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RNA m6A methylation regulates dissemination
of cancer cells by modulating expression
and membrane localization of b-catenin
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N6-methyladenosine (m6A) methylation, which is modified by
the METTL3/METTL14 complex, is a dominant internal modi-
fication in mammalian RNA and tightly linked to cancer
progression. Here we reveal that METTL3-promoted cell
migration, invasion, and epithelial-to-mesenchymal transition
(EMT) are associated with expression and membrane localiza-
tion of b-catenin (encoded by CTNNB1), as opposed to Wnt
signaling activation in various types of cancer cells, including
cervical, lung, and liver cancer. Specifically, METTL3 regulates
the transcription, mRNA decay, translation, and subcellular
localization of b-catenin. For CTNNB1 expression, METTL3
indirectly suppresses CTNNB1 transcription by stabilizing its
transcription suppressor E2F1 mRNA； deposition of 50UTR
m6A in CTNNB1 promotes its decay in a content-dependent
manner via YTHDF2 recognition; 50UTRm6A inCTNNB1 sup-
presses its translation efficiency, whereas the global METTL3
level controls the canonical and non-canonical translation of
CTNNB1, which is probably associated with the interaction be-
tween YTHDF1 and eIF4E1/eIF4E3. For b-catenin transloca-
tion, METTL3 represses membrane localization of b-catenin
and its interaction with E-cadherin by downregulating c-Met
kinase, leading to inhibition of cell motility. In vitro, in vivo,
and clinical analyses confirm the essential role of b-catenin
and its expression regulators in cancer cell dissemination.
The findings not only expand our understanding of m6Amodi-
fication and its roles in gene expression and subcellular locali-
zation of targets but also suggest that the METTL3/b-catenin
axis might be a potential target to inhibit cancer metastasis.
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INTRODUCTION
N6-methyladenosine (m6A) is the most prevalent internal post-tran-
scriptional modification in eukaryotic mRNAs and non-coding
RNAs.1 This dynamic and reversible modification process is mediated
by the “writer” proteins methyltransferase-like 3 and 14 (METTL3
1578 Molecular Therapy Vol. 30 No 4 April 2022 ª 2022 The American
and METTL14, respectively) and other cofactors, which transfer the
methyl group from the donor S-adenosyl methionine (SAM) to target
adenosine in the consensus m6Amotif (GGAC), and the “eraser” pro-
teins alkylation repair homolog protein 5 (ALKBH5) and fat mass and
obesity-associated protein (FTO), which demethylate m6A.2,3 The
subsequent outcome of m6A depends on the binding of different
reader proteins to m6A. For example, the YT521-B homology
(YTH) domain-containing readers YTHDF1/2/3 and YTHDC1/2
regulate mRNA splicing,4 translation,5 and decay.6 The heteroge-
neous nuclear ribonucleoproteins (HNRNPs) A2/B1 are associated
with pri-mRNA processing,7 and insulin growth factor 2 (IGF2)
mRNA-binding proteins (IGF2BPs, including IGF2BP1/2/3) pro-
mote mRNA stability and translation.8

Recent studies show that m6A methylation is critical for RNA
metabolism and processing, such as transcription9, splicing,10,11

export,12,13 translation,5 and degradation.6 Therefore, perturbation
of m6Amodification in mRNA leads to dysregulation of many biolog-
ical processes, including development of diseases such as cancer. For
instance, METTL3 maintains pluripotency of mouse and human
acute myeloid leukemia (AML) by regulating mRNA targets such as
MYC.14 A recent study we conducted revealed that m6A is associated
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with biogenesis of microRNA (miRNA)15 and lncRNA,16 modulation
of glycolysis,17 epithelial-to-mesenchymal transition (EMT),18 and
chemoresistance19 of cancer cells. Gene-specific demethylation of
the epidermal growth factor receptor (EGFR) and MYC by the
dm6ACRISPR system can suppress proliferation of cancer cells.20

Further, the level of m6A in peripheral blood RNA has been reported
to be a novel predictive biomarker for individuals with gastric
cancer.21 These data indicate the critical role of m6A in cancer
development.

Metastasis is the main cause of cancer lethality.22 EMT, which is due
to loss of cell-cell adhesion, is frequently associated with E-cadherin
(E-cad) downregulation, which is known to be the key regulator of
cancer metastasis.23 b-Catenin (encoded by CTNNB1) is an intracel-
lular signal transducer in the canonical WNT signaling pathway.24 It
can also interact with the cytoplasmic domain of E-cad to suppress
EMT of cancer cells.25 Tyrosine phosphorylation in the carboxyl ter-
minus of b-catenin is critical for interaction between b-catenin and
E-cad.25 Liu et al.26 have reported the relationship between b-catenin
and m6A methylation, demonstrating that METTL3 regulates the
Wnt/b-catenin pathway to promote proliferation of hepatoblastoma.
Our recent study revealed that CTNNB1 mRNA can be modified by
m6Amethylation. Further, its methylation increases significantly dur-
ing transforming growth factor b (TGF-b)-induced EMT of cancer
cells,18 hinting at a potential role of CTNNB1 during EMT. Whether
m6A methylation regulates the expression of b-catenin and whether
b-catenin is involved in m6A-regulated EMT of cancer cells remains
unknown.

In this study, we demonstrate that b-catenin is critical for METTL3-
regulated dissemination of cancer cells. Specifically, METTL3 can, on
one hand, negatively modulate the transcription, mRNA decay, and
translation efficiency of CTNNB1 mRNA. On the other hand,
METTL3 can suppress the membrane localization of b-catenin by
modulating expression of the c-Met kinase. Here we propose a
comprehensive and novel pathway of METTL3-regulated EMT by
modulating b-catenin expression and subcellular localization.

RESULTS
Expression of b-catenin is associated with METTL3 in cancer

cells

CTNNB1, which encodes b-catenin, was identified in our previous
study as one of the m6A-modified targets involved in EMT (Fig-
ure 1A).18 To explore the potential role of CTNNB1 in cancer devel-
opment, we first examined CTNNB1 expression in tumor and normal
tissue. For cervical cancer, lung cancer, and liver cancer (Figures 1B–
1D), the results showed lower CTNNB1 expression in tumor tissue
than in normal tissue. In line with the oncogenic role of METTL3,
higher METTL3 expression was found in tumor tissues (Figures
1B–1D). Kaplan-Meier analysis revealed that individuals with
decreased CTNNB1 expression tended to have poorer survival (but
there was no statical significance for cervical cancer and liver cancer)
(Figures 1E–1G). These results suggest that CTNNB1 may play a role
in cancer development.
Expression of METTL3 positively correlating to b-catenin has been
reported.26 However, we found that transiently silencing METTL3
upregulated the mRNA and protein levels of b-catenin in HeLa,
H460, and Huh7 cells (Figures 1H, S1A, and S1B). Similar results
were obtained in cells stably knocking down METTL3 (Figures 1I
and S1C), suggesting that the expression of b-catenin was negatively
associated with METTL3. Because knockdown of METTL3 resulted
in an overall decrease of m6A methylation levels (Figure S1D), m6A
methylation may be involved in METTL3-regulated expression of
b-catenin.

Inhibition of b-catenin promotes EMT in METTL3 knockdown

cells

Knockdown of METTL3 in HeLa, H460, and Huh7 cells showed
decreased cell migration and invasion, as reported previously (Figures
S2A and S2B),18 confirming the essential role of METTL3 in dissem-
ination of cancer cells. To investigate whether b-catenin participates
in METTL3-regulated EMT of cancer cells, METTL3 knockdown
cells silencing b-catenin were used. Interestingly, knockdown of
b-catenin (Figure S2C) significantly promoted cell migration (Fig-
ure 2A) and invasion (Figure 2B) of HeLa METTL3Mut/� and H460
sh-METTL3 cells. In addition, si-b-catenin attenuated upregulation
of E-Cad and downregulation of FN in HeLa METTL3Mut/� and
H460 sh-METTL3 cells (Figures 2C and 2D). Our data suggested
that b-catenin, which was negatively regulated by METTL3, was
involved in METTL3-regulated EMT of cancer cells.

A previous report has shown that m6A modification regulates b-cat-
enin to promote proliferation of hepatoblastoma via activation of
Wnt signaling.26 Here, we surprisingly found that knockdown of
METTL3 did not affect the Wnt signaling pathway because neither
nuclear localization of b-catenin (Figure S2D) nor expression of
downstream genes of the Wnt pathway, such as MYC, CD44,
AXIN2, and CCND1 (Figure S2E), was affected in HeLa cells. These
results suggested that there was an unidentified regulatory mecha-
nism in METTL3-regulated EMT mediated by b-catenin.

METTL3 negatively regulates transcription, mRNA stability, and

translation of CTNNB1

CTNNB1 mRNA can be m6A methylated in its 50UTR in HeLa cells,
and its methylation level increased during EMT (Figure 3A; GEO:
GSE112795). m6A-RNA immunoprecipitation (RIP)-qPCR results
confirmed more than 3-fold m6A-enriched CTNNB1 mRNA in
HeLa cells, and this enrichment decreased significantly in HeLa
METTL3Mut/� cells (Figure 3B). m6A-enriched CTNNB1 mRNA
was also observed in H460 and Huh7 cells, whereas the knockdown
of METTL3 decreased enrichment (Figure S3A). Further, overexpres-
sion of the demethylase ALKBH5 can significantly decrease m6A
methylation of CTNNB1 mRNA in HeLa cells (Figure 3C). Our
data confirmed reversible m6A modification of CTNNB1 mRNA in
cancer cells.

We next investigated the effects of m6A methylation of CTNNB1
on its expression. Quantitative real-time PCR results showed
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Figure 1. Expression of CTNNB1 is associated with METTL3 in cervical, lung, and liver cancers

(A) Overlap of 2-fold m6A expression changes in EMT cells and EMT-related functional genes (GEO: GSE112795). (B–D) Relative mRNA expression ofCTNNB1 in Biewenga

cervical cancer (B), Hou lung cancer (C), and Mas liver cancer (D) from Oncomine datasets. (E–G) Kaplan-Meier survival curves of overall survival (OS) based on CTNNB1

expression in individuals with cervical cancer with EMT (E), individuals with lung cancer (F), and individuals with liver cancer (G) from the TCGA DB. (H) Expression levels of

CTNNB1mRNA (left) and b-catenin protein (right) in HeLa cells silencing METTL3 were detected by quantitative real-time PCR and western blot, respectively. (I) Protein levels

of b-catenin in HeLa and HeLa METTL3 knockdown cells (M3Mut/�) were detected by western blot (left) and analyzed quantitatively (right). Data in (H) and (I) are presented as

mean ± SD from three independent experiments. Student’s t test; *p < 0.05; **p < 0.01; NS, not significant compared with control.
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upregulation of CTNNB1 mRNA in HeLa METTL3Mut/�, H460 sh-
METTL3, and Huh7 sh-METTL3 cells (Figures 3D and S3B). Over-
expression of METTL3, but not the catalytically inactive METTL3
mutant DA (D395A),27 can significantly decrease CTNNB1 mRNA
in HeLa cells (Figure 3E), indicating an m6A-dependent correlation
between METTL3 and b-catenin expression.

We further evaluated the mechanisms of how METTL3 regulated
expression of b-catenin. First, the precursor mRNA (pre-mRNA)
level of CTNNB1 increased significantly in METTL3 knockdown
HeLa, H460, and Huh7 cells (Figures 3F and S3C), and its splicing
rate was not varied (Figure S3D), suggesting that the increased level
of CTNNB1 pre-mRNA may be due to transcription activation. A
dual-luciferase assay confirmed this suggestion and showed increased
promoter activity of CTNNB1 in METTL3 knockdown cells (Figures
3G and S3E). Second, a fractionation assay suggested that knockdown
1580 Molecular Therapy Vol. 30 No 4 April 2022
of METTL3 did not affect the subcellular localization of CTNNB1
(Figure S2F). Third, the mRNA stability of CTNNB1 increased signif-
icantly in METTL3 knockdown HeLa, H460, and Huh7 cells (Figures
2H and S3G). Fourth, knockdown of METTL3 significantly increased
the occurrence of CTNNB1mRNA in translation initiation (40S) and
active polysomes (>80S) of HeLa cells, as seen by comparing the ribo-
somal profiles of control and METTL3Mut/� HeLa cells (Figures 3I
and 3J). Fifth, the protein stability of b-catenin was not affected by
METTL3 knockdown (Figure S3H). These results suggested that
METTL3 negatively regulated the transcription, mRNA stability,
and translation of CTNNB1 in cancer cells.

E2F1 is involved in METTL3-suppressed transcription of

CTNNB1

We evaluated the potential mechanisms responsible for METTL3-
regulated transcription of CTNNB1 in cancer cells. We tested
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previously reported transcription factors (TFs) of CTNNB1,
including the activators FOXP3,28 ZNF191,29 ZBP-89,30 and
PWWP2A31 and the suppresser PEG3,32 but none of them
matched our observations in control and METTL3 knockdown
cells (Figure 4A). To explore potential TFs of CTNNB1, ENCODE
chromatin immunoprecipitation sequencing (ChIP-seq) data from
ChIPBase33 and CistromeMap34 were analyzed. Among 48 TFs
identified by CistromeMap and 57 TFs identified by ChIPBase, 5
TFs (CTCF, E2F1, GABPA, MYC, and YY1) overlapped between
two databases (Figure S4A). Among them, E2F1 was identified to
be the TF involved in METTL3-regulated transcription of CTNNB1
because its expression varied according to METTL3 level (Figures
4B and S4B).

ChIP-qPCR results confirmed that E2F1 can bind to the promoter
region of CTNNB1 (Figure 4C). Downregulating E2F1 in HeLa and
H460 cells increased CTNNB1 mRNA and protein levels (Figures
4D, 4E, and S4C), suggesting that E2F1 may be a transcription
suppressor for CTNNB1. Assays on a dual-luciferase reporter
derived from the CTNNB1 promoter confirmed this suggestion,
showing increased FLUC mRNA in cells silencing E2F1 (Fig-
ure S4D). To further verify the interaction between E2F1 and
the CTNNB1 promoter, two potential E2F1-binding motifs (Fig-
ure S4E) in the CTNNB1 promoter region were mutated (Fig-
ure 3F). After mutation, ChIP-qPCR showed weaker interactions
between E2F1 and CTNNB1 promoters from pGL3-Mut1 and
pGL3-Mut2 (Figure 3G). In addition, upregulation of FLUC
mRNA expression of pGL3-Mut1 and pGL3-Mut2 was observed
(Figure 3H), indicating that both mutations promoted FLUC
transcription. Our results confirmed the critical role of E2F1 in
transcription of CTNNB1.

We then questioned whether E2F1 was involved in METTL3-
regulated transcription of CTNNB1. The results showed that
silencing E2F1 could no longer increase CTNNB1 levels in HeLa
METTL3Mut/� cells (Figure 4I), which could be due to downregula-
tion of E2F1 in METTL3-knockdown cells (Figure 4J). Our previous
m6A-seq data showed m6A modification peaks on E2F1 mRNA
around the stop codon (Figure S4F), which was in line with recent
reports.35,36 We further confirmed that there were reversible m6A
modifications in E2F1 mRNA (Figure 4K). We determined that
m6A methylation of E2F1 may regulate the mRNA stability of
E2F1 because a shorter mRNA half-live was observed in HeLa
METTL3Mut/� cells (Figure 4L). Accordingly, a positive correlation
between E2F1 and METTL3 was observed in cervical cancer and
lung cancer tissues (Figures 4M and 4N). Our results suggested
that METTL3 regulated E2F1 expression by stabilizing E2F1
Figure 2. Inhibition of b-catenin promotes EMT in METTL3 knockdown cancer

(A) Wound healing of HeLa, HeLaMETTL3Mut/�, H460 sh-NC, and H460 sh-METTL3 cel

100mm. (B) Cell invasion of HeLa, HeLa METTL3Mut/�, H460 sh-NC, and H460 sh-MET

Scale bar, 100mm. (C) Expression levels of CDH1 and FN1 mRNA in HeLa, HeLa ME

b-catenin were detected by quantitative real-time PCR. (D)Protein levels of E-Cad and

presented as mean ± SD from three independent experiments. Student’s t test; *p < 0
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mRNA and, therefore, indirectly suppressed transcription of
CTNNB1 (Figure 4O).

50UTR m6A methylation suppressed the mRNA stability of

CTNNB1

m6A-RIP-seq showed m6A peaks in 50UTR CTNNB1mRNA ranging
from chr20:48,600,490–48,600,630 (Figure 3A). m6A-RIP-qPCR us-
ing fragmented RNA confirmed the suggestion that only the 50UTR
(not CDS or the 30UTR) of CTNNB1 mRNA was significantly en-
riched in the m6A-IP sample (Figure 5A). We hypothesized that
50UTRm6A of CTNNB1might be associated with its mRNA stability.
To confirm this, we constructed two reporters containing the
CTNNB1 50UTR before the CTNNB1-CDS and F-Luc genes, called
the CDS reporter and F-Luc reporter, respectively (Figure 5B). In
HeLa METTL3Mut/� cells, the mRNA (Figure 5C) and protein (Fig-
ures 5D and 5E) levels of CDS and F-Luc reporters were upregulated.
We determined that knockdown of METTL3 could also increase the
half-life of CTNNB1-CDS (Figure 5F) or F-Luc (Figure 5G), which
was similar to the endogenous CTNNB1 mRNA, suggesting the
importance of the CTNNB1 50UTR for its stability.

To evaluate the potential roles of m6A in CTNNB1 stability, three
m6A motifs in the CTNNB1 50UTR, identified by m6A-RIP-seq,
were mutated (GGAC to GGCC), called Mut-1/2/3, corresponding
to the S1/S2/S3 sites in the CDS and F-Luc reporters (Figure 5H).
m6A enrichment of each mutant was detected, showing significant
decreases in m6A levels after mutation (Figure S5A). Quantitative
real-time PCR (Figure S5B) and western blot (Figures 5I and 5J) re-
sults showed enhanced expression of the double mutation Mut-1/2
in the CDS and F-Luc reporters. It is important to note that single
mutation of CTNNB1-CDS or the F-Luc reporter showed limited ef-
fects on expression. This indicated that sites 1 and 2 of the m6A motif
in the 50UTR can synergistically regulate the stability of CTNNB1
mRNA.

To further verify the suppressed effect of the m6A methylated 50UTR
on CTNNB1 expression, three or five continued m6A methylation
motifs (GGAC) were inserted into the CTNNB1 50UTR named
Insert-3 and Insert-5, respectively (Figure 5K). Increased m6A
methylation of Insert-3 was confirmed (Figure S5A). Western blot
and dual-luciferase assays showed that the increased GGAC motifs
could decrease the protein expression of the CTNNB1-CDS (Fig-
ure 5L) and F-Luc (Figure 5M) reporters. The observed reductions
were independent of the protein stability of mutants because the
control, Mut-1/2, and Insert-3 had comparable half-lives in a protein
stability analysis (Figure S5C). Accordingly, mRNA expression of
Insert-3 and Insert-5 decreased significantly compared with the
cells

ls silencing b-catenin was recorded (left) and analyzed quantitatively (right). Scale bar,

TL3 cells silencing b-catenin was recorded (left) and analyzed quantitatively (right).

TTL3Mut/�, H460 sh-NC, and H460 sh-METTL3 cells transfected with si-NC or si-

FN in HeLa and HeLa METTL3Mut/� cells were detected by western blot. Data are

.05, **p < 0.01.



Figure 3. METTL3 regulates the transcription, stability, and translation of CTNNB1 mRNA in HeLa cells

(A) m6A peaks were enriched in 50UTR of CTNNB1mRNA, as seen by m6A RIP-seq data (GEO: GSE112795). Squares mark the m6A peaks in HeLa cells (control [Con]) and

cells undergoing EMT. (B) m6A RIP-qPCR analysis of CTNNB1 mRNA in Con and METTL3Mut/� HeLa cells. Enrichment of CTNNB1 mRNA in m6A RIP samples (IP) was

normalized to IgG and sample input. (C) m6A RIP-qPCR analysis of CTNNB1 mRNA in HeLa cells transiently overexpressing empty vector pcDNA3 (Con) or pcDNA3-

ALKBH5 (o/e A5). (D) Expression levels of CTNNB1 mRNA in HeLa and HeLa METTL3Mut/� cells were detected by quantitative real-time PCR. (E) Expression levels of

CTNNB1 mRNA in HeLa cells overexpressing the empty vector PPB (mock), PPB-METTL3 (M3 wild type [WT]) and PPB-METTL3 mutant (M3 mutant) were detected by

quantitative real-time PCR. (F) Expression levels ofCTNNB1 pre-mRNA (pre-CTNNB1) in HeLa and HeLaMETTL3Mut/� cells were detected by quantitative real-time PCR. (G)

HeLa and HeLa METTL3Mut/� cells were co-transfected with the pGL3-Basic-CTNNB1-Fluc reporter and pRL-TK plasmids for 24 h. Results are presented as the ratios

between the activity of the reporter plasmid and pRL-TK. (H) Half-life of CTNNB1mRNA in HeLa and HeLa METTL3Mut/� cells were detected by quantitative real-time PCR.

(I and J) Ribosomal profiling of HeLa and HeLa METTL3Mut/� cells (I) and the expression level of CTNNB1 mRNA in 40S, 60S, 80S, and polysome fractions (J). Data are

presented as mean ± SD from three independent experiments. Student’s t test; *p < 0.05, **p < 0.01.
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control (Figure S5D). These results confirmed that the m6A deposi-
tion in the CTNNB1 50UTR was responsible for METTL3-regulated
expression and mRNA stability of CTNNB1.

The m6A reader YTHDF2, associated with mRNA degradation, has
been reported to interact with CTNNB1 in HEK293T cells.20 RIP-
qPCR confirmed binding of YTHDF2 to endogenous CTNNB1
mRNA (Figure 5N), CTNNB1-CDS (Figure 5O), and F-Luc (Fig-
ure 5P) reporters in HeLa cells, and their interactions significantly
decreased in HeLa METTL3Mut/� cells. Silencing YTHDF2 (Fig-
ure S5E) significantly increased protein (Figure 5Q) and mRNA (Fig-
ure 5R) expression of CTNNB1 because of inhibition of CTNNB1
mRNA degradation (Figure 5S). In addition, mutation of sites 1
and 2 in the 50UTR stabilized its mRNA secondary structure accord-
ing to structural predictions (Figure S5F). Our data indicated that
methylation of sites 1 and 2 in the 50UTR m6A motif destabilizes
CTNNB1 mRNA via recruitment of YTHDF2 (Figure 5T).

YTHDF1 affects eIF4E1-mediated translation of CTNNB1

We further investigated the mechanisms ofMETTL3-regulated trans-
lation of CTNNB1. The results showed that the translation efficiency
of CTNNB1 was significantly greater in METTL3-knockdown HeLa,
Molecular Therapy Vol. 30 No 4 April 2022 1583
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Figure 4. E2F1 is involved in METTL3-suppressed transcription of CTNNB1

(A and B) Expression levels of reported TFs (A) and predicted TFs (B) of CTNNB1 in HeLa and HeLa METTL3Mut/� cells were detected by quantitative real-time PCR. (C)

Binding between E2F1 and the promoter of CTNNB1 in HeLa, HeLa METTL3Mut/�, H460 sh-NC, and H460 sh-METTL3 cells was detected by ChIP-qPCR. (D and E)

Expression levels ofCTNNB1mRNA (D) and b-catenin (E) in HeLa and H460 cells silencing E2F1were detected by quantitative real-time PCR and western blot, respectively.

(F) Schematic of the pGL3 reporter, which contains the CTNNB1 promoter before the F-LUC gene. Sequences of E2F1 binding motifs site 1 and site 2 in the CTNNB1

promoter are listed. The 100% conserved sequences of E2F1 binding motifs are highlighted, and their corresponding mutations pGL3-Mut1 and pGL3-Mut2 (CG to AA) are

marked in red. (G) Binding between E2F1 and pGL3-WT, pGL3-Mut1, or pGL3-Mut2 in HeLa cells was analyzed by ChIP-qPCR. (H) Expression of FLUCmRNA in HeLa cells

transfected with WT and mutated pGL3 reporters (Mut1 and Mut2) was detected by quantitative real-time PCR, which was normalized to the resistant gene AmpR of the

pGL3 reporter. (I) Expression levels ofCTNNB1 in HeLa (Con) and HeLa METTL3Mut/� (M3Mut/�) cells silencing E2F1 were detected by quantitative real-time PCR; (J) Protein

expression levels of E2F1 in HeLa, HeLa M3Mut/�, H460 sh-NC, and H460 sh-METTL3 cells was detected by western blot. (K) m6A RIP-qPCR analysis of E2F1mRNA in Con

and M3Mut/� HeLa cells. Enrichment of E2F1mRNA in m6A RIP samples (IP) was normalized to IgG and sample input. (L) Half-life of E2F1mRNA in HeLa and HeLa M3Mut/�

cells was detected by quantitative real-time PCR. (M and N) Correlation betweenMETTL3 and E2F1 in individuals with cervical cancer (M) and individuals with lung cancer (N)

from the TCGA DB. (O) Proposed mechanism of E2F1 regulating CTNNB1 transcription. Data in (A)–(L) are presented as mean ± SD from three independent experiments.

Student’s t test; **p < 0.01, ***p < 0.001.
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H460, and Huh7 cells (Figure 6A). Similar observations were ob-
tained using the CTNNB1-CDS and F-Luc reporters (Figure S6A).
Further, mutation of the m6A motif enhanced, and insertion of
m6A motifs annotated, its translation efficiency in the CDS and
F-Luc reporters (Figure 5B), indicating inhibition of the m6A methyl-
ated 50UTR in translation efficiency of CTNNB1 in cancer cells. The
m6A reader YTHDF1 is commonly associated with mRNA transla-
tion.5 RIP-qPCR showed interaction between YTHDF1 and CTNNB1
mRNA in a METTL3-dependent manner (Figure 6C). Further, tran-
sient silencing of YTHDF1 upregulated b-catenin in control and
METTL3Mut/� HeLa cells (Figure 6D) without affecting CTNNB1
mRNA levels (Figure S6B). These results suggested that 50UTR
m6A ofCTNNB1 inhibited its translation efficiency and that YTHDF1
was involved in METTL3-regulated translation of CTNNB1.

We hypothesized that 50UTR m6A of CTNNB1 may participate in its
translation initiation (Figure 2J). The eukaryotic translation initiation
factors eIF4E1 and eIF4E3, competitively initiating canonical and
non-canonical translation,37 respectively, were investigated. RIP-
qPCR showed that eIF4E1 and eIF4E3 can interact with CTNNB1
mRNA (Figure 6E). Interestingly, binding of eIF4E1-CTNNB1
decreased but that of eIF4E3-CTNNB1 increased in METTL3Mut/�

cells (Figure 6E). This suggested that eIF4E3-mediated non-canonical
translation of CTNNB1 may be enhanced in METTL3Mut/� cells. To
confirm this, we constructed a CTNNB1 overexpression plasmid with
2 � MS2bs (two MS2 binding loops in the CTNNB1 30UTR that can
interact with MS2 proteins) and performed co-immunoprecipitation
(coIP) analysis by hemagglutinin (HA) antibody (Figure 6F). The re-
sults suggested that eIF4E3 was more abundant whereas p-S209-
eIF4E1 was less abundant on CTNNB1 mRNA in METTL3Mut/�

HeLa cells (Figures 6F and S6C). This indicated that knockdown of
METTL3 promoted canonical translation but suppressed non-canon-
ical translation of CTNNB1. This suggestion was supported by treat-
Figure 5. 50UTR m6A methylation destabilizes CTNNB1 mRNA

(A) m6A RIP-qPCR analysis of CTNNB1mRNA in Con or M3Mut/� HeLa cells using fragm

the CTNNB1 50UTR before CTNNB1 CDS or reporter genes. (C) The CDS reporter an
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ing cells with the eIF4E1-specific cap-dependent inhibitor rapamy-
cin,38 which showed a decrease in b-catenin in HeLa cells while
being maintained in METTL3Mut/� HeLa cells (Figure S6D). This
maintenance cannot be attributed to an increase in b-catenin protein
stability because co-treating cells with the protein synthesis inhibitor
cycloheximide (CHX) resulted in rapid disappearance of b-catenin
(Figure S6D).

Next, we wanted to determine whether YTHDF1 was associated with
canonical and non-canonical translation of CTNNB1. After silencing
YTHDF1, there was no significant difference in eIF4E1-CTNNB1
interaction between HeLa and METTL3Mut/� HeLa cells (compare
Figure 6G with Figure 6E), indicating that YTHDF1 was associated
with eIF4E1-mediated canonical translation of CTNNB1. Remark-
ably, the eIF4E3-CTNNB1 interaction remained significant after si-
YTHDF1. This hints at a complicated and unknown mechanism of
non-canonical translation of CTNNB1 (Figure 6G).

To explore how YTHDF1 regulated the translation, we performed
coIP between YTHDF1 and eIF4E1/eIF4E3. The results revealed
that YTHDF1 can interact with eIF4E1 and eIF4E3 in an RNA-inde-
pendent manner (Figure 6H). Notably, YTHDF1 prefers binding to
eIF4E1 rather than eIF4E3 in METTL3 knockdown cells, hinting
that the global METTL3 level may affect canonical and non-canonical
translation in cells, probably in a YTHDF1-regulated manner. To
confirm this, we analyzed the interactions of eIF4E1-RPS6 (40S ribo-
some) and eIF4E3-RPS6. Interestingly, there was significant decrease
in the p-S209-eIF4E1 and 40S ribosome but not the eIF4E3 and 40S
ribosome interaction in METTL3Mut/� HeLa cells (Figure 6I), indi-
cating that canonical translation mediated by eIF4E1 was suppressed
in METTL3 knockdown cells. These results indicate that cellular
METTL3 levels regulate canonical and non-canonical translation in
cells, which is most likely associated with the interaction between
ented RNA. (B) Schematic of the CDS reporter and F-Luc reporter, which contains

d F-Luc reporter were transfected into Con and M3Mut/� HeLa cells, respectively.

B1 mRNA for the CDS reporter, normalized to endogenous CTNNB1 and GAPDH
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titative real-time PCR. (H) Schematic of m6A sites within CTNNB1mRNA. Mutations

were transfected into HeLa cells. Expression levels of exogenous b-catenin (FLAG)

ImageJ and are listed at the bottom of the target bands. (J) WT and mutated F-Luc

sure F-Luc production, which was normalized to R-Luc levels. (K) Schematic of m6A

UTR are marked in orange. (L) WT and CDS reporters with inserted m6A motifs were

ted bywestern blot. Band intensities of FLAG-b-catenin were analyzed using ImageJ

erted GGAC motifs were transfected into HeLa cells. A dual-luciferase assay was

THDF2-RIP analysis of CTNNB1 mRNA in Con and M3Mut/� HeLa cells. (O) CDS

reporter mRNA was performed. (P) F-Luc reporters were transfected into Con and

ion levels of b-catenin in HeLa cells silencing YTHDF2were detected bywestern blot.

y quantitative real-time PCR, (S) Con or M3Mut/�- HeLa cells were transfected with si-

NNB1 mRNA was detected by quantitative real-time PCR. (T) Mechanism of m6A

e independent experiments. Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001.



Figure 6. YTHDF1 affects eIF4E1-mediated translation of CTNNB1

(A) Translation efficiency of CTNNB1 in HeLa, HeLa M3Mut/�, H460 sh-NC, H460 sh-METTL3, Huh7 sh-NC, and Huh7 sh-METTL3 cells was calculated as the quotient of

b-catenin protein production divided by mRNA abundance.5 (B) Translation efficiency of the CDS and F-Luc reporters with mutations in Con andM3Mut/� cells was analyzed.

(C) Binding between YTHDF1 and CTNNB1mRNA in Con and M3Mut/� HeLa cells was detected by RIP-qPCR. (D) Expression levels of b-catenin in Con and M3Mut/� HeLa

cells silencing YTHDF1 were detected by western blot (left) and analyzed quantitatively by ImageJ (right). (E) RIP analysis of CTNNB1mRNA in Con and M3Mut/� HeLa cells

was performed with antibodies against eIF4E1 (4 E1) and eIF4E3 (4 E3), respectively. (F) Interactions between CTNNB1mRNA (b-MS2bs) and eIF4E1 S209 or eIF4E3 in Con

andM3Mut/�HeLa cells were detected by IP (left) and analyzed quantitatively (right). (G) RIP analysis ofCTNNB1mRNA in Con andM3Mut/�HeLa cells silencing YTHDF1 was

(legend continued on next page)
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YTHDF1 and free eIF4E1 or eIF4E3 (Figure 6J). However, the
detailed mechanism requires further exploration, especially for
METTL3-related non-canonical translation.

METTL3 regulates membrane localization of b-catenin via the

c-Met kinase

Subcellular localization of b-catenin is critical for its functions: b-cat-
enin interacts with cadherins at the cell membrane to regulate cell-cell
adhesion, whereas cytoplasmic b-catenin transports to the nucleus to
activate Wnt signaling.39 To investigate the potential roles of
METTL3 in subcellular localization of b-catenin, a fractionation assay
was performed. The results suggested that increasing amounts of
b-catenin were located in the cell membrane fraction but not in the
cytoplasmic or nuclear fractions of METTL3Mut/� HeLa cells (Fig-
ure 7A). E-Cad is the main interacting protein of b-catenin in the
cell membrane. CoIP analysis showed increased interaction between
b-catenin and E-Cad in METTL3Mut/� HeLa cells (Figure 7B). It in-
dicates that knockdown of METTL3 can increase the membrane
localization of b-catenin and its interaction with E-Cad.

Phosphorylation of b-catenin determines its subcellular localization:
phosphorylation at Y654 by c-Met inhibits membrane-binding of
b-catenin, whereas phosphorylation at S552 by p-S473-AKT
promotes its nuclear transport and enhances its transcriptional
activity.40–42 Our results showed that the relative level of p-Y654-
b-catenin, but not p-S552-b-catenin, statistically decreased in
METTL3Mut/� HeLa (Figure 7C), H460 sh-METTL3 (Figure S7A),
and Huh7 sh-METTL3 (Figure S7B) cells. Accordingly, expression
of c-Met, which phosphates b-catenin at Y654, was downregulated
in METTL3 knockdown cells (Figures 7D and 7E). p-S473-AKT,
which phosphates b-catenin at S552, showed no statistical difference
(Figure 7E). These results suggested that METTL3-regulated subcel-
lular localization of b-catenin was associated with its phosphorylation
level, mediated by c-Met kinase. This suggestion was supported by
silencing and recruitment assays, showing that b-catenin increased
dramatically in the membrane fraction from HeLa cells silencing
c-Met (Figure 7F), whereas HeLa METTL3Mut/� cells overexpressing
c-Met can decrease membrane localization of b-catenin (Figures 7G
and S7C). These results suggested that c-Met was associated with
METTL3-suppressed membrane localization of b-catenin.

We further investigated the mechanism of METTL3-regulated c-Met
expression. m6A-seq revealed significant enrichment of m6A modifi-
cations in MET mRNA in HeLa cells (Figure S7D), and m6A-qPCR
confirmed these variable m6A modifications (Figure 7H). A mRNA
stability assay revealed a shorter half-life ofMET in METTL3 knock-
downHeLa (Figure 7I), H460, and Huh7 cells (Figure S7E). IGF2BP3,
which promotes stability of targets,8 has been reported to recognize
MET. Silencing IGF2BP3 suppressed mRNA levels of MET in HeLa
performed with antibodies against eIF4E1 (4E1) and eIF4E3 (4E3), respectively. (H) Int

treated with RNase inhibitor (RRI) or RNase were detected by IP. (I) Interactions between

(left) and analyzed quantitatively (right). (J) Proposed mechanism of how YTHDF1 con

mean ± SD from three independent experiments. Student’s t test; *p < 0.05, **p < 0.0
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cells, whereas knockdown of METTL3 attenuated this affect (Figures
7J and S7F). si-IGF2BP3 in HeLa cells can promote MET mRNA
decay, but it has no significant effect on MET mRNA stability in
METTL3Mut/� HeLa cells (Figure 7K). Our results suggested that
METTL3 indirectly suppressed the membrane localization of b-cate-
nin by modulating c-Met levels (Figure 7L).

b-catenin regulated by METTL3 is associated with in vivo

dissemination of cancer cells

We further investigated the potential roles of b-catenin in METTL3-
regulated cancer progression in three animal cohorts. First, subcu-
taneous xenograft tumors of HeLa and METTL3Mut/� HeLa cells
were analyzed. Immunohistochemistry (IHC) results showed that
knockdown of METTL3 increased the expression of b-catenin and
E-Cad but suppressed the expression of E2F1 and Met in HeLa cell
xenografts (Figure 8A). Second, metastasized lung tumors and pri-
mary breast tumors were isolated from MMTV-PyMT mice. Quanti-
tative real-time PCR (Figure 8B), western blot analysis (Figure 8C),
and IHC (Figure 8D) showed enhanced expression of METTL3 and
decreased expression of b-catenin in metastasized lung tumor tissues.
Third, the breast cancer cell model BT549LMF3, which has high poten-
tial for lung metastasis, was used.18,43 BT549LMF3 cells exhibited
decreased expression of b-catenin and E-Cad and increased expres-
sion ofMETTL3 and c-Met compared with the control group (Figures
8E and 8F). In addition, clinical data from an online database showed
that mRNA expression of CTNNB1 was lower in metastasized lung
cancer tissues than in non-metastasized lung cancer tissues (Fig-
ure 8G). Also, the expression of CTNNB1 in stage IV lung cancer tis-
sue was significantly (p < 0.05) lower than in stage I–III lung cancer
(Figure 8H). These results hint at potential roles of the METTL3/
b-catenin axis in cancer metastasis.

Because we identified several factors that were associated with expres-
sion of b-catenin, we questioned the links between these factors and
clinical development of cancer. For E2F1 and YTHDF2, which nega-
tively regulated expression of CTNNB1, increased expression of E2F1
(Figure S8A) and YTHDF2 (Figure S8B) was observed in lung cancer
tissue. For c-Met, which promotes cell motility by decreasing mem-
brane localization of b-catenin, MET expression also increased in
lung cancer tissue (Figure S8C). A Kaplan-Meier plot showed that
increased E2F1 (Figure 8I) or increased MET (Figure 8J) expression
in individuals with lung cancer is associated with poorer overall
survival (OS). However, there was no significant difference in OS
for individuals with lung cancer with decreased or increasedMETTL3
(Figure S8D). This might be due to the fact that METTL3 influenced
the expression of many other downstream signal genes rather than
CTNNB1. All of these data confirmed the positive roles of b-catenin
expression regulators in in vivo progression in individuals with lung
cancer. The animal experiments and the clinical dataset suggest
eractions between YTHDF1 and eIF4E1 or eIF4E3 in Con and M3Mut/� HeLa cells

40S and eIF4E1 S209 or eIF4E3 in Con and M3Mut/�HeLa cells were detected by IP

trols canonical and non-canonical translation of CTNNB1. Data are presented as

1, ***p < 0.001.



Figure 7. METTL3 regulates membrane localization of b-catenin via Met kinase

(A) Expression levels of b-catenin and E-Cad in membrane (Mem), cytoplasmic (Cyto), and nuclear (Nu) fractions from Con and M3Mut/�HeLa cells were detected by western

blot (left) and analyzed quantitatively (right). (B) Interactions between b-catenin and E-Cad in Con andM3Mut/�HeLa cells were detected by IP (left) and analyzed quantitatively

(right). (C) Expression levels of b-catenin and phosphorylated b-catenin in Con and M3Mut/� HeLa cells were detected by western blot (left). Percentages of phosphorylated

b-catenin were analyzed quantitatively (right). (D) Expression levels of MET mRNA in HeLa, HeLa M3Mut/�, H460 sh-NC, H460 sh-METTL3, Huh7 sh-NC, and Huh7 sh-

METTL3 cells were detected by quantitative real-time PCR. (E) Expression levels of c-Met and p-AKTS473 in HeLa, HeLaM3Mut/�, H460 sh-NC, H460 sh-METTL3, Huh7 sh-

NC, and Huh7 sh-METTL3 cells were detected bywestern blot (left) and analyzed quantitatively (right). (F andG) Expression levels of b-catenin inMem andCyto fractions from

HeLa cells silencing c-Met (F) and HeLa M3Mut/� cells overexpressing c-Met (G) were detected by western blot (left) and analyzed quantitatively (right). (H) m6A RIP-qPCR

analysis ofMETmRNA in Con or M3Mut/�HeLa cells. (I) Expression levels ofMETmRNA in Con and HeLaM3Mut/�HeLa cells treated with 5mg/mL Act-D for the indicated time

were detected by quantitative real-time PCR. (J) Expression levels of MET mRNA in HeLa cells silencing IGF2BP3 were detected by quantitative real-time PCR. (K) Con or

M3Mut/� HeLa cells silencing IGF2BP3 were treated with 5mg/mL Act-D for the indicated time. Expression levels ofMETmRNA were detected by quantitative real-time PCR.

(L) Mechanism of m6A regulating cellular localization of b-catenin. Data are presented as mean ± SD from three independent experiments. Student’s t test; *p < 0.05, **p <

0.01, ***p < 0.001.
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Figure 8. b-catenin and METTL3 are involved in in vivo dissemination of cancer cells

(A) IHC-stained (b-catenin, E-Cad, E2F1, and c-Met), paraffin-embedded sections obtained from HeLa and HeLa M3Mut/� cells. The scale bar represents 100 mm. (B)

Expression levels of CTNNB1, CDH1, MET, and METTL3 mRNA in primary tumors and metastasized lung tumors isolated from MMTV-PyMT mice were detected by

quantitative real-time PCR. (C) Protein levels of b-catenin, E-Cad, c-Met, andMETTL3 in primary tumors andmetastasized lung tumors isolated fromMMTV-PyMTmice were

detected by western blot analysis. (D) IHC-stained (METTL3 and b-catenin), paraffin-embedded sections obtained from primary tumors and metastasized lung

tumors of MMTV-PyMT mice. The scale bar represents 50 mm. (E) Expression levels of CDH1, CTNNB1,METTL3, andMET in BT549F0 and BT549LMF3 cells were detected

by quantitative real-time PCR. (F) Expression levels of E-Cad, b-catenin, METTL3, and c-Met in BT549F0 and BT549LMF3 cells were detected by western blot. (G)

Relative mRNA expression of CTNNB1 in metastasized or non-metastasized lung cancers from Oncomine datasets. (H) Relative mRNA expression of CTNNB1 in stage I, II,

III, and IV of lung cancer from Oncomine datasets. (I) Kaplan-Meier survival curves of OS based on E2F1 expression in individuals with lung cancer from the TCGA DB. (J)

Kaplan-Meier survival curves of OS based onMET expression in individuals with lung cancer from the TCGA DB. Data in (B) and (E) are presented as mean ± SD from three

independent experiments. Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001 compared with Con. A representative from a total of three independent experiments is shown

for (A) and (D).
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critical functions of b-catenin in cancer development, especially in
cancer metastasis.

DISCUSSION
Increasing evidences shows that m6A methylation is associated with
various biological functions and development of tumorigenesis.44,45

Here we report that METTL3, acting as an m6Amethylase, negatively
modulates expression andmembrane localization of b-catenin, which
forms a complex with E-Cad to act as an epithelial barrier.46 On one
1590 Molecular Therapy Vol. 30 No 4 April 2022
hand, METTL3 negatively modulated the transcription, mRNA
decay, and translation of CTNNB1 mRNA via different regulators
and mechanisms. In particular, METTL3 indirectly repressed
CTNNB1 transcription by increasing the expression of its suppresser
E2F1, 50UTR m6A of CTNNB1 facilitated its decay via recruitment of
YTHDF2, and METTL3 controlled canonical and non-canonical
translation of CTNNB1 via YTHDF1. On the other hand, knockdown
of METTL3 indirectly increased membrane localization of b-catenin
by decreasing the c-Met-catalyzed p-Y654-b-catenin, leading to



Figure 9. Proposed mechanism of METTL3-regulated

expression and localization of b-catenin
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downregulation of cell motility (Figure 9). This negative regulation of
b-catenin was essential for METTL3-regulated dissemination of can-
cer cells.

We report that METTL3 regulated transcription of CTNNB1. Various
factors have been reported to regulate transcription of CTNNB1.47

Here we reveal that E2F1 is a novel TF of CTNNB1 and that METTL3
can negatively regulate its mRNA decay, leading to further suppres-
sion of CTNNB1 transcription. E2F1 acts as an oncogenic factor
that positively associates with tumorigenesis, including tumor forma-
tion and EMT of cancer cells.48 However, the mechanisms involved in
METTL3-stabilized E2F1 mRNA needed further investigation.

Regulation of 50UTR m6A on mRNA stability has rarely been re-
ported. We demonstrated that the m6A-methylated 50UTR negatively
regulated the mRNA stability of CTNNB1. Deposition of m6A on the
50UTR promoted CTNNB1 mRNA decay in a content-dependent
manner via the m6A reader YTHDF2. YTHDF2 can directly recog-
nize over 3,000 cellular m6A-methylated RNA targets and promote
mRNA decay through P body and other forms.6 Specifically,
YTHDF2 can bind with RNase P/MRP (endoribonucleases) to elicit
rapid degradation of YTHDF2-bound RNA.49 The essential role of
YTHDF2 in m6A-regulated mRNA stability of CTNNB1 was shown,
illustrating that YTHDF2 can directly bind to CTNNB1 mRNA and
that si-YTHDF2 can increase the half-life of CTNNB1 mRNA.
Further, we identified that GGAC motifs 1 and 2 are essential for
m6A-regulated mRNA stability of CTNNB1 and that double mutation
of them significantly stabilized endogenous CTNNB1 mRNA and
reporter genes.

The m6A-regulated translation process has been studied for years,
and the locations and deposition of m6A methylation on transcripts
seem to be crucial for distinct translation regulations.50 The 50UTR
of mRNA can adopt elaborate RNA secondary and tertiary structures
to regulate translation initiation in a cap-dependent or cap-indepen-
dent manner.51 Meyer et al.52 report that 50UTR m6A promotes
cap-independent mRNA translation via recruitment of eIF3. Here
M

we revealed two aspects of functions in m6A-
regulated CTNNB1 translation. Firstly, 50UTR
m6A in CTNNB1 inhibited its translation, and
increased 50UTR GGAC content further sup-
pressed the translation efficiency. Second, the
global METTL3 level affected the binding affinity
of YTHDF1 to eIF4E1 or eIF4E3 via an unknown
mechanism. YTHDF1 prefers binding to eIF4E1
in METTL3 knockdown cells, which increases
the occupancy of free eIF4E3 to targets to initiate
non-canonical translation.53 This observation is
in line with the tumor suppressor role of
eIF4E3, which can also inhibit the oncogenic activity of eIF4E1.54 A
similar regulation of the eIF4E1/eIF4E3 switch was observed in
diffuse large B cell lymphoma (DLBCL) cells with knockdown of
MNK.37 Our results suggest that YTHDF1 may act as an eIF4E1/
eIF4E3 switch regulator in cells, according to cellular METTL3 levels.
However, the link between YTHDF1, eIF4E1/eIF4E3 switch, and
tumorigenesis needs further investigation.

How METTL3 regulated cancer cell metastasis via b-catenin was
explored. In conflict with a previous report,26 we showed that Wnt
signaling was not activated in METTL3 knockdown cells, according
to nuclear b-catenin levels, downstream gene expression, p-S552-
b-catenin, and p-S473-Akt levels.24 We propose that the dual biolog-
ical functions of b-catenin, activation ofWnt signaling and regulation
of cell adhesion, might be regulated by global METTL3/m6A levels. In
cells with high m6A levels, such as cancer cells (commonly with high
METTL3 expression), b-catenin on cancer cell dissemination mainly
depends on activation of Wnt/b-catenin signaling.55,56 This is evi-
denced by the fact that the b-catenin inhibitor57 or si-b-catenin58,59

promoted expression of E-Cad, which is in line with our results (Fig-
ure 2D); however, this effect was attenuated inMETTL3Mut/� cells. In
cells with low m6A levels, such as METTL3 knockdown cells, b-cate-
nin might exhibit a dominant effect on cell adhesion regulation rather
than Wnt activation because the cell adhesion function of b-catenin
seemed to be enhanced in METTL3Mut/� cells (Figure 7). Previous re-
ports support the suggestion that METTL3Mut/� cells fail to perform
EMT because of suppression of Snail18 and TGF-b,60 both of which
can efficiently activate canonical Wnt signaling.61,62 Thus, it is
reasonable to believe that Wnt/b-catenin signaling is suppressed or
cannot be activated properly in METTL3Mut/� cells.

Here we revealed a novel mechanism of METTL3-regulated EMT, via
modulating b-catenin expression and subcellular localization (Fig-
ure 8). In vitro and in vivo data confirmed the essential roles of
METTL3/b-catenin in dissemination of cancer cells. Because a great
number of genes are involved in EMT, we cannot exclude the possi-
bility that METTL3 regulates cancer cell dissemination by indirectly
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targeting other genes. Our study not only expands our understanding
of METTL3 regulating the expression and subcellular localization of
targets via multiple mechanisms but also suggests that the METTL3/
b-catenin axis might be a potential target for inhibition of cancer
metastasis.

MATERIALS AND METHODS
Cell culture and transfection

Because complete knockout of METTL3 has been shown to cause cell
lethality, with heterozygous knockout of METTL3Mut/�, a HeLa cell
line was generated by CRISPR-Cas9 editing according to a published
protocol.63 HeLa cells and METTL3Mut/� cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS) at
37�C in a 5% CO2 atmosphere. The stable cell lines Huh7 sh-NC,
Huh7 sh-METTL3, H460 sh-NC, and H460 sh-METTL3 were gener-
ated by virus packaging. Huh7 sh-NC and Huh7 sh-METTL3 cells
were maintained in DMEM, and H460 sh-NC and H460 sh-METTL3
cells were maintained in RPMI 1640 culture medium (Gibco, Carls-
bad, CA, USA) supplemented with 10% FBS and 1mg/mL puromycin.
For transfection, plasmids or small interfering RNA (siRNA) were
transfected into cells using Lipofectamine 3000 reagent (Invitrogen
Life Technology, USA), following the manufacturer’s instructions.
The sequences of siRNA are listed in Table S1.

Liquid chromatography-tandem mass spectrometry (LC-MS/

MS) assay for m6A quantification

Detection of the global m6A level by LC-MS/MS assay was performed
as in a previous study.17 Briefly, mRNA was extracted by oligo dT
magnetic beads and digested by nuclease PI (0.5 U, Sigma). Digested
mRNA was mixed with NH4HCO3 and alkaline phosphatase at 37�C
for 2 h. After filtering, samples were separated by a C18 column (Agi-
lent) and analyzed using the Agilent 6410 QQQ triple-quadrupole LC
mass spectrometer. The m6A level was calculated by the ratio of m6A
to A, based on calibration curves.

Wound healing assay

Cells were seeded and cultured until a 90% confluent monolayer was
formed. Cells were then scratched with a sterile pipette tip and sub-
jected treatments in FBS-free medium as indicated in the text. The
migration distances of cells into the scratched area were measured
in 10 randomly chosen fields under a microscope.

In vitro invasion assay

The Transwell assay was conducted using CytoSelect 24-well cell in-
vasion assay kits. Briefly, polycarbonate filters (8-mm pore size, Corn-
ing) coated with 50% Matrigel (BD Biosciences, Bedford, MA, USA)
were used to separate the upper and lower chambers. 5�104 cells in
200 mL culture medium (supplemented with 0.1% FBS) were added
to the upper chamber, and 600 mL medium supplemented with
10% FBS was added to the lower chamber and served as a chemotactic
agent. After 48-h incubation, the cells invading the lower chamber
were fixed, stained, and counted under an upright microscope (5 fields
per chamber).
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RNA extraction and quantitative real-time PCR

RNA extraction with Trizol (Invitrogen) and quantitative real-time
PCR were performed as described in our previous study.18 GAPDH
served as a control for normalization. HPRT1 and 18S served as
controls for normalization in the nuclear fraction and actinomycin
D (Act-D)-treated samples, respectively. Primers for quantitative
real-time PCR are listed in Table S2.

Western blot analysis

Total cell lysates were collected as described previously.64 Primary
antibodies used for immunoblotting included anti-b-catenin
(8480S, Cell Signaling Technology), anti-E-Cad (ab1416, Abcam),
anti-FN (sc-52331, Santa Cruz Biotechnology), anti-METTL3
(ab195352, Abcam), anti-E2F1 (ab179445, Abcam), anti-FLAG
(MAB3118, Sigma-Aldrich), anti-ZEB1 (ABD53, Millipore), anti-
YTHDF2 (17479-1-AP, Proteintech), anti-YTHDF1 (17479-1-AP,
Proteintech), anti-eIF4E1 (11149-1-AP, Proteintech), anti-eIF4E1
S209 (9741T, Cell Signaling Technology), anti-eIF4E3 (17282-1-AP,
Proteintech), anti-RPS6 (14823-1-AP, Proteintech), anti-HA
(ab9110, Abcam), anti-b-catenin Y654 (ab59430, Abcam), anti-b-cat-
enin S552 (5651T, Cell Signaling Technology), anti-Na+/K+-ATPase
(BS1436, Bioworld), anti-H2A (ab11175, Abcam), anti-Met (sc-
514149, Santa Cruz), and anti-phosphorylated AKT (p-AKT)
(pSer473; SAB4504331, Sigma-Aldrich). The immunoblot results
presented are representative of at least three independent
experiments.

m6A RIP (MeRIP)-qPCR

MeRIP-qPCR was conducted according to a previous study with
slight modifications.65 Briefly, total RNAs (200 mg) extracted by
Trizol were used for IP by m6A antibody (Synaptic Systems) in IP
buffer (150 mM NaCl, 0.1% NP-40, 10 mM Tris [pH 7.4], and
100 U RNase inhibitor) to obtain m6A-conjugated mRNAs. Control
experiments were set up using immunoglobulin G (IgG). The m6A
RNAs were immunoprecipitated by Dynabead Protein G (Thermo
Fisher Scientific) and eluted twice by elution buffer (5 mM Tris-
HCl [pH 7.5], 1 mM EDTA [pH 8.0], 0.05% SDS, and 20 mg/mL Pro-
teinase K). m6A-IP RNAs were precipitated by ethanol, and the RNA
concentration was measured with a Qubit RNA HS Assay Kit
(Thermo Fisher Scientific). 2 ng of total RNA and m6A IP RNA
was used as the template for quantitative real-time PCR. HPRT1 acted
as an internal control of input because it did not contain m6A peaks
from the m6A profiling data.6 For MeRIP using fragmented RNA, to-
tal RNAwas fragmentated by fragmentation reagents (Thermo Fisher
Scientific), following the manufacturer’s instructions.

Promoter activity assay/dual-luciferase reporter assay

The promoter activity/dual luciferase reporter assay was performed
with the pGL3-Basic-CTNNB1-Fluc reporter, which contained the
CTNNB1 promoter region before the F-Luc gene. For F-Luc reporter
investigating effects of CTNNB1 50UTR on mRNA stability, the
CTNNB1 50UTR was inserted between the promoter and F-Luc re-
porter gene. Cells were co-transfected with reporter and pRL-TK
(as a control) plasmids for 48 h. The promoter activity/dual luciferase
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reporter assay was performed using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA) according to the man-
ufacturer’s instructions. Results were calculated as the luciferase
values of the reporter plasmid divided to pRL-TK.

Subcellular fractionation

Subcellular fractionation was performed according to a previous
report.66 Briefly, 2 � 107 cells were pelleted and lysed by sonication
on ice. The supernatant was centrifuged to obtain cytoplasmic pro-
teins, and the pellet was saved to obtain nuclear proteins. After
isolating cytoplasmic proteins, the supernatant was subjected to
1M–2M sucrose gradient centrifugation to separate membrane
proteins. Concentrations of all protein fractions were measured by
Bradford assay, and 60 mg total protein was loaded for western blot
detection. To obtain cytoplasmic and nuclear RNA, cytoplasmic
and nuclear fractions were mixed with Trizol (Invitrogen), followed
by the RNA extraction process according to the protocol.18 CTNNB1
mRNA in cytoplasmic and nuclear RNA was detected by real-time
PCR, where GAPDH and HPRT1 served as controls for normaliza-
tion in the cytoplasmic and nuclear fraction, respectively.

RNA stability and protein stability assays

HeLa cells and METTL3Mut/� cells were seeded 1 day before treat-
ment. 5 mg/mL Act-D or 100 mg/mL CHX was added to the cell cul-
ture medium for the indicated times for RNA stability and protein
stability assays, respectively. For the RNA stability assay, cells were
used to extract total RNA and detected by quantitative real-time
PCR. For the protein stability assay, cells were lysed in 1� SDS
loading dye and detected by western blot.

Polysome profiling

Polysome profiling was conducted according to a previous study.5

Briefly, 5 � 107 cells were incubated with 100 mg/mL CHX for
2 min at 37�C before harvest. Cells were washed with PBS-CHX
and lysed in 300 mL lysis buffer (140 mM NaCl, 5 mM MgCl2,
10 mM Tris HCl [pH 8.0], 1% Triton X-100, 0.5% sodium deoxycho-
late, 0.4 U/mL RNase inhibitor, 20mMDTT, 0.1 mg/mLCHX, 10mM
RVC, and 0.1% cocktail). Clear cell lysate was obtained by 16,000� g
centrifugation for 10 min and then digested by DNase for 10 min at
room temperature. DNase-treated cell lysate was loaded into 10 mL
5%–50% sucrose solution and centrifuged at 170,000 � g for 2 h at
4�C. Ribosomal fractions were separated by gradient profiling Triax
(Biocomp Instruments). RNAs in each polysome fraction were ex-
tracted by Trizol, and the RNA concentrations were determined using
the Qubit RNA HS Assay Kit (Thermo Fisher Scientific).

Site-directed mutagenesis

Site-directed mutagenesis was performed using PrimerSTAR Max
DNA polymerase (R045A, Takara). Primers used for mutagenesis are
listed in Table S3. The 50-mL PCR reaction was set up as follows: 1�
PrimerSTAR, 5 ng DNA template, 125 ng forward primer, and
125 ng reverse primer. The cycling steps were set up as follows: 30 s
at 95�C, 27 cycles (15 s at 98�C, 30 s at 55�C, 1 min/kb of plasmid
length at 72�C), and 20min at 72�C. PCR products were then collected
using a PCR purification kit (QIAGEN). 10 U/reaction of DpnI restric-
tion enzyme (New England Biolabs) was added to purified PCR prod-
ucts and incubated at 37�C for 1 h. Half of the DpnI-treated DNA was
transformed to DH5a cells. Positive clones were sent to process DNA
sequencing to verify successful mutagenesis of target genes.

RIP-qPCR

Cells were UV cross-linked for 30 min before harvest. Clear lysate
with 200 mg total protein (supplemented with protease inhibitors
and RNase inhibitor) was incubated with antibody- or IgG-conju-
gated Dynabead Protein G (Thermo Fisher Scientific) for 3 h.
RNAs pulled down by the antibody were eluted and dissolved in
Trizol (Invitrogen). RNAs were precipitated by ethanol, and the
RNA concentration was measured with a Qubit RNA HS Assay Kit
(Thermo Fisher Scientific). 2 ng of total RNA and IP RNA was
used as the template for quantitative real-time PCR.

CoIP assay

2 � 107 cells were pelleted and lysed in 400 mL RIPA buffer supple-
mented with protease inhibitors. Clear lysate was pre-cleaned using
20 mL Dynabead Protein G (Thermo Fisher Scientific) for 2 h at 4�C.
Pre-cleaned cell lysate was further incubated with antibody- or IgG-
conjugated Dynabead Protein G at 4�C. After overnight incubation,
beads were rinsed three times withy RIPA buffer and boiled in 30 mL
1� SDS loading dye. The eluted samples were analyzed by western blot.

Establishment of lung metastasis (LM) of breast cancer (BC) cell

models

Establishment of LM of BC cell models has been described previ-
ously18,43,67. In brief, first-generation LM cells were obtained from
the lungs of immunodeficient mice (4 weeks old) after injection of
2�105 viable BT-549 cells into the lateral tail vein in a volume of
0.1 mL. Eight weeks later, the metastasized cells were isolated, pri-
marily cultured withmedium supplemented with 10% FBS, and called
BT-549 LMF1. LMF2 and LMF3 BC cells were generated using the
same method. BT-549 LMF3 cells were used for further investigation.

IHC

The xenograft slides were deparaffinized and rehydrated through an
alcohol gradient, followed by antigen retrieval with sodium citrate
buffer. Tumor sections were blocked with 5% normal goat serum
(vector) with 0.1% Triton X-100 and 3% H2O2 in PBS for 60 min
at room temperature and then incubated with primary antibodies
at 4�C overnight. IHC staining was performed with horseradish
peroxidase (HRP) conjugates using DAB detection. Images were
taken with a Nikon microscope.

RNA sequencing (RNA-seq) and m6A sequencing (m6A-seq)

Total RNA was isolated from BT-549 and BT-549LMF3 cells and pu-
rified using the RNeasy Mini Kit (QIAGEN, Germany). Construction
of the cDNA library with the Tru-seq mRNA sample preparation kit
(Illumina, USA) was sequenced in Illumina platform. For m6A-seq,
the RNA was treated with a chemical reagent for fragmentation.
The fragmented RNA was incubated with an m6A antibody for IP
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according to the manufacturer’s instructions (MeRIP m6A Kit, Merck
Millipore, USA). m6A-enriched RNA was used to generate the cDNA
library in parallel with the input RNA and then sequenced using the
HiSeq 2000 system (Illumina, USA). All sequencing reads were
mapped to a reference human genome sequence (NCBI 36.1 [hg19]
assembly) by TopHat (version 2.0.6). Sequence motifs enriched in
m6A peaks were identified by HOMER, with m6A peaks as the target
sequences and control peaks as the background.

Plasmids, mutagenesis, siRNA, and transfection

Plasmids for transient overexpression were as follows: pcDNA3-
ALKBH5, PPB-METTL3, pcDNA3-b-catenin, pcDNA3-b-catenin
50UTR, pcDNA3-b-catenin-MS2bs, and pHM6-MS2. siRNAs used
for this study and primers for mutagenesis are listed in Tables S1
and S3, respectively. Transfection of plasmids and siRNAs was per-
formed using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions.

Experimental animals and xenograft models

All animal experiments complied with the Zhongshan School ofMed-
icine Policy on the Care and Use of Laboratory Animals. Four cohorts
of animals were used in the present study.

First, a subcutaneous transplantation model was used to evaluate the
growth of BT-549 LMF3 and BT-549 cells. Cells (5 � 106 per mouse,
n = 5 for each group) were diluted in 200mL PBS +200 mL Matrigel
(BD Biosciences) and injected subcutaneously into immunodeficient
female mice. When tumor volumes in the BT-549 LMF3 group reached
approximately 1,000 mm3, mice were sacrificed, and tumors were
removed and weighed. Tumor volume was quantified using manual
calipers every 3 days and calculated using the formula V = 1/2� larger
diameter � (smaller diameter)2.

Second, a subcutaneous transplantation model was used to evaluate
the metastasis potential of BT-549 LMF3 and BT-549 cells. Cells
(5 � 106 per mouse, n = 5 for each group) were diluted in 200mL
PBS +200 mL Matrigel (BD Biosciences) and injected subcutaneously
into immunodeficient female mice. When the tumors of all mice
reached about 100 mm3, mice were sacrificed, and tumors were iso-
lated to measure the expression of targets.

Third, the in vivo LMmodel was established by injection with BT-549
and BT-549 LMF3 cells (1 � 106 per mouse, n = 5 for each group).
Eight weeks after injection, the experiment was terminated, mice
were sacrificed, and metastatic lung tumors were analyzed for the
presence of metastatic tumors.

Last, primary tumors and metastasized tumors in lungs isolated from
MMTV-PyMTmice (n = 3) were isolated to analyze the expression of
targets.

Database (DB) analysis

We used the Kaplan-Meier DB (http://kmplot.com/analysis/) to test
OS of targets in individuals with lung cancer. The difference between
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survival curves was determined by log rank test; p < 0.05 was consid-
ered statistically significant. Correlations between CTNNB1 expres-
sion in cancer tissue and clinicopathological features were extracted
from the TCGA DB and Oncomine DB (http://www.oncomine.
org). The data were analyzed with a Pearson chi-square test.
Statistical analyses

Data are reported as mean ± SD from at least three independent ex-
periments unless otherwise specified. For capillary tube formation
and luciferase activity assays, data were derived from three indepen-
dent experiments that were performed in duplicate. Data were
analyzed by two-tailed unpaired Student’s t test between two groups
and by one-way ANOVA followed by Bonferroni test for multiple
comparisons. Statistical analysis was carried out using SPSS 16.0 for
Windows. All statistical tests were two sided. A p value of less than
0.05 was considered statistically significant. *p < 0.05; **p < 0.01;
***p < 0.001; NS, not significant.
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