube immediately, and the
tube was centrifuged at 36,000 rpm for 3.5h at 4°C. The
sample was separated into 12 fractions by a fraction col-
lector and measured at 254 nm. RNA was extracted by
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TRIzol and subjected to qPCR analysis. The relative
expression of MYC in each fraction was normalized to
GAPDH, as well as to the input®.

Statistics

All data are expressed as the mean + SD. We used two-
tailed Student’s ¢-tests to compare means between two
groups; p < 0.05 was considered significant.

Results

FTO expression is downregulated and inversely correlated
with lung adenocarcinoma patient poor survival and
promotes tumor growth and metastasis

Lung cancer, among which non-small-cell lung car-
cinoma (NSCLC) accounts for 85% of cases, is the most
commonly occurring cancer and the leading cause of
cancer death®?>, As a major type of non-small-cell lung
carcinoma, lung adenocarcinoma (LUAD) remains one
of the most aggressive and fatal tumor types®®. To
determine the expression of FTO in lung adenocarci-
noma, we analyzed TCGA data and revealed that FTO
expression levels were much lower in lung adenocarci-
noma tissues than in their adjacent normal tissues (Fig.
1A). To validate this finding, we examined 40 pairs of
lung adenocarcinoma tissues and their adjacent normal
tissues by real-time quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) and obtained
similar findings (Fig. 1B). Consistently, immunohis-
tochemistry (IHC) of 83 paired tissue arrays showed that
nuclear FTO expression levels were lower in the lung
adenocarcinoma tissues than in their adjacent normal
tissues (Fig.1C, D). Kaplan-Meier analysis showed that
the patients with low FTO expression had poor overall
survival (Fig. 1E). These results indicate that the FTO
expression is downregulated in lung adenocarcinoma
and correlated with poor survival of the patients with
this disease.

To determine the role of FTO in lung adenocarci-
noma progression, we depleted FTO expression in
H322 (Fig. 1F) and H358 (Fig. S1A) lung adenocarci-
noma cells with two different sShRNAs (shFTO-1 and
shFTO-2). We showed that FTO depletion significantly
enhanced proliferation (Figs. 1G, S1B) and anchorage-
independent growth (Figs. 1H, S1C) of these cells in soft
agar. In addition, we synchronized the cells at the G2/M
phase by thymidine and nocodazole treatment and
released them to enter the cell cycle (Fig. S1D). We
showed that FTO depletion promoted the cell cycle
progression, reflected by the increased number of cells
with incorporated BrdU (Fig. S1E). In addition, FTO
depletion accelerated the migration and invasion of
H322 (Fig. 1I) and H358 (Fig. S1F) cells. In contrast,
overexpression of FTO (Figs. 1J, S1G) significantly
inhibited proliferation (Figs. 1K, S1H), anchorage-
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independent growth (Figs. 1L, S1I), migration, and
invasion of H322 (Fig. 1M) and H358 (Fig. S1J) cells.

We next subcutaneously injected H358 cells with or
without FTO depletion into athymic nude mice. As shown in
Fig. 1IN, FTO depletion significantly promoted tumor growth.
Injection of these cells into the tail veins of mice showed that
FTO depletion enhanced lung metastasis (Fig. 10). Notably,
the enhanced tumor growth and metastasis were abrogated
by reconstituted expression of an RNAi-resistant (r) Flag-
tagged FTO (rFTO) in H358 cells. (Fig. 1P-R). These results
indicate that FTO downregulation in lung adenocarcinoma
cells promotes tumor growth and metastasis.

Whnt signaling induces the binding of EZH2 to B-catenin,
leading to increased H3K27me3 in the FTO promoter
region and the subsequent inhibition of FTO expression

To determine the mechanism underlying the down-
regulation of FTO in lung adenocarcinoma cells, we
analyzed the FTO promoter sequence with PROMO
software and identified three potential LEF/TCF-binding
elements (TBE) (Fig. S2A) that are closely located and can
be recognized by the [-catenin/LEF/TCF complex in
response to Wnt signaling®~*°. Chromatin immunopre-
cipitation (ChIP) assays demonstrated that Wnt stimula-
tion increased the binding of TCF4 to the promoter
region of FTO (Fig. 2A). Luciferase reporter analyses
showed that luciferase activity driven by the wild-type
(WT) FTO promoter was suppressed by the expression of
constitutively active B-catenin®’ (Fig. 2B, left panel).
However, this suppression was abrogated by the deletion
of these three TBEs in the FTO promoter (Fig. 2B, right
panel), suggesting that activation of B-catenin/LEF/TCF
signaling suppressed FTO promoter activity. Consistent
results showed that Wnt treatment of H322 and H358
lung adenocarcinoma cells reduced the mRNA (Fig. 2C)
and protein (Fig. 2D) levels of FTO. This reduction was
abrogated by depletion of B-catenin, which enhanced FTO
expression (Fig. 2C, D). These results indicate that Wnt-
induced B-catenin transactivation increases the binding of
the B-catenin/LEF/TCF complex to the promoter region
of FTO and reduces FTO expression.

Histone methylations play an instrumental role in the
regulation of gene transcription, and the trimethylation of
histone H3 lysine (K) 27 (H3K27me3) and dimethylation
of histone H3 K9 (H3K9me2) are marks of transcription
repression*>. ChIP analyses with anti-H3K27me3 and
anti-H3K9me2 antibodies showed that Wnt stimulation
significantly enriched H3K27me3 (Fig. 2E) but not anti-
H3K9me2 (Fig. S2B) in the TBE regions of the FTO
promoter. EZH2 histone methyltransferase is known to
catalyze H3K27me3". Wnt treatment enhanced the
binding of EZH2 to B-catenin (Fig. 2F) and the TBE
regions of the FTO promoter in response to Wnt stimu-
lation (Fig. 2@G), as detected by coimmunoprecipitation
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and ChIP assays, respectively. Depletion of EZH2 blocked
Wnt-suppressed FTO expression (Fig. 2H). These results
indicate that Wnt signaling induces the binding of EZH2
to P-catenin, leading to increased H3K27me3 in the
promoter region of FTO and to subsequent inhibition of
FTO expression.

We next examined the clinical relevance of Wnt signal-
ing component expression and FTO expression by TCGA

Official journal of the Cell Death Differentiation Association

analysis. We found that expression of a positive regulator of
Wnt signaling Frizzled (FZD)9 and DVL1 was negatively
correlated with FTO expression whereas expression of
negative regulators of Wnt signaling APC, GSK3p, and
AXIN2 was positively correlated with FTO expression in
lung adenocarcinoma (Fig. 2I). These results further sup-
ported that active Wnt signaling induces downregulation of
FTO expression in lung adenocarcinoma.



Yang et al. Cell Death and Disease (2021)12:462 Page 8 of 14

Fig. 1 Downregulated expression of FTO is correlated with lung adenocarcinoma patients' poor survival and promotes tumor growth and
metastasis. A The relative mRNA expression levels of FTO were analyzed in lung adenocarcinoma (n = 513) and adjacent normal tissues (n = 58) in
the TCGA cohort. **P < 0.01. B Relative mRNA expression levels of FTO in 40 paired lung adenocarcinoma and adjacent normal tissues were
determined by gPCR. T/N indicates the fold changes of FTO mRNA levels in tumor tissues compared to normal tissues. Bar values of <0 indicate that
FTO mRNA is decreased in the tumor tissues. Data represent the means + SD of the 40 paired tissues. *P < 0.05. C Representative IHC images for FTO
protein in a paired lung adenocarcinoma and adjacent normal tissues from a tissue array were shown. Magnification, X5 and x30. D Relative FTO
expression levels in 83 paired lung adenocarcinoma and adjacent normal tissues were determined by IHC scores. Pearson'’s chi-square test was used
(two-tailed). E IHC scores were used to divide the lung adenocarcinoma patients into two groups with high (score, 7 to 8) and low (score, 0 to 6)
levels of FTO expression. Kaplan-Meir survival curves were compared using the log-rank test. “+" represents censored data from the patients who
were alive at the last clinical follow-up. F H322 cells were stably transfected with a vector expressing two different FTO shRNAs. Immunoblotting
analyses with the indicated antibodies were performed. G H322 cells with or without FTO depletion were cultured for the indicated periods of time
and were harvested for cell counting. The data represent the means + SD of triplicate samples. ****P < 0.0001. H H322 cells (1 x 10% with or without
FTO depletion by two different shRNAs (shFTO-1 and shFTO-2) were cultured in soft agar for 3 weeks. Cell clones were stained and counted from six
different fields under a microscope. Scale bar: 100 um. The data represent the means + SD of triplicate samples. ****P < 0.0001. I Migration and
invasion of H322 cells with or without FTO depletion was examined. Representative images of cell migration (upper left) and invasion (bottom left)
are shown. The number of migrated or invaded cells was counted from 3 different fields under a microscope (right). The data represent the means +
SD. ***P < 0.001, and ****P < 0.0001. Scale bar: 100 um. J H322 cells were stably transfected with a vector expressing FTO. Immunoblotting analyses
with the indicated antibodies were performed. K H322 cells with or without FTO overexpression were cultured for the indicated periods of time and
were harvested for cell counting. The data represent the means + SD of triplicate samples. ***P < 0.001. L H322 cells (1 x 10% with or without FTO
overexpression were cultured in soft agar for 3 weeks. Cell clones were stained and counted from six different fields under a microscope. Scale bar:
100 um. The data represent the means + SD of triplicate samples. ***P < 0.001. M Migration and invasion of H322 cells with or without FTO
overexpression were examined. Representative images of cell migration (upper left) and invasion (bottom left) are shown. The number of migrated or
invaded cells was counted from 3 different fields under a microscope (right). The data represent the means + SD. ***P < 0.001, and ****P < 0.0001.
Scale bar: 100 um. N H358 cells with or without FTO depletion were subcutaneously implanted into the flank regions of nude mice (n =6). Four
weeks later, tumor sizes (left), volumes (middle), and weights (right) were measured or calculated. Data represent the means + SD of 6 mice in each
group. *P < 0.05, **P < 0.01, and ***P < 0.001. O H358 cells with or without FTO depletion were injected into the tail veins of NOD/SCID mice (n =6).
The mouse lungs were stained by H&E. Representative images of metastatic tumors in the lungs are shown. The black arrows indicate metastatic
tumors. Scale bar: 100 um. The number of tumors in the lung was counted. Data represent the means + SD of 6 mice in each group. ****P < 0.0001.
P H358 cells with or without FTO depletion or with a reconstituted expression of an RNAi-resistant FTO (rFTO) were analyzed by immunoblotting
assay with the indicated antibodies. Q H358 cells with or without FTO depletion or with a reconstituted expression of an RNAi-resistant FTO (rFTO)
were subcutaneously implanted into the flank regions of nude mice (n = 6). Three weeks later, tumor sizes (left), volumes (up), and weights (down)
were measured or calculated. Data represent the means = SD of 6 mice in each group. *P < 0.05, **P < 0.01. R H358 cells with or without FTO
depletion or with a reconstituted expression of an RNAi-resistant FTO (rFTO) were injected into the tail veins of NOD/SCID mice (n = 6). The mouse
lungs were stained by H&E. Representative images of metastatic tumors in the lungs are shown. The black arrows indicate metastatic tumors. Scale
|_bar: 100 pm. The number of tumors in the lung was counted. Data represent the means + SD of 6 mice in each group. ***P < 0.001.

FTO downregulation increases m®A modifications of MYC
mRNA, thereby enhancing c-Myc expression

To determine the regulation of the epitranscriptome by
FTO in lung adenocarcinoma, we performed m°A RNA
sequencing (m°A-seq) on H322 cells with or without
FTO depletion. We showed that m®A peaks primarily
occurred in a sequence context as GGAC (P=
3.5e10-41) (Fig. S3A) and were mostly enriched in the
coding region (CDS) of mRNAs (Fig. 3A), which are
consistent with previous publications'***. FTO depletion
increased m®A abundance in the mRNAs of 556 genes
and decreased m°®A abundance in the mRNAs of 319
genes (fold-change >4, Table S4). To identify FTO-
targeted genes, we performed reactome pathway analysis.
We found that m®A was substantially increased in genes
involved in metabolic pathways (Fig. 3B), which included
MYC, a transcription factor critical for metabolic gene
expression®*** m°A-seq showed that the m°A levels
were significantly enhanced in the last exon near the
termination codon region of MYC following FTO
depletion (Fig. 3C). Methylated RNA immunoprecipita-
tion with an m°A antibody, which was followed by qPCR
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analyses, showed that FTO depletion increased m°A
levels of MYC mRNA (Fig. 3D), FTO overexpression
decreased m°A levels of MYC mRNA in both H322 and
H358 cells (Fig. S3B). Consistently, RIP analyses with an
anti-FTO antibody showed that FTO bound to MYC
mRNA in the tumor cells (Fig. 3E). These results strongly
suggest that FTO binds to MYC mRNA and decreases the
m°A level of MYC mRNA.

To determine the effect of FTO-dependent m°A reg-
ulation on c-Myc expression, we constructed a luciferase
reporter gene with an integrated CDS sequence contain-
ing the WT or mutated m°®A sites from the 3’ end of MYC
mRNA (Fig. S3C). Luciferase assays showed that FTO
depletion largely increased the activity of luciferase with
WT, but not mutated, MYC (Fig. 3F). Consistent with this
finding, FTO depletion, which did not affect MYC mRNA
expression (Fig. S3D), increased c-Myc expression (Fig.
3@). On the contrary, FTO overexpression, which had no
effect on MYC mRNA expression (Fig. S3E), decreased c-
Myc expression (Fig. S3F). These results indicate that
FTO downregulation increases the m°A level of MYC
mRNA, thereby enhancing c-Myc expression.
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Fig. 2 Wnt signaling induces the binding of EZH2 to B-catenin, leading to increased H3K27me3 in the FTO promoter region and
subsequent inhibition of FTO expression. A H322 cells were treated with or without Wnt-3a for 8 h. ChIP analyses using an anti-TCF4 antibody and
gPCR with the primer against the FTO promoter regions were performed. Data represent the means + SD of triplicate samples. *P < 0.05. B A
luciferase reporter vector with a WT or truncated FTO promoter was stably expressed in 293T cells. These cells were transfected with a control vector
or a vector expressing active 3-catenin. Relative luciferase activities were determined. ATBE1-3: deletion of the three TBEs in the FTO promoter. Data
represent the means =+ SD of triplicate samples. *P < 0.05. C, D H322 and H358 cells with or without 3-catenin depletion were treated with or without
Wnt-3a for 8 h. FTO mRNA (C) and protein (D) expression was determined by qPCR and immunoblotting analyses with the indicated antibodies,
respectively. Data represent the means + SD of triplicate samples. *P < 0.05, **P < 0.01, and ***P < 0.001. E H322 cells were treated with or without
Wnt-3a for 8 h, ChiP analyses using an anti-H3K27me3 antibody and gqPCR with the primer against the FTO promoter regions were performed. Data
represent the means + SD of triplicate samples. **P < 0.01. F H322 cells were treated with or without Wnt-3a for 8 h. Immunoprecipitation and
immunoblotting analyses were performed with the indicated antibodies. G H322 cells were treated with or without Wnt-3a for 8 h. ChIP analyses
using an anti-EZH2 antibody and gPCR with the primer against the FTO promoter regions were performed. Data represent the means + SD of
triplicate samples. **P < 0.01. H H322 and H358 cells with or without EZH2 depletion were stimulated with or without Wnt-3a for 8 h. Immunoblotting
analyses were performed with the indicated antibodies. | The correlation of the mRNA levels of FTO with the mRNA levels of FZD9, DVL1, APC, GSK38,
and AXIN2 was analyzed in lung adenocarcinoma (n = 513) from the TCGA cohort. Pearson’s correlation test was used (two-tailed).

YTHDF1 binds to m®A-modified MYC mRNA and promotes
its translation

Given that FTO did not affect MYC mRNA expression, we
next determined whether FTO regulated c-Myc expression
through regulation of MYC mRNA translation. Polysome
profiling analyses of the association of MYC mRNA with
ribosomes showed that MYC mRNA was increased in the
translating pool of ribosomes (80S monosomes and poly-
somes), but not in subunits smaller than 40S, 40S, and 60S
(Fig. 4A). These results strongly suggest that FTO depletion
promotes the translation of MYC mRNA.
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It is known that the YTHDF1 protein, as an m°A reader,
promotes the translation of m®A-modified mRNAs’~°. To
determine whether YTHDF1 proteins play a role in the
regulation of c-Myc expression, we performed RIP ana-
lyses with an anti-YTHDF1 antibody and showed that
FTO depletion enhanced the binding of YTHDF1 to MYC
mRNA (Fig. 4B). Although depletion of YTHDF1 did not
affect MYC mRNA expression (Figs. 4C, S4A), it reduced
c-Myc expression in both H322 and H358 cells (Figs. 4D,
S$4B). Notably, FTO depletion-induced upregulation of c-
Myc was abrogated by YTHDF1 depletion (Figs. 4E, S4C).
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These results strongly suggest that YTHDF1 binds to
MYC mRNA with high m°®A levels that are induced by
FTO downregulation, and that binding promotes MYC
mRNA translation.

H322 cells with or without FTO depletion showed that
FTO depletion largely increased the mRNA level of gly-
colytic gene hexokinase 2 (HK2) (Table S5). As expected,
FTO depletion increased the mRNA and protein levels of
HK2 in H322 and H358 cells (Fig. S5A, B). Notably, these
increases were abrogated by c-Myc depletion (Fig. 5A, B,
Fig. S5C, D). Correspondingly, FTO depletion resulted in
increased glucose uptake (Figs. 5C, S5E), lactate produc-
tion (Figs. 5D, S5F), cell proliferation (Figs. 5E, S5G, H),
cell growth in soft agar (Figs. 5F, S5I), migration, and

FTO downregulation-induced c-Myc expression promotes
tumor cell glycolysis, growth, migration, invasion, and
tumorigenesis in mice

c-Myc plays an important role in cancer metabolism,
including aerobic glycolysis***’. mRNA sequencing of

Official journal of the Cell Death Differentiation Association
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The data represent the means + SD of triplicate samples. The migration and invasion of the indicated cells were measured (G). Scale bar: 100 um. The number
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%P < 0.0001. H, 1 H358 cells with or without expression of FTO shRNA or combined expression of FTO shRNA and MYC shRNA were subcutaneously
implanted into the flank regions of nude mice (n = 6). Photographs of tumors, tumor growth curves and tumor weights are shown or calculated (H). Data
represent the means + SD of 6 mice in each group. IHC staining of tumor tissues was performed with indicated antibodies. Representative images are shown
(I). Scale bar: 100 um. ¥*P < 001, **P < 0001, and ***P < 0.0001. J H358 cells with or without expression of FTO shRNA or combined expression of FTO ShRNA
and MYC shRNA were injected into the tail veins of NOD/SCID mice (n = 5). Mouse lungs were stained by H&E. Representative images of metastatic tumors in
the lungs are shown. The black arrows indicate metastatic tumors. Scale bar: 100 um. The number of tumors in the lung was counted. Data represent the
means + SD of 5 mice in each group. ***P < 0.0001.
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adenocarcinoma growth and metastasis promoted by Wnt/3-catenin-
suppressed FTO expression and a subsequently increased m°A of MYC
mRNA and protein expression of c-Myc.

invasion (Figs. 5G, S5]) of the tumor cells; these increases
were all inhibited by c-Myc depletion. These results
indicate that FTO downregulation-induced c-Myc
expression promotes tumor cell glycolysis, growth,
migration, and invasion.

We next subcutaneously injected H358 cells with or
without FTO depletion or combined FTO and c-Myc
depletion into athymic nude mice. We showed that
FTO depletion-promoted tumor growth was blunted by
c-Myc depletion (Fig. 5H). Immunohistochemistry
(IHC) staining of the tumor tissues showed that FTO
depletion increased expression of c-Myc, HK2. and
proliferation marker protein Ki67*®, Of note, the FTO
depletion-enhanced these protein expressions were
largely reduced by c-Myc depletion (Fig. 5I). In addi-
tion, FTO expression levels were inversely correlated
with Wnt-3a levels in tumor tissues (Fig. S5K), further
supporting the role of the activated Wnt/p-catenin
signaling in the repression of FTO. As expected, FTO
depletion-enhanced tumor metastasis in the lung was
also inhibited by c-Myc depletion (Fig. 5]). These
results indicate that FTO downregulation-enhanced c-
Myc expression promotes lung tumor growth and
metastasis in mice.

Discussion

In addition to epigenetic regulation of gene expression,
regulation of the epitranscriptome exerts another critical
layer to regulate protein expression. FTO, a key deme-
thylase that removes the m®A modification from mRNAs,
plays instrumental roles in the regulation of many cellular
functions®”. However, how FTO is transcriptionally
regulated, especially by oncogenic signaling, remains to be
explored. We demonstrated here that FTO expression was
downregulated in lung adenocarcinoma and positively
correlated with overall survival. Depletion of FTO
enhanced tumor cell proliferation, anchorage-independent
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growth, migration, invasion, and tumor formation in mice.
Of special interest, we found that Wnt signaling, which is
vital in lung adenocarcinoma tumorigenesis**~>', induced
the binding of -catenin/TCEF/LEF to the TBEs of the FTO
promoter region and suppressed FTO expression.
Mechanistically, we showed that WNT signaling induced
the binding of EZH2 to [B-catenin, leading to an EZH2-
dependent H3K27me3 increase at the FTO promoter
region for inhibition of FTO expression. Downregulation
of FTO expression enhanced m°A levels on mRNAs in a
number of signaling pathways, including metabolic path-
ways, in which MYC is a master regulator of gene
expression for glycolysis'®****, Enhanced m°A levels on
MYC mRNA recruited the binding of YTHDF1 and
enhanced MYC mRNA translation. FTO depletion and
YTHDF1-dependent upregulation of c-Myc promoted
tumor cell glycolysis, growth, migration, and invasion and
accelerated tumor growth in mice and tumor metastasis to
the lung (Fig. 6).

MYC gene transcription can be upregulated directly by
B-catenin/TCF/LEF'®***, FTO downregulation can
upregulate Wnt signaling by increasing m®A modification
in FZD10 mRNA®?, In addition, m°A-dependent and
YTHDF2-dependent decreases in MYC transcript stability
in leukemia cells were reported'*. We showed that Wnt
stimulation suppressed FTO expression, therefore indu-
cing m®A-dependent and YTHDF1-dependent increases
in MYC mRNA translation. Given that FTO globally
regulates the expression of many genes, which can be
signaling  context-dependent and cancer type-
dependent'®, the differential and distinct regulation of
m°A in mRNAs downstream of the FTO exhibit wide
variation and may elicit distinct cellular activities. Our
finding that FTO downregulation induced by Wnt/
B-catenin signaling enhanced c-Myc expression through
upregulation of m°A of MYC mRNA and subsequent
YTHDF1 binding revealed a novel mechanism by which
lung adenocarcinoma promotes glycolysis and growth.
The discovery of the novel regulation of c-Myc expression
may lead to an alternative approach for the therapeutic
treatment of lung adenocarcinoma.
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