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Abstract

Né6-methyladenosine (m6A) is the most abundant internal modification in eukary-
otic RNA and involved in the carcinogenesis of various malignancies. However, the
functions and mechanisms of méA in gallbladder cancer (GBC) remain unclear. In this
study, we investigated the role and underlying mechanism of the RNA-binding protein
YT521-B homology domain-containing family protein 2 (YTHDF2), an méA reader,
in GBC. Herein, we detected that YTHDF2 was remarkably upregulated in GBC tis-
sues compared to normal gallbladder tissues. Functionally, YTHDF2 overexpression
promoted the proliferation, tumor growth, migration, and invasion of GBC cells while
inhibiting the apoptosis in vitro and in vivo. Conversely, YTHDF2 knockdown induced
opposite results. Mechanistically, we further investigated the underlying mecha-
nism by integrating RNA immunoprecipitation sequencing (RIP-seq), méA-modified
RIP-seq, and RNA sequencing, which revealed that death-associated protein kinase
3 (DAPKS) is a direct target of YTHDF2. YTHDF2 binds to the 3-UTR of DAPK3
mRNA and facilitates its degradation in an mé6A-dependent manner. DAPKS inhibi-
tion restores the tumor-suppressive phenotype induced by YTHDF2 deficiency.
Moreover, the YTHDF2/DAPKS axis induces the resistance of GBC cells to gemcit-
abine. In conclusion, we reveal the oncogenic role of YTHDF2 in GBC, demonstrating
that YTHDF2 increases the mRNA degradation of the tumor suppressor DAPK3 in an
m6A-dependent way, which promotes GBC progression and desensitizes GBC cells to
gemcitabine. Our findings provide novel insights into potential therapeutic strategies
for GBC.
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1 | INTRODUCTION

Gallbladder carcinoma is the most common malignhancy of the
biliary tract, with adenocarcinoma as the main histological type.!
The incidence rate of GBC shows significant heterogeneity in
sex, ethnicity, and geographical region, with 115,949 new cases
and 84,695 cancer-related deaths reported worldwide in 2020.2
Insidious onset, high aggressiveness, and frequent lymph node
metastasis result in deprived prognosis for GBC, with a 5-year
survival rate of less than 10%.%° Even after radical surgery, the
median overall survival of patients with GBC is only 3-5years.>”
Gemcitabine-based chemotherapy has been accepted as the first-
line treatment for advanced GBC, with a limited drug resistance.®
Therefore, an improved understanding of the molecular mecha-
nisms underlying the progression of GBC is urgently required to
identify effective therapeutic targets.

The m6A modification, the most frequently observed mRNA mod-
ification in eukaryotes,” has recently been highlighted in a multitude
of cancers due to its important roles in tumorigenesis, progression,
drug resistance, and immune escape.’®*® RNA méA modification is
a dynamic and reversible process and functions through regulating
RNA metabolism in multiple dimensions, such as stabilization, deg-
radation, translation, alternative splicing, and nuclear export. The
components of the mé6A modification system including mé6A meth-
yltransferases (writers), demethylase (erasers), and méA-binding pro-
teins (readers) have been implicated in the development of various
cancers.**'° The RNA-binding protein YTHDF2 is the first function-
ally identified reader that recognizes and binds specific m6A sites
through its C-terminal region. Furthermore, the N-terminal region of
YTHDF2 interacts with the SH domain of CNOT1 and initiates the
deadenylation-dependent degradation process of targeted mRNA,
which begins with the removal of the 3"-end poly(A) tail.**” Accumu-
lating evidence suggests that YTHDF2 is involved in various cancers,
such as gastric cancer,'® prostate cancer,” cholangiocarcinoma,20
bladder cancer,?* and hepatocellular carcinoma,?? by regulating the
expression of target tumor suppressor genes or oncogenes. However,
the role of YTHDF2 in GBC progression remains obscure.

Inthis study, we found YTHDF2 promoted the malignant behavior
of GBC cells. RNA immunoprecipitation sequencing, MeRIP-seq, and
RNA-seq determined DAPK3 as a direct target of YTHDF2. Mecha-
nistically, YTHDF2 promotes the degradation of DAPK3 mRNA in an
moéA-dependent manner. Together, our study investigated the epi-
transcriptomic mechanisms underlying GBC progression and identi-

fied YTHDF2 as an oncogene with potential therapeutic significance.

2 | MATERIALS AND METHODS

2.1 | Clinical specimens

Ten pairs of frozen GBC tissue specimens and matched nontu-
mor adjacent tissues were collected during surgery at Peking
Union Medical College Hospital for western blot analysis, and

eight tissue pairs were selected for RNA-seq. Ten pairs of GBC
tissues and matched normal tissues were collected and stored in
paraformaldehyde for IHC staining. Pathological classification of
the samples was undertaken by two pathologists. This study was
carried out in accordance with the principles of the Declaration
of Helsinki and received approval from the Institutional Ethics
Committee of Peking Union Medical College Hospital, Chinese
Academy of Medical Sciences, for conducting clinical research on
human participants (J5-1569).

2.2 | Né6-methyladenosine-modified RIP-seq

Total RNA was fragmented using NEBNext Magnesium RNA Frag-
mentation Module (NEB) at 94°C for 10min. A total of 100puL pre-
cleaned Protein G Dynabeads (10003D; ThermoFisher) was mixed
with 5pug anti-m6A Ab (ab151230; Abcam) or IgG isotype control Ab
(#3900S; CST) overnight at 4°C with rotation. The total RNA mixed
with Ab-coated beads was rotated for 2h at 4°C for immunoprecipi-
tation. The beads were then washed with NT2 buffer, followed by
incubation with proteinase K at 37°C for 30min. The RNeasy Min-
Elute Cleanup Kit (Qiagen) was used to purify the immunoprecipi-
tated RNA. Library preparation for RNA-seq was carried out using
the NEBNext Ultra Il Directional RNA Library Prep Kit (NEB). Peak
annotation was conducted using the R package, exomePeak. Read
coverage and visualization genomic views of read coverage were un-

dertaken using bedtools and the R package Gviz.

2.3 | Coimmunoprecipitation assay

The protein-protein interaction was detected by co-IP. The washed
Protein G Dynabeads were mixed with target Ab and incubated
overnight on a rotator at 4°C. The GBC cells were lysed at 4°C for
30min. The total protein was then isolated and mixed with Ab-bound
Protein G Dynabeads for 4 h at 4°C with gentle rotation. The precipi-
tated protein was then washed with NT2 wash buffer. The samples

were then subjected to western blotting with the indicated Abs.

2.4 | RNA stability assay

To detect the stability of mRNA, Act-D (5pg/mL) was added into
medium containing GBC for the indicated period. Total RNA was ex-
tracted using the Eastep Super Total RNA Extraction Kit (LS1030;
Promega). Real-time gPCR was carried out to analyze the expression
levels and calculate the t, , of mMRNA.

2.5 | Dual-luciferase reporter assay

The WT or mutant binding sites containing sequences were cloned
into the pmirGLO vectors at the 3’-UTR region. Oligonucleotide
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sequences are listed in Appendix S1. Lipofectamine 3000 transfec-
tion reagent (Thermo Fisher Scientific) was used to transfect the
vectors into NOZ cells. Luciferase activity was detected after 72 h of
incubation using the Dual-Glo Luciferase Assay System (Promega).
The ratio of firefly to Renilla luciferase was calculated.

2.6 | Tumor xenograft models

Male BALB/c nude mice (6 weeks old) were used for xenograft ex-
periments. A 150 puL-cell suspension containing 5x10° cells was in-
jected s.c. into each nude mouse. Tumor volumes were measured
every 4days for 1 month. To evaluate chemosensitivity to gemcit-
abine, mice were i.p. injected with gemcitabine (50mg/kg) every

4 days when the tumor volume reached 100 mm®.

2.7 | Lung metastasis model

Male NOD/SCID mice (6 weeks old) were used for lung metastasis
experiments. A 150pL-cell suspension containing 5x10° cells was
injected i.v. into the tail vein of each mouse. After 1 month, the lungs
were harvested and photographed, and the number of metastatic
lesions was calculated.

All animal experiments were approved by the Animal Welfare
and Ethics Committee of Peking Union Medical College Hospital
(XHDW-2022-110) in accordance with the guidelines of the NIH for
the care and use of laboratory animals.

2.8 | Statistical analysis
Data are presented as mean+SD. The statistical significance of the
differences between groups was determined using two-tailed Stu-
dent's t-test or one-way ANOVA. For comparison of two factors
and more than two variables, two-way ANOVA and Tukey's multiple
comparisons test were utilized. All statistical analyses were carried
out using GraphPad Prism 8.0 or IBM SPSS 25 software. Statistical
significance was set at p <0.05, and p <0.01 indicated high statistical
significance.

Other information of materials and methods used in this study is
provided in Appendix S2.

3 | RESULTS

3.1 | YTHDF2 expression significantly upregulated
in GBC tissues

To investigate the roles of mé6A-related genes in GBC progression,
we undertook transcriptome analysis in eight cases of paired can-
cer and adjacent tissues using RNA-seq, which revealed a total of
1579 significant DEGs (Figure 1A). Pathway enrichment analysis

was subsequently performed based on the GO and KEGG data-
bases, which revealed that cancer-associated pathways were
distinctly enriched, including the p53 signaling pathway, DNA
replication, ferroptosis, and drug metabolism (Figures 1B and
S1A). Among the méA-related genes,?® YTHDF2 was the most
prominently upregulated, with adjusted p=0.0116 and paired t-
test p<0.0001 (Figure 1C,D). In addition, pan-cancer analysis of
YTHDF2 expression in a series of tumors from the TIMER data-
base suggested that YTHDF2 was extensively upregulated across
multiple malignancies, emphasizing its potential role in the pro-
gression of GBC (Figure S1B). Moreover, western blotting and IHC
staining of matched cancerous and paracancerous tissues also
indicated elevated YTHDF2 expression levels in GBC tissues com-

pared to adjacent normal tissues (Figures 1E,F and S2).

3.2 | YTHDF2 significantly promotes GBC cell
proliferation and inhibits apoptosis

To further investigate the function of YTHDF2 in GBC progression,
we constructed a lentiviral vector for the overexpression of YTHDF2
and an interference lentiviral vector carrying two distinct shRNAs
targeting YTHDF2. The efficiencies of overexpression and knock-
down were validated by western blot analysis (Figure S3A). Colony
formation assays revealed that YTHDF2 overexpression promoted
the colony formation of GBC (Figure 2A; both p<0.001) whereas
YTHDF2 knockdown inhibited the GBC colony-forming capacity of
NOZ and GBC-SD cells (p=0.0026 and 0.019 for NOZ cells; p <0.001
and p=0.0017 for GBC-SD cells). Gallbladder cancer cell prolifera-
tion curves were plotted for evaluating the effect of YTHDF2 on
proliferation, which revealed that YTHDF2 overexpression signifi-
cantly enhanced the proliferation ability (p<0.001 for NOZ cells;
p=0.0074 for GBC-SD cells) whereas YTHDF2 knockdown remark-
ably reduced the proliferative ability of NOZ and GBC-SD cells (Fig-
ure 2B; both p<0.001 for NOZ cells; p=0.023 and p=0.049 for
GBC-SD cells). Furthermore, flow cytometry analysis showed that,
compared to the control group, YTHDF2 overexpression favored
GBC cell survival (Figure 2C,D; p=0.0341 for NOZ cells; p=0.0051
for GBC cells) whereas its knockdown promoted GBC cell apoptosis
(p=0.0060 and p=0045 for NOZ cells; p=0.0185 and p=0.0418
for GBC cells).

3.3 | YTHDF2 significantly promotes GBC cell
migration and invasion

We undertook Transwell and wound healing assays to investigate
whether YTHDF2 affects GBC cell migration and invasion. Tran-
swell assays showed that more NOZ and GBC-SD cells traveled
through the membrane in the YTHDF2 overexpression groups
whereas fewer cells traveled through the membrane in the shY-
THDF2 groups, with or without Matrigel (Figure 3A; all p<0.001).
These results were confirmed by the results of the wound healing
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FIGURE 1 YTHDF2 s highly expressed in gallbladder cancer (GBC) tissues. (A) Heatmap of transcriptome analysis for eight paired
GBC tissues. DESeg2-normalized expression values of differential genes between GBC tissues and adjacent tissues with adjusted p <0.05.
(B) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes. Red indicates cancer-related terms.

(C) Fold changes in N6-methyladenosine-associated gene expression in GBC according to transcriptome sequencing. (D) Paired t-test
analysis of YTHDF2 expression levels between GBC tissues and adjacent normal tissues. (E) Western blot analysis of the relative YTHDF2
protein expression levels in paired GBC specimens. P, para-tumor; T, tumor. (F) Representative immunohistochemical images of YTHDF2
expression in GBC tissues and adjacent normal tissues. Paired t-test analysis was used to compare the YTHDF2 expressions between two
groups. **p<0.01, ***p<0.001, ****p <0.0001. Scale bar, 200 um (outside), 50 um (insets). ns, no significance.
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FIGURE 2 YTHDF2 regulates the proliferation, colony-forming efficiency, and apoptosis of gallbladder cancer (GBC) in vitro. (A) Colony
formation assay on the effect of YTHDF2 on colony-forming ability. Comparisons between groups were carried out by Student's t-test and
one-way ANOVA. (B) The number of GBC cells was counted at the indicated times and the proliferation curves were plotted to evaluate the
proliferative abilities of GBC cells. Two-way ANOVA was used for multiple comparison and Tukey's tests were used for multiple pairwise
comparison. (C) Flow cytometry assay of the apoptosis rates of NOZ and GBC-SD cells affected by YTHDF2. APC, allophycocyanin; PI,
propidium iodide. (D) Statistical analysis was carried out using Student's t-test, ANOVA, and post-hoc tests. *p <0.05, **p<0.01, ***p <0.001.

assay; YTHDF2 overexpression significantly facilitated wound heal- and p=0.0103 for NOZ cells; p<0.001 and p=0.0373 for GBC-SD
ing (Figure 3C; p=0.0469 for NOZ cells; p=0.0163 for GBC-SD cells) cells). Collectively, these results suggest that YTHDF2 promotes
whereas YTHDF2 knockdown delayed wound healing (p=0.0018 GBC progression.
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FIGURE 3 YTHDF2 regulates the migration and invasion of gallbladder cancer (GBC) cells in vitro. (A, B). Transwell assays (with or

without Matrigel) were carried out for evaluating the migration and invasion ability of NOZ and GBC-SD cells with YTHDF2 overexpression
(OE) or knockdown. (C, D) Wound healing assay to examine the migration ability of NOZ and GBC-SD cells with YTHDF2 overexpression or
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3.4 | YTHDF2 promotes GBC proliferation and
metastasis in vivo

We further investigated the effects of YTHDF2 in vivo by evaluating
the growth rate of s.c. xenografts in nude mice. Compared to the
control group, tumors with cells overexpressing YTHDF2 showed
higher proliferation ability in terms of both volume (Figure 4A,
p<0.001) and weight (p<0.001). In contrast, tumor cells with
YTHDF2 knockdown showed a suppressed proliferative ability in
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terms of volume (shYTHDF2-1, p=0.01; shYTHDF2-2, p<0.01) and
weight (both p<0.001). In brief, the results of the mouse xenograft
models indicated the promoting effect of YTHDF2 on GBC growth
in vivo.

In addition, we constructed a lung metastasis model by i.v. injec-
tion into the tail vein of SCID mice to evaluate the effect of YTHDF2
on metastasis ability in vivo. The metastatic foci in the lungs of SCID
mice were photographed and counted; the number of metastatic

foci was increased in the YTHDF2 overexpression group (Figure 4B;
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FIGURE 4 YTHDF2 promotes the growth and metastasis of gallbladder cancer cells in vivo. (A) Subcutaneous xenograft tumors

from BALB/c nude mice. The weight of tumors in different groups was measured and the volumes were recorded at indicated times.

(B) Representative images and quantification of metastatic nodules in the lungs. Black arrowheads indicate pulmonary metastatic nodules.
ANOVA test and Student's t-test were used for comparison between groups. *p <0.05, **p<0.01, ***p <0.001. NC, negative control;

OE, overexpression.
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p=0.0164) and decreased in the YTHDF2 knockdown group (shY-
THDF2-1, p=<0.001; shYTHDF2-2, p=0.0012) compared to that in
the control groups. These results suggest that YTHDF2 promotes
GBC metastasis in vivo.

3.5 | Identification of the YTHDF2 downstream
target by multi-omics analysis

We then undertook a multi-omics analysis to identify the down-
stream targets regulated by YTHDF2 through mé6A modification.
We carried out RNA-seq on YTHDF2-knockdown and control NOZ
cells. A total of 2508 altered mRNA transcripts were determined
by transcriptomic analysis in shY THDF2 versus shControl (log,[fold
change] 20.5 and p<0.05); among them, 861 genes were upregu-
lated (Figure 5A,B). The KEGG pathway analysis of these DEGs
showed that YTHDF2 affected many signaling pathways associ-
ated with cancer progression (Figure 5C), including ECM-receptor
interaction (p=0.0014) and apoptosis (p=0.0147). Moreover, GO
analysis revealed and YTHDF2-regulated genes were enriched in
biological processes, including the Notch signaling pathway, tumor
necrosis factor-mediated signaling pathway, growth regulation,
and calcium-dependent cell-cell adhesion (Figure S3B). To deter-
mine the downstream biological functions regulated by YTHDF2 in
GBC, we further undertook GSEA using a matrix of all genes. No-
tably, the enrichment plots also showed that the genes associated
with apoptosis and the p53 signaling pathway were upregulated in
the YTHDF2 knockdown group (Figure 5D). Collectively, our re-
sults highlight the crucial role of YTHDF2 in cancer progression,
particularly in apoptosis.

Considering the role of YTHDF2 as an méA “reader,” we car-
ried out MeRIP-seq in NOZ cells to detect the distribution of
mé6A modification and found that most of the m6A peaks were
highly enriched in the 3’-UTR of mRNAs (Figure 5E). A motif
search identified a consensus sequence motif, GGAC, within the
m6A peak region (Figure 5F), which is consistent with previous
findings.?42%

To identify the potential target mRNAs directly bounded by
YTHDF2, anti-YTHDF2 RIP-seq was then carried out in NOZ
cells with two replicates, and a total of 1502 genes were ob-
tained (Figure 5G). YTHDF2 primarily acts by selectively bind-
ing to mé6A-modified mRNAs and mediating their deadenylation.

Therefore, we focused on the genes upregulated following

YTHDF2 knockdown based on a multi-omics intersection anal-
ysis (Figure 5H) and identified six genes: RRAGA, ISG15, BRAT1,
DAPK3, TRADD, and MARCKS.

3.6 | YTHDF2 facilitates DAPK3 mRNA
degradation in an m6A-dependent manner

Based on the above results, apoptosis and the p53 signaling path-
way showed strong correlations with the expression levels of
YTHDF2 in GBC (Figures 1B and 5C,D). Therefore, we selected
the death-related genes, RRAGA, TRADD, and DAPK3, from the six
candidate genes for further analysis and validation in NOZ cells.
The RT-gPCR results indicated that the mRNA level of DAPKS3,
but not that of RRAGA or TRADD, was inversely correlated with
YTHDF2 expression stably (Figure 6A). Western blot analysis
also confirmed the regulatory relationship between DAPK3 and
YTHDF2, with an increase in DAPK3 protein levels following
YTHDF2 knockdown and a decrease following YTHDF2 overex-
pression (Figure 6B). We further validated the inverse association
between the expression levels of YTHDF2 and DAPKS3 in GBC-
SD cells by RT-gPCR and western blotting (Figure S4A,B). Sub-
sequently, we sought to analyze the binding site of YTHDF2 on
DAPK3 mRNA and performed Integrative Genomics Viewer (IGV)
analysis and observed that the m6A peaks were significantly en-
riched in the 3’-UTR region of DAPK3 mRNAs, both in NOZ cells
and GBC-SD cells (Figures 6C and S4C). The binding relationship
between DAPK3 and YTHDF2 was also confirmed in GBC-SD cells
by RIP-qPCR (Figure 4D).

Thereafter, we undertook Act-D assays to evaluate the effect
of YTHDF2 on DAPK3 mRNA stability. As expected, decelerated
mRNA decay of DAPK3 following YTHDF2 knockdown was ob-
served in NOZ cells (Figure 6D) and GBC-SD cells (Figure S4E). To
verify the binding of YTHDF2 on the m6A site of DAPK3 in the
3’-UTR region, a dual-luciferase reporter system was constructed.
A WT DAPK3-3-UTR sequence and a Mut counterpart were de-
signed and inserted into the reporter vectors (Figure 6E). The lu-
ciferase activity of Fluc/Rluc was significantly increased following
YTHDF2 knockdown in the WT group, whereas no significant dif-
ference was observed in the Mut group (Figures 6F and S4F). In
addition, the interaction between YTHDF2 and CNOT1 in NOZ
and GBC-SD cells was confirmed by co-IP and western blotting
(Figures 6G and S4G).

FIGURE 5 Identification of the YTHDF2 downstream target by multi-omics analysis. (A) Transcriptome analysis was undertaken using
DESeqg2 between NOZ with stable YTHDF2 knockdown and control. Volcano plot of differentially expressed genes, with adjusted p <0.05
and |log, fold change|>0.5. (B) Heatmap showing the normalized expression values of the genes screened as described in (A). (C) Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes with YTHDF2 knockdown. (D) Gene Set Enrichment
Analysis showing the biological process and pathway enriched following YTHDF2 knockdown. Results are shown as ridge maps. GO,

Gene Ontology. (E) Distribution and percentages of N6-methyladenosine (m6A) modification peaks on different regions of RNAs in NOZ
cells. (F) Motif analysis revealing the consensus sequence with enriched mé6A modifications in NOZ cells. (G) Plot of enriched genes in the
RNA immunoprecipitation analysis (RIP-seq) following RNA sequencing in NOZ cells. (H) Venn diagram of the overlap of significant genes
among the results of the RNA sequencing, mé6A-modified (Me)RIP-seq, and RIP-seq. An intersection of 13 genes was obtained, including 7

downregulated and 6 upregulated genes.
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Subsequently, we assessed apoptosis marker proteins to confirm
that the classical apoptotic pathway was induced by the YTHDF2-
DAPKS3 axis. We found that YTHDF2 knockdown increased the
levels of cleaved caspase 3 and 9 in NOZ and GBC-SD cells, which
were rescued by siDAPK3 (Figures 6H and S4H). In addition, we

(A NOZ shYTHDF2 vs. NOZ shControl ©

ECM-receptor
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undertook a series of rescue experiments to confirm that the onco-
genic effect of YTHDF2 was mediated through its pro-degradation
effects on DAPK3. As expected, siDAPK3 rescued the effects of
YTHDF2 knockdown on the proliferation, migration, invasion, and
apoptosis of GBC cells (Figures 61-K and S41-K).
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3.7 | Deficiency of YTHDF2 increases the
sensitivity of GBC to gemcitabine through DAPK3

As a tumor-suppressing kinase, DAPK3 has also been reported to
increase tumor sensitivity to chemotherapy due to enhanced cel-
lular aggregation and cell-to-cell adherence.?%?” Therefore, we in-
vestigated whether YTHDF2 affects chemosensitivity of GBC to
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gemcitabine by regulating the expression of DAPK3. Cell viability

assays indicated that YTHDF2 knockdown enhanced the sensitiv-

ity of NOZ and GBC-SD cells to gemcitabine. Furthermore, DAPK3

knockdown blocked the chemosensitivity-enhancing effects medi-
ated by YTHDF2 knockdown following treatment with gemcitabine,
as indicated by the IC, values in Figure 7A. Unexpectedly, YTHDF2
knockdown also enhanced the apoptosis of cells under treatment
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FIGURE 6 YTHDF2 promotes the degradation of DAPK3 mRNA in an Né-methyladenosine (m6éA)-dependent manner. (A) Relative

RNA level validation of the regulatory relationship between YTHDF2 and three candidate genes (RRAGA, TRADD, and DAPK3)

by real-time quantitative PCR. (B) Western blotting was used to validate the changes in DAPKS3 protein levels following YTHDF2

alteration. (C) Integrative Genomics Viewer (IGV) plots showing the méA binding site on DAPK3 mRNA based on méA-modified RNA
immunoprecipitation analysis (MeRIP-seq). Top: IP sample of MeRIP-seq; bottom: input sample of MeRIP-seq. (D) DAPK3 mRNA decay
assay was conducted following treatment with actinomycin D in NOZ-shControl and NOZ-shY THDF2 cells. (E) Construct details of the
dual-luciferase reporter assays. (F) Dual-luciferase reporter assays were carried out in peak-WT and -mutant (Mut) GP-miRGLO in NOZ cells
with stable YTHDF2 knockdown and the control. Relative activity levels of firefly luciferase to Renilla luciferase were normalized to the
empty pmirGLO vector. (G) Immunoblot analysis of CNOT1 that coimmunoprecipitated with YTHDF2 from lysates of NOZ cells. (H) Western
blotting of YTHDF2 knockdown and siDAPKS3 rescue assays and downstream cell death-related proteins. (I) Migration and invasion rescue
assays after DAPK3 knockdown in shYTHDF2 NOZ cells. (J) Apoptosis rescue assays after DAPK3 knockdown in shYTHDF2 NOZ cells.

(K) Proliferation rescue assays after DAPK3 knockdown in shYTHDF2 NOZ cells. ANOVA and Tukey's multiple comparison tests were used
to compare between groups. *p<0.05, **p<0.01, ***p<0.001. APC, allophycocyanin; ns, no significance.

with gemcitabine, which could be rescued by DAPK3 knockdown
both in NOZ and GBC cells(Figure 7B). Notably, the in vivo results
were consistent with those observed in vitro (Figures 7C-E and S5).
The above results clearly illustrated the impact of the YTHDF2-
DAPKS axis on the chemosensitivity of GBC cells to gemcitabine.

4 | DISCUSSION

In this study, we identified the oncogenic role of YTHDF2 in GBC
for the first time, showing that YTHDF2 promotes the malignant be-
havior of GBC by increasing the degradation of DAPK3 mRNA in an
m6éA-dependent manner. Importantly, we found that the YTHDF2-
DAPKS axis plays an essential role in resistance to gemcitabine in
GBC (Figure 8).

The global abundance and characteristic expression patterns
of m6A methylation was usually reported as dysregulated in mul-
tiple tumors and plays roles in tumor development by controlling
the RNA metabolism of oncogenes and tumor suppressor genes.
Various reader proteins mediate the different fates of downstream
RNAs by recognizing mé6A-modified sites and the surrounding spe-
cific sequences. The best-characterized méA readers are the YTH
domain family proteins, including YTHDF1, YTHDF2, YTHDF3,
YTHDC1, and YTHDC2, which contain a common C-terminal domain
(YTH) that recognizes and binds m6A sites on RNAs.' The different
functions are determined by their N-terminal domains, which recruit
different effector complexes. For example, YTHDF1 facilitates cap-
dependent translation by interacting with the initiation factor, elF3,
to form a loop with elF4G.?8?? Classically, YTHDF2 recognizes the
3’-UTR méA site and initiates RNA deadenylation and decay by co-
operating with the CCR4-NOT complex.!” As the most efficient m6A
“reader,” YTHDF2 have been reported to enhance the degradation
of cyclin-dependent kinase inhibitor 1B (CDKN1B) mRNA, which
influences the chemoresistance to cisplatin and promotes intrahe-
patic cholangiocarcinoma progression.?® Li et al.}’ reported that
YTHDF2 plays a role in tumor progression through the degradation
of the tumor suppressors LHPP and NKX3-1. Moreover, YTHDF2
is upregulated and functions as an oncogene in lung cancer, myelo-
cytic leukemia, gastric cancer, and hepatocellular carcinoma. In con-
trast, the tumor suppressor roles of YTHDF2 have been reported

in melanoma and osteosarcoma.®%2! However, the role and definite
molecular mechanism of YTHDF2 in the tumorigenesis and progres-
sion of GBC remain unclear.

In the present study, sequencing analysis of clinical samples
identified YTHDF2 as the most distinctly upregulated méA-related
gene in GBC, relative to the other méA-associated genes, suggesting
its potential oncogenic role in GBC development. Consistent with
our data, YTHDF2 expression was also observed to be elevated
across a wide range of other cancer types, according to the TIMER
database.?®*? Subsequently, we showed that YTHDF2 promoted
the proliferation, migration, and invasion abilities and inhibited the
apoptosis of NOZ and GBC-SD cells, both in vitro and in vivo.

Using a multi-omics strategy integrating MeRIP-seq, anti-
YTHDF2 RIP-seq, and mRNA-seq, we identified the target mé6A-
modified mRNAs that are regulated by YTHDF2 by their direct
binding. Notably, our KEGG analysis or GSEA revealed that the DEGs
between tumor and adjacent tissues and between shYTHDF2 and
control cells were enriched in apoptosis and p53 pathway-associated
gene signatures. This result suggests that cell death is a major biolog-
ical process associated with the differential expression of YTHDF2.
We then confirmed DAPK3 as a direct downstream target of
YTHDF2. In the dual-luciferase assay, we fused the DAPK3 3'-UTR
region containing the GGACU motif to a luciferase reporter. The
knockdown of YTHDF2 significantly improved the relative lucifer-
ase activity (Fluc/Rluc ratio) compared to the control. However, this
disparity in the luciferase activity was reversed by a mutation in the
GGACU motif. These results indicate that YTHDF2 exerts its regula-
tory effect on DAPKS through specific recognition and degradation
in an mé6A-dependent manner. Furthermore, the YTHDF2-CNOT1
interaction was validated by co-IP, which suggests a deadenylation-
dependent decapping pathway.'’

DAPKS, also called Zipper interacting protein kinase (ZIPK), be-
longs to a death-associated protein (DAP) kinase family. DAPK3 has
been implicated as a tumor suppressor, and low DAPK3 expression
levels have been correlated with short survival times in many can-
cer types, such as gastric cancer®® and non-small-cell lung cancer.3*
Previous studies have revealed that DAPK3 is involved in the reg-
ulation of cell death, mitosis, proliferation, motility, and adherence
to mediate its tumor-inhibitory function.?¢%> As a Ca?*/calmodulin-
regulated serine/threonine kinase, DAPK3 predominately promotes
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FIGURE 7 Loss of YTHDF2 enhances antitumor effect of gemcitabine for gallbladder cancer (GBC) by regulating DAPK3 mRNA decay.
(A) Cell viability was determined using CCK-8 assays for NOZ and GBC-SD cells treated with gemcitabine at the indicated dosages. (B) The
apoptosis rates of GBC cells were measured by flow cytometric analysis after exposure to 10 uM gemcitabine for 72h. Comparisons
between groups were carried out by Student's t-test, one-way ANOVA, and post-hoc tests. (C-E) Xenograft tumors were collected from
BALB/c nude mice treated with gemcitabine. Weights and volumes of the xenografts in different groups were measured and compared

by Student's t-test, ANOVA, and post-hoc tests. ***p <0.001. PI, propidium iodide; APC, allophycocyanin; KD, knockdown; NC, negative
control; ns, no significance.
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FIGURE 8 Schematic illustration of gallbladder cancer
(GBC) progression induced by the YTHDF2-DAPK3 axis.
m6A, N6-methyladenosine.

cell death through caspase-dependent signaling with extensive
membrane blebbing and inhibits tumor cell growth. This evidence
could well support our finding that the levels of cleaved caspases 9
and 3 were altered by DAPKS3, which is also consistent with studies
on prostate and lung cancers.%¢%8 |n addition, Li et al. have reported
that DAPKS3 suppresses the progression of gastric cancer by activat-
ing autophagy in tumor cells.%® Through the posttranslational mod-
ification of STING, DAPKS also activates the STING-IFN-p pathway
and enhances antitumor innate immunity and immune surveillance.%’
Furthermore, DAPK3 promotes the migration and invasion of non-
small-cell lung carcinoma cells, which are modulated by Vir-Like
m6A methyltransferase associated (VIRMA).2¢ DAPK3 downregula-
tion reportedly showed significant correlation with tumor invasion
and poor metastatic prognosis in 162 gastric cancer cases.® Con-
sistently, we also found that the inhibition of DAPK3 reversed the
tumor-suppressive effects induced by YTHDF2 knockdown. Never-
theless, the specific molecular mechanisms underlying the effects of
DAPKS3 on tumor invasion and metastasis are not completely under-
stood and require further investigation.

Increasing evidence has emphasized the role of méA in che-
motherapy resistance.?>%® For instance, the METTL3-EGFR axis
enhances resistance to lenvatinib in hepatocellular carcinoma.** In
ovarian cancer, Nicotinamide N-methyltransferase (NNMT) mRNA
is demethylated and upregulated by Fat mass and obesity-associated
protein (FTO), thereby increasing sensitivity to platinum.*? Dysreg-
ulation of m6A also contributes to the development of gemcitabine
resistance.*> Moreover, the effect of DAPK3 on chemotherapy
resistance has been well established in previous studies, which in-
duces the loss of cell-to-cell adhesion, thereby conferring more

sensitivity to chemotherapy.?®?” Consistent with this evidence, we

observed that YTHDF2 mediated resistance to gemcitabine in GBC
cells through DAPK3. Notably, pathways and biological functions
relevant to cell-to-cell adhesion and the activation of DAPK3 were
also significantly enriched based on our GBC data analysis.

In summary, our study reveals the essential role of YTHDF2 in
GBC. YTHDF2 increases DAPK3 mRNA degradation in an méA-
dependent manner, which promotes GBC progression and reduces
its response to gemcitabine. These findings highlight an méA-
dependent mechanism of GBC progression and provide new insights

into the development of effective therapeutic approaches.
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