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Abstract

Lung adenocarcinoma (LUAD) remains a leading cause of cancer-related deaths worldwide. YTHDF2 is a reader of N°-
methyladenosine (m°A) on RNA and plays a critical role in the initiation and propagation of myeloid leukemia;
however, whether YTHDF2 controls the development of LUAD remains to be explored. Here, we found that YTHDF2
was significantly upregulated in LUAD compared with paracancerous normal tissues, and YTHDF2 knockdown
drastically inhibited, while its overexpression promoted, cell growth, colony formation and migration of LUAD cells
in vitro. In addition, YTHDF2 knockdown significantly inhibited tumorigenesis in a murine tumor xenograft model.
Through the integrative analysis of RNA-seq, m°A-seq, CLIP-seq, and RIP-seq datasets, we identified a set of potential
direct targets of YTHDF2 in LUAD, among which we confirmed AXINT, which encodes a negative regulator of the Wnt/
[-catenin signaling, as a direct target of YTHDF2. YTHDF2 promoted AXINT mRNA decay and subsequently activated
the Wnt/-catenin signaling. Knockout of AXINT sufficiently rescued the inhibitory effect of YTHDF2 depletion on lung
cancer cell proliferation, colony-formation, and migration. These results revealed YTHDF2 to be a contributor of LUAD

therapeutic target for LUAD.

development acting through the upregulation of the AXIN1/Wnt/f3-catenin signaling, which can be a potential

Introduction

Lung cancer is the leading cause of cancer-related
mortality globally’. Lung adenocarcinoma (LUAD)
represents the most common subtype, accounting for
~40%, of lung cancer. LUAD patients are generally diag-
nosed late in the course of the disease®. Despite of the
advancement of molecular diagnostics, targeted therapies
and immunotherapies, the average 5-year survival rate of
LUAD remains as low as 15%*. Therefore, understanding
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the molecular mechanism of the initiation and progres-
sion of LUAD is essential for developing future diagnostic
and therapeutic strategies.

Epigenetic modifications are deeply involved in oncol-
ogy. The N6-methyladenosine (m6A) modification of
RNA is a reversible and dynamic epigenetic event other
than DNA and histone modifications®™’. m6A is mostly
found on mRNA in eukaryotic cells, but also exists on
IncRNA, circRNA, microRNA, tRNA, rRNA, and
snoRNA. N6-methylation is usually found in the adeno-
sine embedded in the consensus sequence RRm6ACH,
especially near the stop codon of mRNA transcripts.
mRNA destiny and functions, such as alternative poly-
adenylation and pre-mRNA splicing, mRNA stability,
decay, localization, transport, and translation, are regu-
lated by proteins that catalyze the formation, removal, and
reading of m6A®™"". The functions of these proteins in
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cancer are not completely understood. METTL3 and
METL14, two m6A methyltransferases, exert completely
opposite effects on the migration of hepatocellular carci-
noma'*'®, METTL3 facilitates cell growth, survival and
invasion in gastric cancer, but plays an antioncogene role
and is a favorable prognostic factor in colorectal cancer'*™*°,
YTH N6-methyladenosine RNA binding protein 2
(YTHDEF?2) is a member of the YTH domain family17’18. It
has been reported that YTHDF2 recognizes dynamic m6A
modification to influence the translation status and life-
span of mRNA®*'?. By contrast, Sheng demonstrated that
YTHDEF2 directly binds to the m6A modification site of
the three prime untranslated region (3/-UTR) of 6-
phosphogluconate dehydrogenase (6PGD) to promote
6PGD mRNA translation, but does not cause transcrip-
tion degradation®. YTHDF2 promoted tumorigenesis of
acute myeloid leukemia (AML) through recognizing m6A
on, and promoting degradation of, TNFR2 mRNA,
resulting in reduced sensitivity of AML Cells to TNF*',
YTHDF2 inhibits cell growth and proliferation by
destroying the EGFR mRNA in hepatocellular carcinoma,
but promotes cell growth by promoting 6-
phosphogluconate dehydrogenase mRNA translation in
lung cancer”>?*, Therefore, YTHDF2 may exert different
effects on different cancers by targeting mRNA transcripts
of different genes, and further elucidation of the role of
YTHDEF?2 and its new targets in the development of LUAD
is needed.

In our present study, we showed that YTHDF2
expression was abnormally up-regulated in LUAD, and
that YTHDF2 was crucial for lung cancer cell tumor-
igenesis and metastasis. We also identified a new target of
YTHDF2, AXIN1, which is a negative regulator of Wnt/
B-catenin pathway. Knockdown of YTHDF2 promoted
expression of AXINI, leading to the inhibition of the
Wnt/B-catenin pathway. In summary, our data revealed
YTHDEF2-catenin AXIN1-Wnt/B-catenin to be a new
pathway favoring LUAD tumorigenesis and metastasis,
which can be targeted for the treatment LUAD.

Results
YTHDF2 was highly expressed in lung adenocarcinoma
We analyzed The Cancer Genome Atlas (TCGA) and
CHOICE datasets of Chinese patients with NSCLC to
evaluate the expression profiles of m6A “write”, “eraser”,
and “reader” genes (WERs) in LUAD?. The results
showed that in both datasets, the mRNA expression levels
of METTL3, VIRMA, RBM15, RBM15B, HNRNPA2B1,
HNRNPC, EIF3A, YTHDF1, and YTHDEF2 were sig-
nificantly increased, and FTO in LUAD was significantly
decreased compared with adjacent normal tissue. Inter-
estingly, YTHDC1 and YTHDC2 showed opposite trends
in TCGA and CHOICE; whereas, the other WERs showed
no significant difference in both or one of the databases
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(Fig. 1la and Fig. sla). In general, YTHDF2 was highly
expressed in most human cancers from TCGA pan-
cancer database; whereas, its mRNA expression in KICH,
KIRP, PCPG, THCA, and THYM was notably lower than
that in adjacent normal tissue (Fig. s1b). The clinical
characteristics of the TCGA and CHOICE samples were
summarized in Additional file 1: Tables S1 and S2. The
differences in the expression profiles of YTHDEF2
prompted us to investigate its functional characteristics
and clinical outcomes in LUAD. Then, we analyzed the
expression of YTHDF2 in LUAD based on five GEO
datasets (GSE31210, GSE31908, GSE7670, GSE10072, and
GSE27262), and found that YTHDF2 in LUAD was
upregulated compared with that in normal lung epithe-
lium cells (Fig. 1b)**™*’. We detected the expression of
YTHDE2 protein in eight LUAD and paired adjacent
normal lung tissues through western blot analysis to
further validate the expression level of YTHDF2. The
results revealed that YTHDEF2 protein expression level in
LUAD tissue was higher than that in adjacent tissue
(Fig. 1c).

The further analysis of TCGA survival data revealed
that higher YTHDF2 expression was not correlated with
better overall survival (Fig. 1d). We then analyzed the
association between YTHDEF2 expression and LUAD
prognosis in GEO datasets. In line with previous findings
from the TCGA database, our results further verified that
higher YTHDF2 expression did not indicate improved
overall survival in patients with LUAD (Fig. slc). Taken
together, these data suggested that the YTHDF2 mRNA
was not a prognostic marker of the overall survival of
patients with LUAD, but the higher YTHDEF?2 protein level
was closely associated with LUAD.

YTHDF2 levels regulated LUAD cell proliferation and
viability in vitro and in vivo

Gain-of-function and loss-of-function studies were
performed to investigate the pathological role of YTHDEF2
in LUAD. As shown in Fig. 2a, the endogenous expression
of YTHDF2 was efficiently knocked down by two inde-
pendent shRNAs (shYTHDF2-1 and shYTHDF2-2) in
A549 and H1792 LUAD cells. The knockdown of
YTHDEF?2 significantly suppressed the growth/prolifera-
tion of A549 and H1792 cells as determined via trypan
blue live cell count assays (Fig. 2b). However, YTHDF2
overexpression via lentiviral transduction significantly
enhanced the growth/proliferation of A549 and H1792
cells (Fig. 2c¢, d). Similarly, colony formation assays
revealed that clonogenic capacity was remarkably inhib-
ited by the knockdown of YTHDF2 (Fig. 2¢); whereas, the
overexpression of YTHDF2 exerted opposite effect on
A549 and H1792 cells (Fig. 2f).

A human subcutaneous tumor xenograft model was
established to evaluate the role of YTHDF2
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Fig. 1 YTHDF2 was highly expressed in LUAD. a Heat map profiling the expression of m6A WERs in TCGA (left) and CHOICE (right) databases of
LUAD. b Relative RNA levels of YTHDF2 in LUAD tissue and normal lung tissue in TCGA, CHOICE, and GEO datasets. ¢ Immunoblotting assay of
YTHDF2 expression in eight paired LUAD primary tumor samples. 3-actin was used as a loading control. d) Kaplan-Meier analysis of LUAD cancer in
TCGA for the correlations between YTHDF2 expression and overall survival.

attenuation in LUAD tumorigenicity in vivo. First,
YTHDF2-deficient shYTHDF2-A549 lung cancer cells
and control cells were subcutaneously injected into the
bilateral axilla of six nude mice per group. After
32 days, the mice were sacrificed and isolated the
tumors. YTHDF2-knocdown A549 cells grew sub-
stantially slower than mock A549 cells, and the average
tumor volume and weight of YTHDF2-knocdown
A549 cells were markedly smaller compared with
mock A549 cells (Fig. 2g—i). Collectively, these results
demonstrated that YTHDF2 was essential for LUAD
cell growth.
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YTHDF2 regulated the metastatic capacity of lung
adenocarcinoma cells

Next, we investigated the effect of YTHDF2 on the
aggressive capacities of LUAD in vitro. Our results
showed that the ectopic overexpression of YTHDF2 in
A549 and H1792 cells markedly enhanced cell migration
capabilities as evidenced by wound healing and Transwell
assays (Fig. 3a, b). By contrast, the knockdown of
YTHDF2 in A549 and H1792 cells substantially reduced
cell migratory speed and invasive capacities (Fig. 3c, d).
These results indicated a critical role of YTHDF2 in
promoting LUAD metastasis.
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0.05, **P < 0.01, and ***P < 0.001 compared with control cells.

Fig. 2 YTHDF2 regulated LUAD cell proliferation and viability in vitro and vivo. a Western blot analysis of YTHDF2 expression in A549 and

H1792 cells infected with two independent shRNAs targeting YTHDF2 or a control shRNA. b Trypan blue live cell count assays were performed to
determine cell growth after YTHDF2 knockdown in A549 and H1792 cells. ¢ Western blot analysis for YTHDF2 expression in A549 and H1792 cells that
were lentivirally infected with YTHDF2 or a control vector. d Trypan blue live cell count assays were performed to determine cell growth after YTHDF2
was over-expressed in A549 and H1792 cells. e Colony formation assays of A549 and H1792 cells described in a. f Colony formation assays of A549
and H1792 cells described in c. A549 cells with empty vector or YTHDF2 knockdown vectors were subcutaneously injected into nude mice. h Tumor
size was measured every 3 days, and growth curves were plotted. Tumors were dissected from nude mice of each group and photographed at

32 days after transplantation, and the size and weight of tumors were measured (g, i). All data and error bars are presented as the mean =+ SDs. *P <

To confirm that the observed defects resulted from loss
of YTHDF2, we performed rescue experiments. Re-
expression of YTHDF2 in YTHDF2-deficient A549 and
H1792 cells substantially enhanced the growth/prolifera-
tion, restored clonogenic capacity, and migration cap-
abilities of A549 and H1792 cells (Fig. S2a—c).

Search of potential targets of YTHDF2 through
transcriptome-wide m6A-Seq and RNA-Seq assays

Transcriptome-wide m6A-Seq and RNA-Seq assays
were then performed to further understand the mechan-
ism by which YTHDEF2 influenced LUAD function. The
knockdown of YTHDF2 resulted in deregulated gene
expression with 126 upregulated and 291 downregulated
genes in A549 cells (Supplementary Table S3). KEGG
analysis indicated that the significantly altered pathways
were MAPK signaling pathway and Wnt signaling path-
way, and genes associated with focal adhesion and ABC
transporters. Gene Ontology analysis revealed that dif-
ferentially expressed genes were related to cell matrix
adhesion, angiogenesis, cell adhesion, cell differentiation,
proliferation, and migration. Moreover, gene set enrich-
ment analysis (GSEA) revealed that the genes altered by
YTHDF2 knockdown were associated with cell cycle, stem
cell, cell migration, and the Wnt signaling pathway
(Fig. 4a—c and Supplementary Fig. s3a), thus providing
evidence for critical roles of YTHDF2 in tumorigenesis
and the metastasis of LUAD cells.

Next, we mapped the m6A methylomes of shCtrl and
shYTHDF2-2 A549 cells by m6A-seq. We identified
11,307 m6A peaks out of 6275 genes in shCtrl A549 cells
and 10,994 m6A peaks out of 6038 genes in shYTHDF2-2
A549 cells. These m6A modifications were preferentially
located in protein-coding transcripts (48.2% in shNC and
44.6% in shY2-2) and enriched near the stop codons and
3/-UTRs (22.6% in shNC and 23.7% in shY2-2) (Fig. 4d, e).
Consistent with other m6A-seq results, we found that
m6A peaks were abundant in the mRNA open reading
frame, around the stop codons and 3’-UTRs (Fig. 4f). We
refered to the PAR-CLIP and RIP-seq results reported by
Wang et al. to further explore YTHDEF2 targets in
LUAD?*, Interestingly, the data from RNA-seq, m6A-seq,
PAR-CLIP, and RIP-seq revealed 678 overlapping genes
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bound by YTHDF2 which were tagged with m6A. In
addition, functional annotation showed that these 678
genes were generally involved in the Wnt signaling
pathway (Fig. s3b, ¢ and Table S4).

Given that the Wnt/B-catenin signaling pathway is
related to cancer cell proliferation and migration, we
hypothesized that the deprivation of the m6A methylation
reader YTHDF2 might inhibit tumor growth and migra-
tion via the inactivation of the Wnt/p-catenin signaling
pathway. Hence, the Wnt/B-catenin signaling pathway
was selected for further research.

AXINT mRNA was the target of YTHDF2

Given that YTHDF2 promotes mRNA degradation by
targeting m6A-modified mRNAs to processing bodies in
the cytoplasm, identifying the key factor that inactivates
the Wnt/p-catenin signaling pathway was important.
Among the 678 tagged genes, AXIN1, which encodes a
cytoplasmic protein that functions as a negative regulator
of Wnt/B-catenin signaling pathway, was selected for
systematic study. The m6A levels of AXIN1 were sig-
nificantly increased in YTHDF2-knockdown cells (Fig.
5a). Then, the transcription and translation of AXIN1
upon YTHDF2 knockdown were assessed. As expected,
Knockdown of YTHDF2 increased the mRNA and protein
levels of AXIN1 in A549 and H1792 lung cancer cells;
whereas, the overexpression of YTHDF2 decreased the
protein AXIN1 in A549 and H1792 cells (Fig. 5b, g, h).
We further examined the m6A modification status of
AXINI mRNA through the gene-specific m6A assay, and
found a significant enrichment of m6A in AXIN1 mRNA
(Fig. 5c). Besides, RIP-qPCR confirmed the interaction
between YTHDF2 and AXIN1 mRNA in A549 cells (Fig.
5d). Provided that YTHDF2 targets tend to have short
half-lives, we performed mRNA stability profiling on
YTHDF2-knockdown and control A549 cells. The median
half-life of AXIN1 was significantly extended in YTHDF2-
silenced cells relative to that in control cells (Fig. 5e).

We then detected the mRNA expression of FNI,
MMP2, MMP7, and CD44, direct target genes of the
Wnt/B-catenin signaling pathway, to verify whether
AXIN1/Wnt/B-catenin  pathway was involved in
YTHDEF2-silencing mediated progression of LUAD.
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CLIP+IP

showed that YTHDF2 knockdown decreased the expres-
sion of these genes in A549 and H1792 cells; whereas,
YTHDF2 overexpression increased the expression of
these proteins in A549 and H1792 cells (Fig. 5g, h).
Simultaneously, overexpression of YTHDEF?2 recovered the

The knockdown of YTHDF2 decreased the expression of
these genes in A549 and H1792 cells (Fig. 5f). Meanwhile,
we tested the protein expression of c-jun, c-Myc, and
B-catenin in the presence and absence of YTHDF2
knockdown through western blot analysis. The results

Official journal of the Cell Death Differentiation Association



Li et al. Cell Death and Disease (2021)12:479 Page 8 of 14

5 b
a i S S B B A549 wre2  © ANt
gllp Ith oo A Mo z 2" ]
- w 2. $
@ nput AL 1 1 \ (VY 3 3 £,
> H 315 2
Qe il o W (" < s, g
| m 4
< 'Input ” i “ [ k k g 205 é
7] 0.0
AXIN1 o & 19G  m6A
d e f
AXIN1:shYTHDF2
4 AXIN1 l1e. A549 H1792
gs .%00-8 ' i, R? :yBI.Og-;‘gaszx _ 51 mmsnC = shvTHDR22 - "] manc  mm snvTHDR22
§ .80.6 8 y=10-0.0035% E E
é 2 g yzlo-(Jot)A%Q"-.:’R-z’: 0.9801 é 10 g ’
5 =0.4 g2-0.967 8 e E
E 1 20 2 .s:NC 1},2:6;54511i{1 Y 205 g0
. ®shy2-1 £;,=86.0min . T
0 = shy2-2 1,,~94.1min [4 «
1gG  FLAG 0 .0
0 50 100 150 N1 MMP2  MMP?  CD44 FN1  MMP2  MMP7  CD44
Time(min)
g A549 H1792 h
A N v
o O Y %CJ Y
S &S F 5
— 70
c-Myc o0 e » - - c-Myc
. —— n ~100
B-Catenin (D GHED swes =S S B-Catenin
AXINI TS =R o AXINI
B-actin =~ —— —— A G - 40 B-actin
Fig. 5 AXIN1/Wnt/B-catenin signaling was targeted by YTHDF2. a Distribution of m6A peaks across AXINT transcripts in control and YTHDF2-
deficient cells. b gPCR analysis of AXINT mRNA expression in A549 and H1792 with or without YTHDF2 knockdown. Samples were normalized to
B-actin mMRNA. ¢ Enrichment of m6A modification in AXINT as detected by a gene-specific m6A gPCR assay. d RIP-gPCR showing the association of
AXINT with FLAG-tagged YTHDF2 in A549 cells. e Increased AXINT mRNA half-life by silencing YTHDF2 in A549 cells. Values were the mean + S.D. of
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protein levels of PB-catenin, c-Jun, and c-Myc to varying  whether AXIN1 was a vital contributor to the function of
degrees which were decreased by YTHDF2 silencing (Fig. YTHDEF2 in LUAD tumorigenesis and metastasis. Stable
S2d). Taken together, these results demonstrated that the ~ A549 cells with YTHDF2-silengcing vectors and/or
knockdown of YTHDEF?2 inhibited Wnt/B-catenin signal- AXIN1 knockdown were thus established (Fig. 6a). As
ing and its downstream targets by upregulating anticipated, the knockdown of AXIN1 expression abro-
AXINImRNA, thereby preventing the progression of gated the inhibition of proliferation caused by the
malignant lung cancer cells. knockdown of YTHDF2. Additionally, the colony forma-
tion assay provided similar results. Specifically, this assay

Knockdown of AXIN1 rescues the tumor suppressive effect  showed that AXIN1 knockdown almost completely
of YTHDF2 silencing in LUAD cells recovered the colonogenic capabilities of A549 cells that
We first determined whether AXIN1 knockdown could  were hampered by the knockdown of YTHDF2 (Fig. 6b, c).
reverse the effects of YTHDF2 silencing to ascertain, Likewise, the migration assay showed that AXINI1

Official journal of the Cell Death Differentiation Association
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Fig. 6 AXIN1 was critical to YTHDF2-promoted Wnt/B-catenin signaling. a Immunoblotting of lysates from A549 cells transfected with shNC,
shYTHDF2#2, shYTHDF2#2, and/or shAXIN1-1 or shAXIN1-2. Expression levels of YTHDF2 and AXINT were measured. -actin was used as a loading
control. b Live cell count, ¢ colony formation, d migration, and e immunoblotting of AXIN1/Wnt/B-catenin downstream targets in cells described in
a. f Immunoblotting of lysates from A549 cells transfected with shCtrl, YTHDF2, AXIN1, YTHDF2, and/AXIN1 vector. Expression levels of YTHDF2 and
AXINT were measured. 3-actin was used as a loading control. g Live cell count, h colony formation, i migration, and j immunoblotting of AXIN1/Wnt/

B-catenin downstream targets in cells described in f.
L
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Fig. 7 YTHDF2 high expressed promoted progression and metastasis of lung cancer cells via AXIN1/Wnt/B-catenin signalling. YTHDF2
facilitated the decay of AXINT m6A mRNA and results in the dereased AXINTprotein level.The decreased AXINT promote the activity of Wnt/B-catenin

Progression of lung cancer

Progression of lung cancer

deficiency largely abrogated the inhibitory effects of
YTHDEF2 knockdown on these malignant behaviors in
LUAD (Fig. 6d). Furthermore, AXIN1 knockdown
recovered the protein levels of B-catenin decreased by
YTHDEF2 silencing, and c-Myc and c-Jun were also
recovered to varying degrees (Fig. 6e). Conversely, the
forced expression of AXIN1 partially abolished the
oncogenic phenotypes and Wnt/B-catenin signaling acti-
vation induced by YTHDEF2 overexpression in A549 cells.
These results indicated that the cell proliferation, clone
formation, and metastasis caused by the overexpression of
YTHDF2 were inhibited, and the increased expression
levels of B-catenin, c-Jun, and c-Myc proteins caused by
the overexpression of YTHDF2 also decreased (Fig. 6fj).
Taken together, these results suggested that YTHDF2
knockdown inhibited LUAD cancer tumorigenesis and
metastasis by increasing AXIN1 expression and suppres-
sing Wnt/p-catenin signaling (Fig. 7).

Discussion

The disorder of m6A modification on RNA is closely
related to the occurrence and development of various
cancers. Some studies also reported that the m6A
methyltransferases (writers), demethylases (erasers), and
readers can either enhance or suppress tumorigenesis in
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different cancers®. Although a previous study from a
metabolic perspective showed that YTHDF2 deficiency
suppresses lung cancer growth through 6PGD inhibi-
tion”’, the molecular mechanisms of YTHDF2 in lung
adenocarcinoma proliferation and metastasis remain lar-
gely unclear. In this study, we found that the YTHDF2
gene was frequently upregulated in LUAD in TCGA,
CHOICE, and GEO cohorts. In addition, the expression of
YTHDEF2 is also increased in many different cancers,
suggesting that YTHDF2 might be an important onco-
gene. Notably, analyzing TCGA survival data revealed that
high YTHDF2 expression had no association with overall
survival, indicating that the mRNA expression of
YTHDF2 was not a prognostic marker for overall survival
in patients with LUAD. However, further studies are
needed to determine whether changes in YTHDF2 pro-
tein levels are related to prognosis. In this study, we
demonstrated that YTHDF2 was vital for the proliferation
and metastasis of the LUAD cell lines A549 and H1792
in vitro and/or in vivo. Taken together, our data indicated
that YTHDEF2 acts as a tumor promoter in LUAD.

We adopted a multiomics screening strategy by com-
bining m6A-seq, RNA-seq, and the published data of RIP-
seq and CLIP-seq to dissect the mechanisms of YTHDF2
in LUAD. We first analyzed the m6A methyl body in
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LUAD cells and screened the potential targets of
YTHDEF2. Consistent with published results, our m6A-seq
results showed that YTHDF2-binding sites were dis-
tributed in coding and untranslated regions, and YTHDF2
preferentially bonded to the sites that were enriched near
the stop codon and 3’ UTR. In order to find specific
targets effectively, we overlapped the RNA-seq and m6A-
seq results with previously published CLIP and RIP-seq
genes, and the result showed that 678 genes bound by
YTHDF2 were marked with m6A, and the functional
annotation showed these potential direct target genes
participated in the Wnt signaling pathway.

The Wnt/p-catenin pathway is a highly conserved
pathway, and its abnormal activation promotes the pro-
gression of a variety of cancers by faciliated cell growth
and metastasis. In addition, it also promotes the occur-
rence of tumor cell stemness®>*'. More and more evi-
dences support the epigenetic regulation of Wnt/
[B-catenin signaling in cancer, although the effect of
mRNA modification remains inadequately studied. The
relationship between RNA modification and tumor-
related pathways, including the Wnt signaling pathway,
has only recently been fully understood with the devel-
opment of meRIP sequencing. In hepatoblastoma, m6A
methylation usually activates the Wnt/catenin pathway by
promoting the expression of CTNNBI®*’. METTL3
modulates the target gene m6A (such as LRP6 and
dishevell 1) to regulate Wnt signaling, thereby changing
the viability, proliferation, migration, and tube formation
of endothelial cells®*, YTHDF1 promotes the translation
of a key Wnt receptor frizzled7 (FZD7) in an m6A-
dependent manner, and mutated YTHDF1 enhances the
expression of FZD7, leading to the hyperactivation of the
Wnt/p-catenin pathway and the promotion of gastric
carcinogenesis®*, YTHDF1 plays an indispensable role in
the activation of Wnt/(B-catenin to sustain intestinal stem
cell stemness characteristics during regeneration and
tumorigenesis®>. METTL3 promotes osteosarcoma cell
progression by upregulating the m6A level of LEF1 and
activating the Wnt/B-catenin signaling pathway™®.
ALKBHS5 attenuates PDAC cell proliferation and metas-
tasis by downregulating the m6A level of WIF-1 to inhibit
Wnt signaling®. In addition, previous studies have shown
that in the cytoplasm, YTHDF1 promotes the translation
of its target by recruiting initiating factors and promoting
ribosome loading®. However, YTHDF?2 easily induces the
degradation of its targets by locating these targets to the
processed bodies®™. Therefore, we speculated that
YTHDEF2 activates the wnt pathway to promote cell pro-
liferation and metastasis, possibly by targeting inhibitors
of the WNT pathway and inducing its degradation. In our
research, by using multistep screening and validation
methods, we further confirmed that AXINI1 is a vital
target of YTHDF2 and that its regulation is m6A
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dependent. AXIN1 directly interacts with all other core
components of the destruction complex (B-catenin, APC,
CKa, and GSK3) and is thus the central scaffold of the
complex and the rate-limiting factor of the [B-catenin
destruction complex. The degradation of AXINI in Wnt-
activated cells is considered to be the immediate cause of
B-catenin stabilization®®. Therefore, our study provided a
different perspective of the target AXIN1, which controls
its translation by manipulating YTHDF2 or cellular m6A
levels. In addition, our research demonstrated that the
overexpression of AXIN1 could rescue malignant phe-
notypes caused by the upregulation of YTHDF2 in LUAD
and vice versa. Indeed, we have discovered many other
candidate targets of YTHDF2, which are also involved in
cancer growth and metastasis. YTHDF2 might regulate
the expression of multiple genes, and the effect of
YTHDEF2 on LUAD could have a global effect on multiple
targets. However, this effect needs further verification.

In summary, we showed that YTHDEF2 deficiency
inhibited lung cancer cell proliferation and migration by
modulating m6A levels of AXINI1, and impeding the
activation of Wnt/B-catenin signaling. These findings
illustrated the underlying mechanism of LUAD tumor-
igenesis and migration regulated by m6A-modified reader,
and provided a new direction for the development of
effective therapeutic strategies for the treatment of lung
adenocarcinoma.

Materials and methods
Reagents and antibodies

Antibodies against YTHDF2 (catalog number: 24744-1-
AP) was purchased from Proteintech (Wuhan, Hubei, P.R.
C). Antibodies against AXIN1, B-catenin, -actin, c-jun, c-
Myc, and secondary antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). Protein G
Sepharose 4 Fast Flow was acquired from GE.

Cell culture and tissue samples

The human LUAD cell lines A549 and H1792 were
cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS, Gibco, Thermo Scientific, Grand
Island, NY, USA). Human embryonic kidney-derived cells
HEK293T were cultured with Dulbecco’s modified Eagle
medium (DMEM) with 10% FBS. Cells were cultured at
37 °C in a humidified incubator containing 5% CO,. All
cells were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). All cells were
commercially authenticated by short tandem repeats
genotyping (Guangzhou Jenniobio Co., Ltd, Guangzhou,
China), and tested for mycoplasma contamination in
March 2020. Primary LUAD tumors and adjacent normal
tissues of eight patients were used. The study was
approved by the First Affiliated Hospital of Jinan Uni-
versity Ethics Review Board in accordance with the
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Declaration of Helsinki. Informed consent was obtained
from each participant.

Generation of stable knockdown and overexpression cell
lines
Endogenous YTHDF2 was stably knocked down using

lentiviral ~ vectors  containing  shRNA  constructs
(shYTHDF2#1, 5-TACTGATTAAGTCAGGATTAA-3,
shYTHDF2#2, 5-ATGGATTAAACGATGATGAT-3).

H1792 and A549 cells with AXIN1 depleted by
(shAXIN1#1, 5'-CACCGGTTCAGGTGAGTCCGACGCC-
3/, shAXIN1#2, 5- CACCGGCCTTCGCTGTACCGTC-
TAC-3'). Ectopic YTHDF2 was stably overexpressed by
using pLVX-puromycin. Lentivirus was produced according
to the manufacturer’s instructions. In brief, HEK293T cells
were seeded the day before transfection. When the cells
reaches 70-90% confluent, the target plasmid and the
packaging plasmid psPAX2 and envelope plasmid pMD2.G
were co-transfected into HEK293T cells through Lipo-
fectamine™ 3000 Transfection reagent (Life Technologies,
Carlsbad, USA). After 48-72h, the lentivirus-containing
supernatant medium was collected, filtered, concentrated,
and used to infect target cells. After 48 h, puromycin was
added to the target cells for resistance screening. The
knockdown of endogenous proteins and overexpression of
ectopic proteins were confirmed through western blot
analyses.

Cell growth assay

The LUAD cells were cultured in six-well plates (5 x 10*
cells in each well) for proliferation assay, and at least three
multiple wells in each group. Cell growth was measured
based on the cell numbers recorded for five consecutive
days after seeding.

Wound healing assay in vitro

5 x 10> LUAD cells were seeded on a six-well plate the
day before the experiment. The cells were scratched with
a 20l pipette tips when the cells were almost 100%
confluent. To reduce the effect of cell proliferation,
serum-free medium was used. Wound areas were pho-
tographed at O h and 36 or 48 h by using a microscope.
Then the wound area could be calculated by using Image |
to manually track the cell-free area of the captured image.
Migration rates were quantified by the percentage of area
reduction.

Xenograft lung cancer mouse model
Four-to-five-week-old NOD/SCID male mice were
purchased from Beijing Charles River Laboratories. A
total of 1 x 10° A549 shYTHDF2 or vector cells diluted in
0.1 ml of PBS were injected into the axilla of six NOD/
SCID mice per group. After growth for another 32 days,
the mice were sacrificed and isolated the tumors. All
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experimental protocols were in accordance with the Jinan
University Institutional Animal Care and Use Committee.

Quantitative real-time polymerase chain reaction assay

Total RNA was extracted from cells by using Trizol
Reagent (Takara, Dalian, China) in accordance with the
manufacturer’s protocol. The PrimeScriptTM RT reagent kit
with gDNA eraser (Takara, Dalian, China) was used to
reverse transcription of RNA to cDNA. Then the reaction
system was configured according to protocol of the SYBR
Premix Ex TaqTM II kit, and the levels of RNA transcripts
were performed by using the Bio-rad CFX96 real-time PCR
system (Biorad, USA). The human housekeeping gene
B-actin was used as the reference gene control. The
sequences of the primers were as follow: Axinl forward
primer, 5-TGGAGCCCTGTGACTCGAA-3/, Reverse pri-
mer, 5-GGGACACGATGCCATTGTTATC-3; EN1 for-
ward primer, 5-CGGTGGCTGTCAGTCAAAG-3/, Reverse
primer, 5-AAACCTCGGCTTCCTCCATAA-3; MMP2
forward primer, 5'-GATACCCCTTTGACGGTAAGGA-3/,
Reverse primer, 5-CCTTCTCCCAAGGTCCATAGC-3;
MMP7 forward primer, 5-GAGTGAGCTACAGTGGGAA
CA-3/, Reverse primer, 5-CTATGACGCGGGAGTTTAA
CAT-3'; CD44 forward primer, 5'-CTGCCGCTTTGCAGG
TGTA-3/, Reverse primer, 5-CATTGTGGGCAAGGTGC
TATT-3". The qRT-PCR conditions were as follows: one
cycle at 95°C for 30s, 40 cycles at 95°C for 55, 60 °C for
30s, and then dissociation stage.

Western blot analysis

The cells were lysed with RIPA on ice for 10 min and
then centrifuged at 10,000 rpm at 4 °C for 15 min. The
concentrations of protein samples were detected by BCA
assay (P0012, Beyotime, China). The protein samples were
separated through SDS-polyacrylamide gel electrophor-
esis and then transferred onto PVDF membranes (Milli-
pore). The membranes were blocked with 5% skimmed
milk for 1 h and then incubated on the shaker overnight at
4°C with the primary antibody, and the secondary anti-
body was incubated at room temperature for about 1 h.
Signals were detected by using an ECL Western blotting
detection kit (Thermo Fisher Scientific).

Methylated RNA immunoprecipitation sequencing (MeRIP-
seq)

Total RNA was isolated and purified by using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer’s procedure. Poly (A) RNA was
purified from 50 pug total RNA using Dynabeads Oligo
(dT) and then was fragmented into small pieces using
Magnesium RNA Fragmentation Module (NEB, cat.
6150, USA) under 86°C for 7 min. Then the cleaved
RNA fragments were incubated for 2 h at 4 °C with m6A-
specific antibody (No. 202003, Synaptic Systems,
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Germany) in IP buffer. Eluted m6A-containing fragments
(IP) and untreated input control fragments were con-
verted to final cDNA library following a strand-specific
library preparation by dUTP method. The average size for
the paired-end libraries was ~300+50bp. At last, we
performed the 2 x 150 bp paired-end sequencing (PE150)
on an illumina Novaseq™ 6000 (LC-Bio Technology CO.,
Ltd., Hangzhou, China) following the vendor’s recom-
mended protocol.

Bioinformatics analysis of m6A-seq and RNA-seq data

We used HISAT2 (http://daehwankimlab.github.io/
hisat2) to map reads to the genome of Homo sapiens
(Version: GRCh38) with default parameters. Mapped
reads of IP and input libraries were provided for R
package exomePeak, which identifies m6A peaks with bed
or bam format that could be adapted for visualization on
the UCSC genome browser or IGV software (http://www.
igv.org/). HOMER were used for de novo and known
motif finding, followed by localization of the motif with
respect to peak summit. Called peaks were annotated by
intersection with gene architecture using R package
ChIPseeker. Then StringTie was used to perform
expression level for all mRNAs from input libraries by
calculating FPKM  (FPKM = [total_exon_fragments/
mapped_reads(millions) x exon_length (kB)]). The dif-
ferentially expressed mRNAs were selected with log2 (fold
change) >1 or log2 (fold change) <—1 and P value < 0.05
by R package edgeR.

RNA immunoprecipitation reverse-transcription
quantitative polymerase chain reaction assays

RNA immunoprecipitation was implemented as pre-
viously described with some modifications. Briefly, 1 ug
equivalent of m6A or FLAG antibody was conjugated to
protein G-conjugated agarose beads (Millipore) on a
shaker overnight at 4 °C. A 100 pg equivalent of total RNA
was incubated with the antibody in immunoprecipitation
buffer (150 mM NaCl, 50 mM Tris-HCI pH 7.5, and 0.5%
Triton100) supplemented with RNase inhibitor for 2-3 h
at 4°C. After centrifugation and discarding the super-
natant, the sediment was incubated with 300 pl of elution
buffer (5 mM Tris-HCl pH 7.5, 1 mM ethylenediamine-
tetraacetic acid, and 0.05% sodium dodecyl sulfate) sup-
plemented with 2 pl of proteinase k at 50°C for 1.5h to
elute RNA from the beads. Input and co-
immunoprecipitated RNAs were recovered through TRI-
zol extraction and analyzed via qRT-PCR.

RNA stability assay and sequencing for mRNA lifetime
After 24h, A549 and H1792 cells stably expressing
shRNA against YTHDF2 or shNS were seeded into six-
well plates to 50% confluence. Cells were treated with
5 pg/ml actinomycin D and collected at the indicated time
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points. Total RNA was extracted by using TRIzol
(Takara), and AXIN1 mRNA levels were determined
through qRT-PCR. The turnover rate and half-life of
mRNA were assessed in accordance with anteriorly
reported methods™.

Statistical analysis

Statistical analyses were performed by using SPSS 20.0,
GraphPad Prism 6.0, or R 3.6.1 software. Student’s t-test
or two-way analysis of variance, Pearson x> test,
Kaplan—Meier curve with log-rank test were conducted as
indicated. Figures were done through GraphPad Prism 6.0
or R 3.6.1 software. Data were expressed as the mean +
standard deviation (S.D.) of at least three independent
experiments. P<0.05 was regarded as statistically
significant.
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