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Nﬁ—methyladenosine (mPA) is the most prevalent internal RNA
modification in mammals that regulates homeostasis and function
of modified RNA transcripts. Here, we aimed to investigate the role
of YTH m°A RNA-binding protein 1 (YTHDF1), a key regulator of
m®A methylation in gastric cancer tumorigenesis. Multiple bioin-
formatic analyses of different human cancer databases identified key
m°®A-associated genetic mutations that regulated gastric tumori-
genesis. YTHDFI was mutated in about 7% of patients with gastric
cancer, and high expression of YTHDF1 was associated with more
aggressive tumor progression and poor overall survival. Inhibition
of YTHDFI attenuated gastric cancer cell proliferation and tumor-
igenesis in vitro and in vivo. Mechanistically, YTHDF1 promoted
the translation of a key Wnt receptor frizzled7 (FZD7) in an mCA-
dependent manner, and mutated YTHDFI enhanced expression of
FZD7, leading to hyperactivation of the Wnt/B-catenin pathway
and promotion of gastric carcinogenesis. Our results demonstrate
the oncogenic role of YTHDFI and its m®A-mediated regulation of
Wnt/B-catenin signaling in gastric cancer, providing a novel
approach of targeting such epigenetic regulators in this disease.

Significance: This study provides a rationale for controlling translation
of key oncogenic drivers in cancer by manipulating epigenetic regulators,
representing a novel and efficient strategy for anticancer treatment.
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Increased YTHDF1 promotes gastric carcinogenesis by accelerating Wnt receptor gene FZD7
translation, leading to activation of the Wnt pathway in an m®A-dependent manner.

Introduction

More than 100 distinct RNA modifications have been characterized
in the last few decades, among which, the N°-methyladenosine (m°A)
modification is the most abundant form in eukaryotic mRNA (1). RNA
m°A is highly conserved across plants (2), vertebrates (3), and also
observed in viruses (4) as well as in single-cell organisms such as
archaea (5), bacteria (6), and yeast (7). Recently, the reversible
nature of m®A modification was recognized because of the discovery
of two RNA m°A demethylases, o-ketoglutarate-dependent dioxy-
genase FTO and alkB homologue 5 (ALKBHS5; refs. 8, 9). Since then,
the mechanism underlying dynamic m°A modification and its phys-
iologic functions have attracted massive research interest. It is known
that m®A is incorporated into single-strand RNA molecules by a
multicomponent methyltransferase complex containing METTL3,
METTLI14, and WTAP (10). Moreover, structured RNA can also be
modified by another m®A methyltransferase, METTL16 (11, 12). The
transcriptome-wide RNA m°A landscape was then preferentially
distinguished by various m®A readers (13). In the cytoplasm, the
majority of YTH (YTHDF1-3 and YTHDC2) and IGF2BP (IGF2BP1-
3) family proteins bind to m®A-modified mRNAs and regulate their
stability and translation (13-17). In addition, other proteins can bind
m°A-modified precursor RNAs in the nucleus and affect their
processing (1, 18, 19).

Defects in m®A-associated genes affect diverse biological processes.
For example, depletion of METTL3 led to impaired embryonic stem
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cell exit from self-renewal toward differentiation; inhibition of
METTL14 resulted in conspicuous embryonic growth retardation (20);
ablation of YTHDF2 in zebrafish embryos delayed maternal-to-
zygotic transition in early embryonic development (21). Particularly,
RNA m®A-associated genes are emerging as crucial regulators con-
tributing to tumor initiation and progression in various
cancers (22-27), including METTL3 in lung cancer, METTL14 in
liver cancer, FTO in leukemia, and ALKBHS5 in breast cancer (22-27).
However, how m°A regulates carcinogenesis and how downstream
pathways and mechanisms relay these signals are not fully understood.

Here, we aim to address these questions starting by searching for
genomic mutations of canonical mCA-associated writer, eraser, and
reader genes in gastric cancer patients' samples. Consequently,
YTHDFI emerged as the most frequently mutated m®A reader gene
in patients with gastric cancer. We then confirmed the overexpression
of YTHDFI in gastric tumor tissues compared with matched normal
specimens, and higher YTHDF1 expression was indeed correlated with
more malignant tumor phenotypes. Furthermore, reduced YTHDF1
expression could inhibit gastric tumorigenesis by altering the transla-
tion of a key Wnt receptor, frizzled 7 (FZD7), in an m®A-dependent
manner. Together, our results reveal YTHDF1 as an important factor
promoting cancer progression and suggest that increased occupancy at
m°A sites is most likely an oncogenic mechanism underlying a large
portion of gastric cancer cases. Finally, we identify m®A methylation as a
regulator of the Wnt/B-catenin signaling and gastric tumor cell growth.

Materials and Methods

Clinical specimens and cell lines

Samples of human gastric cancer tissues and paired adjacent non-
tumor gastric tissues from 113 patients were collected from Cancer
Institute and Hospital, Chinese Academy of Medical Sciences (Beijing,
China) and Shanxi Cancer Hospital (Taiyuan, ShanXi province, China;
Supplementary Table S1). All the participants signed written informed
consent form before recruitment. The study was conducted in accor-
dance with the Declaration of Helsinki and approved by the Ethics
Committee of Cancer Institute and Hospital, Chinese Academy of
Medical Sciences and Shanxi Cancer Hospital. Gastric cancer tissues
and paired adjacent noncancerous tissues (tissues microarray) were
purchased from Outdo Biotech.

The cell lines MGC-803 and HGC-27 were obtained from ATCCin
2017. These cells were tested by short tandem repeat analysis, validated
to be free of Mycoplasma, which were used within 6 months. In
addition, the cells were cultured within 25 passages for all experiments.
Gastric cancer cell lines, MGC-803 and HGC-27 were maintained in
DMEM with 10% FBS (Hyclone) at 37°C in 5% CO, cell culture
incubator.

Tissue microarray and IHC

Human gastric cancer tissue microarrays (TMA) containing 79
pairs of tumors and matched adjacent tissues were purchased from
Shanghai Outdo Biotech. Co. Ltd (Supplementary Table S1). All
samples were obtained with patient's informed content. After depar-
affinization, rehydration, antigen retrieval, and blocking, the arrays
were incubated overnight at 4°C with indicated antibodies. The slides
were developed with DAB and counterstained with hematoxylin. The
stained slides were observed under a microscope (Olympus 1 x 71)
and images were acquired using software DP controller (ver. 3.1.1.267,
Olympus). Stained tumor tissues and adjacent normal tissues were
classified into four groups (0-3) according to the staining intensity of
each tissue.
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Cell proliferation, migration, and invasion assays

For the cell proliferation assays, shYTHDFI1-1, shYTHDFI1-2, and
negative control transfected MGC-803 and HGC-27 cells were seeded
in 96-well plates at 1,000 cells per well. Cell proliferation was evaluated
by 10% CCK-8 (DOJINDO) diluted in normal culture media at 37°C
diluted in normal culture media at 37°C until visual color conversion
appears. Proliferation rates were determined at 0, 24, 48, 72,
and 96 hours posttransfection, and quantification was done on a
microtiter plate reader (Spectra Rainbow, Tecan) under manufactur-
er-recommended protocol.

For the cell migration and invasion transwell assays, ssYTHDF1-1,
shYTHDF1-2, and negative control transfected 60,000 MGC-803 or
HGC-27 cells in 500 uL starvation media were plated on the top
chambers of Transwell Clear Polyester Membrane Inserts (for the
migration assay, Corning Costar) and BioCoat Matrigel Invasion
Chambers (for the invasion assay, Corning Costar), while culture
media with 20% FBS was applied on the bottom. After 48-72 hours,
migrated or invaded cells were stained with crystal violet and counted
under a x20 microscope.

Animals

All experimental procedures involving animals were performed in
accordance with the Guide for the Care and Use of Laboratory Animals
(NIH publications nos. 80-23, revised 1996) and according to the
institutional ethical guidelines of Peking Union Medical College
(Beijing, China) for animal experiments.

In vivo tumorigenesis and metastasis formation assay

Stable short hairpin (shRNA)-expressing MGC-803 cells (3 x 10%)
were suspended in 0.1 mL PBS and injected into the flanks of BALB/c
mice (n = 8 mice/group) at 5-6 weeks of age. For the flanks injected
mice, tumor growth was examined every 3 days. After 5 weeks, mice
were sacrificed by cervical dislocation, and weight of xenografts
was tested.

BALB/c mice were randomly divided into three groups (n = 4
mice/group). A total of 3 x 10° stable shRNA-expressing MGC-803
cells were resuspended in 0.1 mL PBS and injected into the
abdominal cavity. After 4 weeks, mice were sacrificed by cervical
dislocation, abdominal cavities were opened, and the numbers of
implantation metastasis were counted.

For the pulmonary metastasis model, NOD/SCID mice were
randomly divided into three groups (n = 4 mice/group). A total
of 1 x 10° stable shRNA-expressing MGC-803 cells were resus-
pended in 0.1 mL PBS and injected into the lateral tail vein. After
7 weeks, mice were sacrificed by cervical dislocation, and lungs were
extracted and fixed 4% paraformaldehyde in PBS. Paraffin embed-
ding, sectioning, and staining with hematoxylin and eosin were
performed. Visible lung metastases were measured and counted
using a microscope.

Patient-derived xenograft

The patient-derived xenograft (PDX) samples were obtained in
Beijing IDMO company (Supplementary Table S1). The 0.5 cm’
xenograft tumor tissues were implanted into the subcutaneous pocket
on the SCID mice for amplification of the PDX samples. Two weeks
after the tumor transplantation, the mice were randomized into
different groups: siControl; siYTHDF1 (n = 4 mice/group), and
treated with different siRNA formulations (2 nmol siRNA per mouse
equivalent) via subcutaneous injection every 2 days for eight injections.
On day 25, the mice were killed, tumor xenografts and associated
mesenteries were excised, weighted, and imaged.

CANCER RESEARCH

220z ¥snbny gz uo ysenb Aq ypd-1.G9z/1 57280€/1592/01/1.8/4pd-0|011E/S81190UBD/610"S|EUINO[IORE//:dRY WO popeojumOq



RNA Isolation and gqPCR analysis

Total RNA was extracted from cells and tissues using TRIzol
(Invitrogen) according to the manufacturer’s instruction. qPCR pri-
mers used are listed in Supplementary Table S2. See Supplementary
Materials and Methods for additional details.

Plasmids

YTHDF1-WT, YTHDFI-MUT (K395A, Y397A), FZD7 Peakl
mutation, FZD7 Peak2 mutation, and FZD7 Peakl&Peak2 mutation
expression plasmids were cloned into pcDNA3.1 vector (IDOBIO). See
Supplementary Table S3 for additional details.

Lentiviral transfection

All lentiviral vectors for YTHDF1 knockdown were designed into
pLKO.1 vector (kindly provided by Dr. Jianjun Chen, the Beckman
Research Institute of City of Hope, Duarte, CA). The target sequence
of the two shRNA (shYTHDF1) was 5-GATACAGTTCATGA-
CAATGA-3' and 5-GAAACGTCCAGCCTAATTCT-3'. The lenti-
viral vectors were cotransfected with packaging vectors psPAX2
(Addgene) and pMD2G (Addgene) into 293T cells for lentivirus
production. See Supplementary Materials and Methods for additional
details.

Immunofluorescence assay

Immunofluorescence (IF) assay was performed as described pre-
viously (28). See Supplementary Materials and Methods for additional
details.

IHC, hematoxylin and eosin staining, and light microscopy
IF assay was performed as described previously (29). See Supple-
mentary Materials and Methods for additional details.

Polysome profiling

MGC-803 cells were infected with lentiviral shRNA targeting
YTHDF1 and treated with cycloheximide at 100 pg per mL for
10 minutes before collection. Cells were pelleted, lysed on ice, and
centrifuged. The supernatant was collected and loaded onto a 10/50%
w/v sucrose gradient prepared in a lysis buffer without Triton X-100.
The gradients were centrifuged at 4°C for 4 hour at 27,500 rpm
(Beckman, rotor SW28). The sample was then fractioned and analyzed
by Gradient Station (BioCamp) equipped with an ECONO UV mon-
itor (Bio-Rad) and fraction collector (FC203B, Gilson). The fractions
were categorized and used for RNA by TRIzol reagent for RT-PCR.

Western blot analysis
Western blot analysis was performed as described previously (30).

The details of the antibodies are in Supplementary Materials and
Methods.

RNA-seq

Total RNA was isolated from YTHDEF1 control or knockdown
MGC-803 cells using TRIzol reagent. Poly(A) RNA was subsequently
purified from 50 to 100ng total RNA using PolyTtract mRNA
Isolation System. NEBNext Ultra RNA Library Prep Kit for Illumina
(New England BioLabs) was used for library preparation. Each group
was sequenced in duplicate.

RNA Immunoprecipitation assay

MGC-803 cells were seeded in a 10-cm dish at 70%-80%
confluence. A total of 5ug of YTHDF1 (17479-1-AP, Proteintech)
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antibody and a corresponding control rabbit IgG (NIO1, Millipore)
were conjugated to protein A/G magnetic beads (Thermo Fisher
Scientific) by incubation for 4 hours at 4°C, followed by washing
three times and incubation with lysate of MGC-803 cells in RNA
immunoprecipitation (RIP) buffer [150 mmol/L KCl, 25 mmol/L
Tris (pH 7.4), 5mmol/L EDTA, 0.5mmol/L DTT, 0.5% NP40,
1 x protease inhibitor] at 4°C overnight. After washing with RIP
buffer for three times, beads were resuspended in 80uL PBS,
followed by DNA digestion at 37°C for 15minutes and incuba-
tion with 50 ug of proteinase K (Thermo Fisher Scientific) at 37°C
for 15minutes. Input and coimmunoprecipitation RNAs were
recovered by TRIzol, extraction and analyzed by qPCR or RNA
sequencing (RNA-seq).

mPA-RNA IP Assay

Total RNAs were extracted from MGC-803 cells and purifying
with PolyTtract mRNA Isolation System (Promega). Chemically
fragmented RNA (100 nucleotides) was incubated with mCA anti-
body for IP according to the standard protocol of the Magna
methylated RIP (MeRIP) mCA Kit (Merck Millipore). Enrichment
of m°®A containing mRNA was then analyzed either through gPCR
or by high-throughput sequencing. For high-throughput sequenc-
ing, purified RNA fragments from m°A-MeRIP were used for
library construction with the NEBNext Ultra RNA library Prep
Kit for Illumina (New England BioLabs) and were sequenced with
Mlumina HiSeq X-10. Library preparation and high-throughput
sequencing were performed by Novogene.

CLIP Assay

CLIP was performed following previously reported protocol (31). In
brief, whole-cell extract prepared from 1.5 x 10° YTHDFI over-
expressed MGC-803 cells was used for IP reaction and prepared into
eCLIP-qPCR. The method used UV cross-linking of intact cells to
covalently link RNA to cellular RNA-binding proteins. Whole-cell
extracts were prepared, followed by RNase I digestion to fragment the
RNA prior to IP of target proteins and associated bound RNAs. We
performed eCLIP using whole-cell extract from MGC-803 cells
and Flag antibody (M185-3L, MBL). The RNA-binding protein com-
plexes were isolated from polyacrylamide gels based on the expected
molecular weight of YTHDFI1 a 70-kDa region. The bound protein
was degraded, and RNA was isolated and further processed into
eCLIP-qPCR.

Sequencing data analysis

For RIP-seq data: samples were sequenced by Illumina HiSeq X-ten
with pair-end 150-base pair (bp) read length. The RIP-seq reads were
mapped to human genome version hgl9 by Tophat2 version 2.1.1 with
default settings (32). The RIP targets were defined as genes with log,
(IP/input)>0 and P < 0.05.

For RNA-seq data: all RNA-seq samples were sequenced by
Ilumina HiSeq X-ten with pair-end 150-bp read length. All reads
were mapped to human genome version hgl9 by Tophat2 version
2.1.1 with default settings (32). Read counts were calculated using
HTSeq (32). Differential gene expression was calculated by DESeq2
(log; KD/NC>1, P < 0.05).

For m°®A-seq: samples were sequenced by Illumina HiSeq X-ten
with pair-end 150-bp read length. All reads were mapped to human
genome version hgl9 by Tophat2 version 2.1.1 with default set-
tings (32). The m°A level changes for IP/input were calculated by
using MACS (33; Q < 0.05).
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Pathway enrichment analysis

The web-based tool (https://david.ncifcrf.gov/) was used for enrich-
ment analysis of differentially expressed genes (DEG) screened by
RNA-seq (34, 35). The web-based tool (http://metascape.org/gp/
index.html#/main/stepl) was used for enrichment analysis of
YTHDFI-binding genes and direct targets of YTHDFI.

Data availability

The raw sequence data reported in this article have been deposited
in the Genome Sequence Archive (36) in BIG Data Center (37), Beijing
Institute of Genomics (BIG), Chinese Academy of Sciences, under
accession numbers CRA001261 that are publicly accessible at https://
bigd.big.ac.cn/gsa. The human cancer data were derived from The
Cancer Genome Atlas (TCGA) Research Network (http://cancergen
ome.nih.gov/). The dataset [(stomach adenocarcinoma (38), n = 100;
stomach adenocarcinoma (39), n = 478; stomach adenocarcino-
ma (40), n = 30; stomach adenocarcinoma (41), n = 22] derived
from this resource that supports the findings of this study is available in
the cBioPortal for Cancer Genomics (http://www.cbioportal.org/).

Statistical analysis

Each experiment was repeated at least three times. The Student ¢ test
(two-tailed unpaired ¢ test) was performed for two-group data and
three-group data were analyzed using one-way ANOVA with New-
man-Keuls post hoc test. The test was used to examine the relationships
between YTHDFI expression and clinicopathologic characteristics.
Kaplan-Meier analysis and log-rank test were used to evaluate the
differences in patient survival. The Spearman rank correlation test was
conducted for statistical correlations. All data were analyzed using
GraphPad Prism 5.0 software (GraphPad Software, Inc.) or SPSS 16.0
software (SPSS Inc.) and presented as means £ SD.

Ethics

The use of clinical samples in this study was approved by the
institutional review board of Institute of Basic Medicine, Chinese
Academy of Medical Science. All experimental procedures involving
animals were performed in accordance with The Guide for the Care
and Use of Laboratory Animals (NIH publications nos. 80-23, revised
1996) and according to the institutional ethical guidelines of Peking
Union Medical College (Beijing, China) for animal experiments.

Results

YTHDF1 Gene amplifications in gastric cancer

To interrogate the genetic alterations of m®A-associated genes
involved in gastric cancer development, cBioPortal (cBio Cancer
Genomics Portal) datasets including 630 primary gastric adenocarci-
nomas were analyzed. Notably, the YTH family readers (expect for
YTHDEF2) showed relatively higher mutation rates compared with
writers and erasers. Of note, YTHDFI was the most prevalent mutated
gene that occurred in about 7% of all patients with gastric cancer. By
evaluating the distribution of YTHDFI mutations, we observed 65% of
all mutations were gene amplifications, which usually resulted in the
overexpression of gene products (Fig. 1A; Supplementary Fig. S1A).
We then explored TCGA datasets including 24 different cancer types
and found that YTHDFI expression was indeed significantly higher in
patients with gastric cancer than normal tissues (Fig. 1B). In addition,
although YTHDFI mutations were not common in diverse cancers
(Supplementary Table S4), the upregulation of YTHDF1 was observed
in most tumors, suggesting a general oncogenic role for YTHDFI in
cancer development (Fig. 1B). Particularly, higher YTHDFI expres-
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sion was correlated with gastric cancer progression (Fig. 1C) and poor
overall survival (Fig. 1D).

We next verified these in silico findings in 113 pairs of in-house
gastric cancer tissues and matched noncancerous tissues by qPCR.
Indeed, YTHDFI mRNA was significantly increased in gastric
cancer tumors (P = 0.0005; Fig. 1E; Supplementary Fig. S1B). IHC
analysis of both normal gastric tissues and gastric cancer specimens
confirmed the upregulation of YTHDFI1 protein in tumor tissues
(Fig. 1F). Furthermore, the aberrantly high expression of YTHDF1
in patients with gastric cancer was significantly correlated with
more severe clinical pathologic characteristics such as perineural
invasion, aggressive tumor stage (stage III/IV vs. I/II), and venous
invasion (Fig. 1G; Supplementary Table S5). Kaplan-Meier survival
analysis also showed that patients with gastric cancer with high
YTHDF1 expression exhibited a worse 4-year overall survival [log-
rank (Mantel-Cox) P = 0.0075; Fig. 1H; Supplementary Table S6].
These data collectively suggest a potential oncogenic role of
YTHDF1 in gastric tumorigenesis.

YTHDF1 deficiency inhibits gastric cancer progression and
metastasis

We measured the protein expression level of YTHDFI in various
gastric cancer cell lines, which were much higher than the normal
gastric gland cell GES-1 (Supplementary Fig. S2A). To further explore
YTHDFI's function in gastric cancer, we applied different systems,
including gastric cancer cell lines, cell line-derived xenograft (CDX),
and PDX models (Fig. 2A). First, we investigated the effects of
knocking down YTHDF1 by generating two stable shRNA-
expressing human gastric cancer cell lines, MGC-803 and HGC-27,
which displayed relatively higher YTHDF1 expression among all
tested gastric cancer cell lines (Supplementary Fig. S2B). YTHDF1
knockdown indeed decreased cell proliferation in gastric cancer cells
(Fig. 2B). Furthermore, YTHDF1 deficiency in both MGC-803 and
HGC-27 cells impaired their migration and invasion abilities (Fig. 2C;
Supplementary Fig. S2C). We next examined whether inhibition of
YTHDEF]1 could affect gastric cancer tumorigenesis in vivo by subcu-
taneously injecting YTHDF1-deficent MGC-803 cells into immuno-
compromised nude mice. Consistently, reduced YTHDF1 levels
resulted in delayed tumor progression of MGC-803-engrafted tumors
(Supplementary Fig. S2D and S2E), as the weight and volume in
YTHDF1-deficient tumors were significantly decreased compared
with YTHDF1-competent tumors (Fig. 2D). Accordingly, the prolif-
eration marker Ki-67 was downregulated and the apoptotic marker
cleaved caspase-3 was upregulated in YTHDFI1-deficient tumors
(Fig. 2E).

We then explored whether YTHDF1 could contribute to gastric
cancer metastasis in vivo with two metastasis models. Tail vein
injection of YTHDF1-competent MGC-803 cells resulted in pulmo-
nary metastases, whereas knocking down of YTHDF1 almost
completely abolished metastatic node formation (Fig. 2F; Supplemen-
tary Fig. S2F). In the peritoneal metastatic xenograft model, injection
of YTHDF1-deficent MGC-803 cells also significantly decreased sec-
ondary tumor formation in the abdominal cavity (Supplementary
Fig. S2G). All these results confirmed the oncogenic role of YTHDF1 in
gastric carcinogenesis by regulating cell proliferation and metastasis.

To further confirm the conclusions derived from the in vivo and
ex vivo studies, we established the PDX model, our results showed that
knocking down YTHDFI1 suppressed tumor growth and weights
(Fig. 2G-I; Supplementary Fig. 2H). Moreover, Ki-67 expression in
siYTHDF1-treated tumors was significantly decreased while cleaved
caspase-3 in siYTHDF1 tumors was significantly increased as
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Figure 1.

Overexpression of YTHDF1in gastric cancer. A, Gene mutation rates of the top 10 meA-associated genes in gastric cancer according to cBioPortal datasets (n = 630).
Distributions of different mutation subtypes in YTHDF1gene are shown as a pie chart (right). B, Relative expression alternations of YTHDF1in cancer tissues compared
with the matched normal tissues according to TCGA datasets including 24 types of cancer. C, Violin plot of YTHDF1 expression in normal, benign, or malignant gastric
tissues (normal, n = 32; benign, n =164; malignant, n =188). D, Overall survival rates for patients with high YTHDF1 expression (n = 215) versus low YTHDF1expression
(n = 58) generating from public gastric cancer cohorts (kmplot.com), profiled with GSE29272. E, Relative YTHDF1 expression in 113 pairs of gastric tumors and
adjacent normal tissue (n = 13). F, Representative IHC images of YTHDF1 in four gastric tumor tissues and corresponding normal tissues. Scale bar, 100 um.
G, Correlations of YTHDF1 expression with perineural invasion (left), TNM stages (middle), and venous invasion (right) of patients with gastric cancer (n = 113).
H, Kaplan-Meier survival analysis showed the correlation of YTHDF1 expression (low, n = 19; high, n = 72) and overall survival rate of patients with gastric cancer

(log-rank with Mantel-Cox test). ***, P < 0.001 (one-way ANOVA); n.s., nonsignificant. All data are shown as means & SD.
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Figure 2.

YTHDF1 is important for tumor cell proliferation, migration, and invasion. A, Schematic diagram strategies for dissecting YTHDF1's function in vivo and in vitro.
B, Analysis of cell proliferation in YTHDF1 knockdown MGC-803 and HGC-27 cells (n = 3). C, Transwell migration and invasion assays of MGC-803 and HGC-27 cells
stably expressing shRNAs targeting YTHDF1or scramble control (n = 3). D, Quantification of tumor weight (left) and tumor growth (right) using CDX model; also see
online Supplementary Fig. S2D for tumor volumes (n = 8). E, Representative IHC images and quantification of Ki-67 and caspase-3 positive staining in CDX model (n =
8).Scale bar, 50 um. F, Representative images and histology images of pulmonary metastases in mice lung metastasis model (n = 4). Blue arrows, metastatic nodules.
Scale bar, 100 um. G and H, The tumor growth analysis of PDX models with siControl or siYTHDF1 treatment. I, Comparison of tumor weight of PDX models with
siControl or siYTHDF1 treatment. J, Representative histology images and IHC results of YTHDF1, Ki-67, and caspase-3 in PDX models. Scale bar, 50 um. The
quantification of IHC is shown on the right (n = 4).*, P< 0.05; **, P< 0.01; ***, P< 0.001 [Student f tests (H and I) or one-way ANOVA (B, C, D, E, and F)]. All data are
shown as means + SD.
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compared with the siControl tumors (Fig. 2J; Supplementary Fig. S2I).
These data also revealed YTHDF]1 plays an important role in gastric
cancer tumorigenesis.

Identification of YTHDF1-regulated transcripts by RNA-seq,
RIP-seq, and MeRIP-seq

To comprehensively understand the effect of YTHDF1 deficiency
on gastric cancer development, we performed RNA-seq analysis with
YTHDFI1 knockdown and control MGC-803 cells. RNA profiling
revealed different subsets of transcripts that were dysregulated upon
YTHDF]I inhibition (Fig. 3A; Supplementary Table S7). Gene ontol-
ogy (GO) analysis indicated that those downregulated genes were
enriched for angiogenesis, cell migration, adhesion, and cell growth;
whereas genes mapped to negatively regulated tumor progression were
upregulated (Fig. 3B), supporting the previous finding that YTHDF1
is an oncogenic factor in gastric cancer. We next screened for
YTHDF1-binding genes by using RIP-seq within MGC-803 cells.
When a gene specifically binds to Input but not IgG, then we defined
it as a gene that specifically binds to YTHDF1. With this standard, we
obtained 9,082 candidate genes (Supplementary Table S7). We ana-
lyzed those top 3,000 most significant changed genes for functional
enrichment, which indicated that they were highly involved in cancer-
related pathways (Fig. 3C). However, the cumulative distribution
analysis suggested that there was no significant difference between
the YTHDF1-bound genes and the YTHDF1 unbound genes at
transcription level (Fig. 3D). This is consistent with the previous
finding that YTHDF1 mainly regulates the gene translation. (14)

Because YTHDF1 is a well-known m®A-specific reader protein (14),
we then intended to identify potential transcripts with m°A modifi-
cation that were regulated by YTHDF1 using MeRIP-seq within MGC-
803 cells. m®A modification was detected in 2,365 transcripts, which
predominantly occurred with mRNAs (98%; Fig. 3E; Supplementary
Table S7), preferentially clustered in the exons (58%; Fig. 3E). In line
with other N°-methyladenosine-sequencing results, the m°A peaks
were enriched in 3'UTR regions (Fig. 3F) and exclusively detected with
the canonical GGAC motifs (Fig. 3G).

To search the direct targets of YTHDF1, we then overlapped the
transcripts identified by YTHDF1-specific RIP-seq and MeRIP-seq
(Fig. 3H; Supplementary Table S7). Enrichment analysis with these
transcripts revealed the Wnt and Hippo signaling pathways were
dramatically affected (Fig. 3H; Supplementary Table S7), both path-
ways had been shown to be critical for tumor progression and were
frequently mutated in various cancers, we therefore hypothesized that
YTHDF]I inhibition suppressed tumor growth via the Hippo or Wnt
pathways (Fig. 3I; Supplementary Table S7).

FZD7 is a bona-fide m6A modification target of YTHDF1

In total 13 transcripts (Fig. 31, highlighted in orange color) allocated
to Hippo or Wnt pathways exhibited high m®A peaks as determined by
MeRIP-seq. To verify the bona-fide YTHDFI targets in gastric cancer,
we employed a multiple steps screening strategy (Fig. 4A). First, we
determined YTHDFI interacted transcripts using RIP combined with
qPCR validation (Fig. 4B; Supplementary Fig. S3A). Transcripts
including FZD1, FZD7, CTBP2, MAPKY, and MAP3K7 attribute to
the Wnt pathway, as well as TP53BP1, PARD3, SMAD2, and SMAD3
belong to Hippo pathway were effectively immunoprecipitated by
YTHDF1 antibody specifically (Fig. 4C; Supplementary Fig. S3A).
Given the notion that YTHDFI could regulate target genes’ expression
at translational level, we then detected these candidates’ expression in
YTHDF1-deficient cells. Interestingly, YTHDF1 knockdown only
markedly reduced the protein levels of FZD7, MAPK9, SMAD2,
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SMAD3, and PARD3 (Fig. 4D) although their mRNA was not affected
(Supplementary Fig. S3B).

Furthermore, the m°A immunoprecipitation (m°A-IP) and
YTHDEF]1 enhanced cross-linking immunoprecipitation (eCLIP) fol-
lowed by qPCR (Supplementary Fig. S3C) confirmed both the presence
of m°A modification and the occupancy by YTHDFI at FZD7,
MAPKY, SMAD2 SMAD3, and PARD3 mRNAs (Fig. 4E and F). Next,
we performed polysome profiling, a method that allows monitoring
translation activity of specific mRNAs to verify whether YTHDF1
could regulate the candidates' translation in gastric cancer cells. As
expected, YTHDF1 knockdown showed general translational suppres-
sion as the polysome association was gradually decreased in YTHDF1-
deficient MGC-803 cells (Fig. 4G). Of note, the translation efficiency of
FZD7 was the most significantly downregulated while other genes
showed mild translation suppression (Fig. 4G). Taken together, these
results collectively suggested that FZD7 is the bona-fide direct target of
YTHDF1 in gastric cancer.

YTHDF1 regulates FZD7 expression in an m6A-dependent
manner

As a well-characterized oncogene, FZD7 is known to be activated in
patients with gastric cancer to promote epithelial-to-mesenchymal
transition (42, 43). To validate and expand our previous findings,
another gastric cancer cell line HGC-27 in addition to MGC-803 was
employed for the gene-specific m®A-qPCR as well as YTHDF1 RIP-
qPCR analysis, respectively. Indeed, two m®A peaks among FZD7
mRNA were observed and the association with YTHDFI was con-
firmed in both MGC-803 and HGC-27 cells (Fig. 5A and B).

We then questioned whether the YTHDFI-regulated FZD7
translation was m®A modification dependent. To address this, a
Flag-tagged mutant YTHDF1 construct (YTHDF1-MUT) with two
key amino acids mutations (K395A, Y397A) to abolish its mOA-
binding pockets (44) was transfected into both MGC-803 and HGC-
27 cells (Fig. 5C; Supplementary Fig. S4). After introducing these
mutations, the upregulation of FZD7 expression observed in wild-
type YTHDF1 (YTHDF1-WT) transfected gastric cancer cells was
eliminated in YTHDF1-MUT due to the m®A reader activity
deficiency (Fig. 5D), but the mRNA levels of FZD7 were compa-
rable between YTHDF1-WT and YTHDF1-MUT in both cell lines
(Fig. 5E). Accordingly, RIP-qPCR analysis revealed that the inter-
action between FZD7 mRNA and mutant YTHDF1 was obviously
impaired (Fig. 5F).

To further explore the involvement of m®A modifications in
FZD7 mRNA, we constructed three types of FZD7 mutants with
mutation either in the first (FZD7-Peakl Mut) or second (FZD7-
Peak2 Mut) m°A peak, as well as the double mutants (FZD7-Peak1&2
Mut; Fig. 5G). Interestingly, as compared with wild-type FZD7
(FZD7-WT), mutations within the second m°A peak and the double
m®A peaks mutant (FZD7-Peak2 Mut and FZD7-Peak1&2 Mut) had
no response to wild-type YTHDF1 overexpression (Fig. 5H, panels 7
and 8), suggesting the second m®A peak in FZD7 was the key site for
YTHDF1's regulation. Again, loss of m®A-binding ability entirely
abrogated the effect of YTHDFI1 in promoting FZD7 mRNA trans-
lation (Fig. 5H, panels 9-12). These results indicated that the trans-
lational control of FZD7 mediated by YTHDF1 was dependent on m°A
modification.

YTHDF1 regulates Wnt/p-catenin pathway through FZD7
Upon binding of Wnt ligands to frizzled receptors, B-catenin is

stabilized and translocating into the nucleus (the activated form),

where it interacts with other coactivators to activate downstream gene

Cancer Res; 81(10) May 15, 2021

220z ¥snbny gz uo ysenb Aq ypd-1.G9z/1 57280€/1592/01/1.8/4pd-0|011E/S81190UBD/610"S|EUINO[IORE//:dRY WO popeojumOq

2657



Pi et al.

N

A shYTHDF1 vs. shControl B cff@ S s
B 1010 (P)

10.0{ 1| 3 2

gative i olgene

1 0
in cancer
i of Wnt si pathway
— Response lo lumor necrosis factor
e Tumor necrosis factor-mediated signaling
E—

T
[
x

Change upP lation of protein import into nucleus
. Down i Negallve regul'allnn of cell migration

_ Vd af cell p

- I ﬁ,paptollc process

o
=}
x
.

-log,q (P)

o Regulation of cell growih I
=1 Insulin-like growth factor | binding E——
— \ Megative regulation of cell death I
Cytokine binding I
Cell adhesion ———  DOWN
- Platelet-derived growth factor B=receplor activity NEEG_—_—
: Cell surface I ——

N
2]
1

e
[=}
L

id ap 0' 2' Positive ion o cel shesion E—
log, (fold change) — 0 i 3
2 -logyg (P)

C D E 71%41%

h-

Pathways in cancer . E— =) = -1% | 29%
Wht signaling pathway - p—— B
Response to growth factor - p——————— .g
Ras protein signal transduction - s e
mTOR signaling pathway - IEE——— g P=0432
Hippo signaling pathway - ms =3 Y THDF 1-bound
Chromatin moedifying enzymes - mm g =Y THDF1-unbound
Basal cell carcinoma - pm— [Soy — 8%
JNK cascade - o ot oF 4 <@
0 5 10 15 s
I I = Protein coding = Exon
-logyg (P) og, (fold change) Pseudogene Intergenic
= MIRNA Intron
= LncRNA = Noncoding
F & = G = Others = TTS
c B o
E . 13
L2 2
5 a ., %
= . : A5 ' ®©
€ e °, e, ShERmeYS [ ¥ = ==
- . ,:';: ® o Mﬁ' (7] gf i
& o & o LI L I
2 -4-3-2-1m6A1234567
5 UTR CDs 3 UTR
P=1e-10
n=47282 (P <0.05, I
log, fold change >0) |— AR > Proteolysis
4,282 1119 1,246 n=1,246 (g < 0.05)  |[——————— . Adherens junction
n=1119(RIP-seqNMeRIP-seq) \ 1l BM“PSK?*—"”H
DvL1 TCFT___
MeRIP-seq e mt,. _1%};%5 TR —> > Cell cycle
RIP-seq N\ Fao7 gﬁg 62 Cenkiat TCE7
Wnt signaling pathway - IEEEE—— RAC1 CTBP2
Pathways in cancer - EESEEG— T ggg—’ Lt e > Gene transcription
Canonical Wnt signaling p y - I NKD1
Hippo signaling patl'lway - I RS R e
Regulation of MAPK cascade - I DLG1
Ras protein signal transduction - IR HIPPO signaling DLG3
Regulation of phoshatase activity - EESE— Pathway WWC1 3STK3»LAST1_2 ﬂm&yam:;___ypmapnpmtic Heies
Regulation of growth . ps PARD3 J. = Tpsssr2 Cell contact inhibiti
. B | e [ A 2ll con Inhibition
HATs acetylate histones - rorm _,,Tsmm/ "o«;an vl
0 2 4 6 8 TGFB3 © TGFBRz— R SMAD2  antiapoplotic genes
-logP SMAD3 * Pro- proliferation genes

Figure 3.

Transcriptome-wide identification of YTHDF1 targets in gastric cancer. A, Volcano plot of DEGs in MGC-803 cells stably expressing shRNAs targeting YTHDF1 or
scramble control. Green, unchanged genes when compared between YTHDF1 knockdown and control group (|log, fold change < 1] or P> 0.05). Yellow, upregulated
genes (log, fold change >1and P< 0.05) in YTHDF1knockdown group. Blue, downregulated genes (log, fold change«1and P< 0.05). B, DEGs identified by RNA-seq
are presented in heatmap and GO enrichment analysis of DEGs. C, Functional enrichment of 5,401 genes detected by RIP-seq. D, Cumulative distribution map of
YTHDF1 bound and unbound genes expression. E, The distribution of m®A peaks in different RNA subgroups. F, The distribution of m®A-modified locations in
transcripts as identified by m®A-seq in gastric cancer cells. G, Sequence logo representing the MEME-deduced consensus motifs identified by m®A-seq. H, The
overlapping of m®A-modified mMRNAs detected by MeRIP-seq and recognized YTHDF1 bind transcripts identified in RIP-seq (top). The functional enrichment of 1,119
overlapped genes detected by RIP-seq and MeRIP-seq (bottom). I, Kyoto Encyclopedia of Genes and Genomes annotated diagram of the Wnt and Hippo signaling
pathways with highlighted genes affected by m®A modification labeled in orange.
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Figure 4.

Screening of YTHDF1 targets in gastric cancer cells. A, Schematic diagram strategies for screening of YTHDF1 targets. B, Western blot detection of precipitated
proteins with endogenous YTHDF1 RIP analysis. IP, the precipitated fractions; ID, the depleted supernatants. C, Gene-specific gqPCR analysis of the coprecipitated
RNAs by YTHDF1 antibodies in RIP analysis (n = 3). D, Western blot analysis of YTHDFI-targeted candidates in YTHDF1 knockdown MGC-803 cells. Blue,
proteins significantly decreased. E, Gene-specific m®A gPCR validation of m®A levels in MGC-803 cells (n = 3). F, Gene-specific gPCR analysis of
the coprecipitated RNAs by Flag antibodies in flag-tagged YTHDF1 CLIP analysis (n = 3). G, Left, polysome-profiling assay in YTHDF1 knockdown and
control MGC-803 cells. Right, gPCR analysis of FZD7, MAPK9, SMAD2, SMAD3, and PARD3 transcripts in different polysome fractions. The 18s rRNA was used

as a quality control. *, P < 0.05; **, P < 0.01, ***, P < 0.001 (Student t tests). All data are shown as means + SD.

transcription (Fig. 6A). Because FZD7 can activate the canonical Wnt
signaling in gastric cancer cells (42) and YTHDF1 is a positive
regulator for FZD7's expression, we hypothesized that YTHDF1 could
directly regulate the Wnt pathway. To test this hypothesis, total and
activated -catenin was examined, respectively. As expected, when
FZD?7 expression was inhibited after knocking down YTHDFI, we also
observed decreased expression of total and activated -catenin in both
MGC-803 and HGC-27 cells (Fig. 6B). Furthermore, only wild-type
YTHDF]I, but not the mutant form, increased FZD7 and activated
[3-catenin expression in gastric cancer cells (Fig. 6B), indicating that
YTHDF]1 activated B-catenin in an m°A-dependent manner. Using IF
staining, we observed that gastric cancer cells overexpressing the wild-
type YTHDF1 but not the mutant form displayed a more intensive and

AACRJournals.org

accumulated B-catenin staining (Fig. 6C). In contrast, the YTHDF1
knockdown cells displayed less accumulation of -catenin compared
with the control cells (Fig. 6C). Consistently, other six known down-
stream players of the Wnt/B-catenin pathway, including high mobility
group AT-hook 2 (HMGA2), cyclin D1, cell division cycle 25A
(CDC25A), cytochrome ¢ oxidase subunit II (COX2), SRY-box 9
(SOX9), and VEGF A (VEGFA) were regulated in a similar way as
B-catenin at both transcriptional and translational levels, that is
upregulated in wild-type but not mutant YTHDFI-overexpressing
cells, whereas downregulated in YTHDF1 knockdown cells (Fig. 6D
and E). In addition, there was also a strong correlation between
YTHDFI level and the expression of these B-catenin targets in a
gastric cancer dataset from Gene Expression Omnibus database
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Figure 5.

YTHDF1 regulates FZD7 translation in an m®A-dependent manner. A, Gene-specific meA gPCR validation of m®A levels on FZD7 mRNA in MGC-803 and HGC-27 cells
(n = 3). B, Western blot detection of precipitated proteins in endogenous YTHDF1 RIP analysis. IP, the precipitated fractions; ID, the depleted supernatants (top).
FZD7-specific gPCR analysis of the coprecipitated RNAs by YTHDF1 antibodies in RIP analysis (n = 3; bottom). C, Schematic description of wild-type (YTHDF1-WT)
and mutant (YTHDF1-MUT) YTHDF1 constructs. D, Protein level of FZD7 in YTHDF1 knockdown, overexpressed, or mutant-overexpressed MGC-803 and HGC-27 cells.
E, RNA level of FZD7 in YTHDF1 knockdown, overexpressed, or mutant-overexpressed MGC-803 and HGC-27 cells (n = 3). F, Western blot detection of precipitated
proteins in Flag-tagged YTHDF1 RIP analysis. IP, the precipitated fractions; ID, the depleted supernatants (top). FZD7-specific gPCR analysis of the coprecipitated
RNAs by Flag antibodies in RIP analysis (n = 3; bottom). G, Schematic illustration of different HA-tagged FZD7 constructs, comprising wild-type (FZD7-WT), and
mutations of the m®A motifs in m®A peakl (FZD7-Peakl Mut), peak2 (FZD7-Peak2 Mut), or double mutants (FZD7-Peakl1&2 Mut). H, Protein level of HA-tagged FZD7
in MGC-803 or HGC-27 cells cotransfected with empty vector (control), wild-type or mutant Flag-tagged YTHDFI, and wild-type or mutant HA-tagged FZD7 as
described in G. *, P < 0.05; **, P < 0.01; ***, P < 0.007; n.s., nonsignificant (Student t tests). All data are shown as means 4 SD.
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(GSE29272; Supplementary Fig. S5). Taken together, these results YTHDF1-FZD7-@-catenin axis contributes to gastric
reveal that YTHDF1 can activate the Wnt/(-catenin pathway in gastric ~ oncogenesis
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receptor in Wnt/B-catenin signaling. FZD7-B-catenin pathway, we then questioned whether B-catenin
A Wit C MGC-803 HGC-27

Activated t

|-:: p-Catenin  DAPI  Merge p.Catenin DAPI Merge  p.catenin DAPI DAPI  Merge
f— —
l"FZD?
(p p-Catenin p-Catenin

¥4
..‘ Nuclear
B-Catenin JFe
TCF —

Whnttarget genes:
HMGAZ, cyclin D1
CDC25A, COX2

—
Cytoplasm

L |

SOX9, VEGF......
B N NNV
1 S
PN S
SRS SLEY
YTHDF 1 | s~ - ] - HMGAZ | == | - HMGA2| - —-.a‘-:-
FZD7 -"_"]“""-"' % cyclin D1| =— ]—-——- cyclin D1| = - — || = == =
B-Catenin| e — . |[ =« s &= ][O = = — | =i = el ™
Agivated [ —|& CDC25A [ = = 1 = CCA [ = s & [
B-Catenin | @ cox2| = - COX2 | = =~ || -
e e e
o — | VEGFA | == = = || o= - e VEGFA | — -
&-Catenin (R g GAPDH | = e s || o o s GAPDH | - || o e
éq%ﬁ\;ate_d P e L MGC-803 HGC-27
-Catenin
GAPDH | == e e || ~ — —
E Bl Empty vector control Bl shControl Bl Empty vector control - shC?_:‘lBUFI
K Y THDF1-1 Bl YTHDF1-WT B shY 11
i m :mg:g& - :hYTHDF1-2 - B YTHOF1-MUT Bm shYTHDF1-2
c820) - Sn25 15
B! B 020
2015 82 |.. - 1.0
a= ol sT 15
sel 210 -
22 5 2z 05
g4 s nE: 5 "
SE g-0 : 0.0 ”
PTG S TGS
©) 0-(\0‘1’00@ 0-(\0‘1/00@
Oef LT P T
MGC-803 HGC-27
Figure 6.

YTHDF1regulates the canonical Wnt/B-catenin pathway via FZD7. A, Schematic diagram of the canonical Wnt/B-catenin pathway. B, Protein level of total (3-catenin)
and non-phospho (Ser33/37/Thr41, activated B-catenin) B-catenin in YTHDF1 knockdown or overexpressed MGC-803 and HGC-27 cells. C, IF staining analysis of
subcellular localization of total (red) and activated (green) B-catenin in YTHDF1 knockdown, overexpressed, or mutant overexpressed MGC-803 and HGC-27 cells.
Scale bar, 20 um. D, Immunoblot analysis of B-catenin target genes, HMGA2, cyclin D, CDC25A, COX2, SOX9, and VEGFA in YTHDF1 knockdown, overexpressed or
mutant overexpressed MGC-803 and HGC-27 cells. E, Quantitative analysis of RNA levels of B-catenin target genes in YTHDF1 knockdown and overexpressed MGC-
803 and HGC-27 cells (n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (one-way ANOVA). All data are shown as means + SD.
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Figure 7.

YTHDF1-FZD7-B-catenin axis promotes gastric cancer progression. A and B, Western blot analysis of YTHDF1, FZD7, B-catenin, and activated B-catenin in YTHDF1
knockdown MGC-803 (A) and HGC-27 (B) cells transfected with FZD7 constructs or empty vector control. C and D, The proliferation of MGC-803 (C) and HGC-27 (D)
cells as described above (n = 3). E, The migration analysis of MGC-803 (left) and HGC-27 (right) cells as described above (n = 3). F, The invasion analysis of MGC-803
(left) and HGC-27 (right) cells as described above (n = 3). G, Heatmap showing IHC chips results of YTHDF1, FZD7, (total) B-catenin expression in human gastric
cancer samples (n = 79). H, The correlation analysis of expressions of YTHDF1, FZD7, and (total) B-catenin in human gastric cancer samples (n = 79; Pearson and
Spearman correlation test). I, Representative IHC chips results of YTHDF1, FZD7, and activated B-catenin in three pairs of gastric tumor and adjacent normal tissues.
Scale bar, 100 um. J, Kaplan-Meier survival analysis of YTHDF1, FZD7, and (total) B-catenin (low, n = 39 and high, n = 40) and overall survival rate of patients with
gastric cancer (log-rank with Mantel-Cox test). K, Schematic diagram showing how YTHDF1regulates B-catenin signaling to contribute to gastric tumor progression.

*, P<0.05; **, P < 0.01; ***, P < 0.001 [Student t tests (H) or one-way ANOVA (C, D, E, and F]). All data are shown as means + SD.
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activation could rescue the delayed tumor progression phenotype,
which was observed in YTHDFI-deficient gastric cancer cells.
Therefore, we used two different approaches either by overexpres-
sing FZD7 (Fig. 7A and B) or by stimulating 3-catenin activity with
a specific agonist, SKL2001 (Supplementary Fig. S6A and S6B),
which could disrupt the degradation complex and stabilize -cate-
nin. Similar to previous findings (42, 45), overexpression of FZD7
or activating [-catenin both increased cell proliferation (Fig. 7C
and Dj; Supplementary Fig. S6C), migration, and invasion (Fig. 7E
and F; Supplementary Fig. S6D-S6G) in YTHDF1-competent
MGC803 and HGC-27 cells. Moreover, FZD7 overexpression
or SLK2001 treatment in YTHDFI knockdown cells could reestab-
lished impaired malignant phenotypes to comparable levels as
YTHDF1-competent cells. (Fig. 7C-F; Supplementary Fig. S6C-
S6G). Taken together, the genetic or pharmacologic activation of
[-catenin pathway can rescue the decreased proliferation, migra-
tion, and invasion induced by YTHDF1 deficiency.

To further investigate whether the changes in protein expression
occur in patients’ gastric tumor tissues, we performed IHC chips
analysis within 79 pairs of in-house human gastric cancer samples and
Western blot analysis in 18 pairs of gastric cancer tissues as well as their
adjacent normal tissues. As expected, YTHDF1, FZD7, and activated
[3-catenin showed similar upregulation in human gastric tumors when
compared with adjacent normal tissues (Fig. 7G-I; Supplementary
Fig. S7A-C), which was confirmed in our PDX dataset that inhibition
of YTHDF1 also suppressed FZD7 and B-catenin activity (Supple-
mentary Fig. S7D and S7E). Moreover, the Kaplan-Meier survival
analysis also indicated that patients with gastric cancer with high
YTHDF1, FZD?7, 3-catenin expression exhibited worse overall survi-
vals [log-rank (Mantel-Cox), YTHDF1, P = 0.0006; FZD7, P = 0.0476;
[3-catenin, P = 0.0455; Fig. 7]], suggesting synchronization changes in
YTHDF1, FZD7, and activated 3-catenin in gastric tumors represent a
reliable prognostic indicator.

To outline our findings, B-catenin is strictly maintained by the
protein degradation system in normal gastric mucosa; however, in
gastric cancer cells, elevated YTHDF1 activates FZD7 translation and
expression, thereby B-catenin is stimulated and translocate to the
nucleus to activate the transcription of downstream target genes
(Fig. 7K). Our data thus uncover a novel YTHDF1-FZD7-[3-catenin
axis that s critical to regulate cell proliferation and metastasis in gastric
cancer development.

Discussion

The m°A has been demonstrated to play important roles in many
physiologic and pathologic processes, especially in various tumori-
genesis (16). Tumor cells' epi-transcriptome is indeed disrupted by
dysregulating mCA-associated writers, readers, and erasers, which
modulate m°®A establishment, removal, and thus determine modified
RNA's fate, respectively (46, 47). Thus, targeting the m°®A-associated
epi-transcriptome can control the fate of many important transcripts,
which might affect distinct aspects of cancer biology (46-52). This
approach represents a new strategy for cancer treatment. Clinical trials
investigating drugs targeting oncogenic regulators of m®A epi-tran-
scriptome, such as FTO inhibitors Citrate and R-2-hydroxyglutarate
(R-2HG) are promising to bring survival advantages in the near
future (23, 53).

In this study, we first confirm that as an mCA reader gene, YTHDFI
is the most frequently mutated m®A-associated gene in gastric tumors.
We then show that YTHDF1I is overexpressed in human gastric cancer
tissue and plays an essential role in regulating gastric carcinogenesis in
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and ex vivo. Given the truth that about 20%-30% of mammalian
mRNAs are methylated (54), the increased YTHDF1 expression might
have dramatic effects on its targeted transcripts, particularly those
involved in cancer development, therefore serves as a key epigenetic
regulator. This mechanism probably represents a common oncogenic
driver in gastric carcinogenesis, as about 76% (Supplementary
Fig. S1B) of patients with gastric cancer exhibited increased YTHDF1
expression.

By integrating the m®A-seq results and transcriptome sequencing
results, we discover that the Wnt/B-catenin pathway is an impor-
tant mediator of YTHDF1’s effects on gastric cell proliferation,
migration, and invasion. The canonical Wnt/B-catenin pathway
plays a crucial role in cell proliferation, cell migration, and homeo-
stasis in normal gastric mucosa (55), but it is also recognized that
dysregulation of this pathway is a major driver in the development
of gastric cancer, as more than 30% patients with gastric cancer
exhibited activated Wnt/B-catenin signaling (55). By using multiple
steps screening and validation methods, we further confirm that
FZD7 is a direct target of YTHDFI and this regulation is m°A
dependent. FZD7 is a key receptor on the membrane to relay the
Whnt signaling, which is also reported to be frequently overex-
pressed in human primary gastric cancer tissues and correlated with
clinical late-stage and poor survival (42, 43). Thus, our study
provides a different angle to target FZD7, which is controlling
FZD7's translation via manipulating YTHDFI or cellular m®A
levels. To our knowledge, our study provides direct proof for
the first time that the m°A mRNA methylation can regulate
Whnt/B-catenin pathway and control gastric cancer progression.
Because the dysregulation of Wnt/B-catenin signaling has been
implied in multiple human cancers’ development (56, 57), our
finding might be also applicable to other cancers with increased
Wnt/B-catenin activity. Nevertheless, whether YTHDF1 or other
m°A regulators play an essential role as in other cancer requires
further investigation.

Together, our study demonstrates that the m°®A-dependent
YTHDF1-FZD7-f-catenin axis plays a crucial role in gastric cancer
development. The m°A players, such as YTHDF1, should be further
explored as the biomarker for cancer diagnosis, prognostic factors, and
ultimately therapeutic targets in various cancers.
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