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Esophageal cancer is a lethal malignancy with a high mortality
rate, while the molecular mechanisms underlying esophageal
cancer pathogenesis are still poorly understood. Here, we found
that the N6-methyladenosine (m6A) methyltransferase-like 3
(METTL3) is significantly upregulated in esophageal squamous
cell carcinoma (ESCC) and associated with poor patient prog-
nosis. Depletion of METTL3 results in decreased ESCC growth
and progression in vitro and in vivo. We further established
ESCCinitiationandprogressionmodels usingMettl3 conditional
knockout mouse and revealed that METTL3-mediated m6A
modification promotes ESCC initiation and progression in vivo.
Moreover, using METTL3 overexpression ESCC cell model and
Mettl3 conditional knockin mouse model, we demonstrated the
critical function of METTL3 in promoting ESCC tumorigenesis
in vitro and in vivo. Mechanistically, METTL3-catalyzed m6A
modification promotes NOTCH1 expression and the activation
of the Notch signaling pathway. Forced activation of Notch
signaling pathway successfully rescues the growth, migration,
and invasion capacities of METTL3-depleted ESCC cells. Our
data uncovered important mechanistical insights underlying
ESCC tumorigenesis and provided molecular basis for the devel-
opment of novel strategies for ESCC diagnosis and treatment.

INTRODUCTION
Esophageal cancers, including esophageal adenocarcinoma (EAC)
and esophageal squamous cell carcinoma (ESCC), are malignant tu-
mors that seriously threaten humanhealth.1,2 Esophageal cancer ranks
as the seventh most common cancer worldwide and is a leading cause
of cancer-related mortality.3,4 ESCC represents more than 90% of
esophageal cancers and is often diagnosed at advanced stages.2,5 The
high mortality rate of esophageal cancer is due to the lack of the effec-
tive diagnosis and therapeutic strategies.1,2,5 Therefore, better under-
standing of the molecular mechanisms underlying esophageal cancer
pathogenesis is crucial for clinical diagnosis and treatment of esopha-
geal cancer patients.

Abnormal genetic changes and/or epigenetic abnormalities often
lead to ESCC pathogenesis.6–8 Mutations of key cancer genes,
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including P53, CCND1, and NOTCH receptors, are often associated
with ESCC progression.8 In addition, mis-regulated DNA methyl-
ation, histone modifications, and non-coding RNAs also result in
mis-regulated gene expression and ESCC development.7–9 In recent
years, mRNA modifications were reported to play essential func-
tions in regulation of posttranscriptional gene expression. N6-meth-
yladenosine (m6A) is the most abundant internal modification on
eukaryotic mRNAs.10,11 Methyltransferase-like 3 and 14 (METTL3
and METTL14) and their cofactors catalyze m6A modification on
target mRNAs.10 In contrast, the m6A demethylases, including
FTO and ALKBH5, can remove m6A modification from
mRNAs.11,12 Different types of m6A readers recognize the m6A
modification of a given target mRNA and regulate the stability,
translation, splicing, or nuclear transport of the target
mRNAs.13–16 Given the important function of m6A modification
in gene expression regulation, the mis-regulations of m6A modifica-
tion often result in developmental diseases and cancers. Our previ-
ous studies have shown that the m6A methyltransferase METTL3
enhances the expression of various oncogenes and therefore
promotes cancer progression.13–16 Moreover, recent studies further
uncovered the essential functions of m6A mRNA modification in
regulation of different cancer types.17,18 METTL3 is upregulated
in ESCC,19 however, the physiological functions and underlying
molecular mechanisms of METTL3-mediated m6A modification
in ESCC remain poorly understood.
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In this study, we found that METTL3 expression is upregulated in
human esophageal cancer samples and is associated with poor esoph-
ageal cancer progression. We further revealed the crucial functions of
METTL3-mediated m6A modification in promoting ESCC initiation
and progression in vitro and in vivo through activation of the
NOTCH1 signaling pathway. Our work uncovered novel mechanisms
underlying ESCC tumorigenesis and could provide new insights for the
development of effective therapeutic strategies for ESCC treatment.

RESULTS
METTL3 is elevated in ESCCs and is associated with poor ESCC

prognosis

To study the potential functions of METTL3-mediated m6A modifica-
tion in esophageal cancer, we first determined theMETTL3 expression
in esophageal cancer patient samples using The Cancer Genome Atlas
(TCGA) database (TCGA database: https://portal.gdc.cancer.gov/).
Our analysis revealed that METTL3 mRNA expression is significantly
upregulated in esophageal tumor tissues compared with those in
normal tissues (Figure 1A). In addition, high METTL3 expression is
associated with advanced tumor grades and cancer stages (Figures
1B and 1C) and high lymph nodemetastasis activity of esophageal can-
cer (Figure 1D). Moreover, patients with higher METTL3 expression
have significantly poorer disease-free survival status (Figure 1E). To
further verify the association between METTL3 and esophageal cancer
progression, we performed immunohistochemistry (IHC) staining of
METTL3 on tumor tissues from our cohort of ESCC patients. Consis-
tently, we found a significantly higher expression of METTL3 in ESCC
tumor tissues than those in peri-tumor tissues (Figures 1F–1H).
Furthermore, data from our cohort also supported that high METTL3
expression is associated with poor prognosis of ESCC patients (Figures
1I and 1J). Overall, these data indicate the important functions of
METTL3 in regulation of ESCC progression.

Targeting METTL3 expression impairs ESCC progression

To study the underlying molecular mechanisms of METTL3 in regu-
lation of ESCC, we knocked down METTL3 expression in TE-9 and
TE-10 ESCC cells using two distinct short hairpin RNAs (shRNA1
and shRNA2; hereafter referred to collectively as sh1 and sh2).
Compared with the non-specific control (NC), both sh1 and sh2
significantly reduced METTL3 protein expression (Figure 2A).
Knockdown ofMETTL3 inhibits proliferation (Figure 2B) and colony
formation (Figures 2C and 2D) of ESCC cells, suggesting that
METTL3 is essential for the ESCC growth. We further performed
wound healing assay and migration assay and found that METTL3
depletion significantly reduces the migration of ESCC cells (Figures
2E–2H). Moreover, cell invasion assay also revealed that knockdown
of METTL3 reduces the invasion ability (Figures 2I and 2J) of both
TE-9 and TE-10 cells. Collectively, our in vitro results uncover the
critical role of METTL3 in the regulation of ESCC progression.

METTL3-mediated m6A modification regulates Notch signaling

pathway

We next performed m6A methylated RNA immunoprecipitation-
sequencing (MeRIP-seq) to identify the downstream target and un-
334 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
derlying molecular mechanisms of m6A in regulation of ESCC.
Analysis of our m6A MeRIP-seq data revealed that m6A-modified
sites are selectively located at the GGAC motif near the translation
stop codon (Figures 3A and 3B). Gene Ontology (GO) analysis un-
covered that the m6A-modified transcripts are significantly enriched
in cancer gene pathways, including the Notch signaling pathway (Fig-
ure S1). Moreover, GO analysis of RNA-seq data revealed that the
downregulated mRNAs in the METTL3 knockdown ESCC cells are
also significantly enriched in the Notch signaling pathway (Figure S2),
suggesting the potential function of METTL3 in regulation of Notch
pathway in ESCC cells. Key Notch pathway component NOTCH1 re-
ceptor has strong and specific m6A modification located near its
translation stop codon (Figure 3C). Moreover, gene set enrichment
analysis (GSEA) uncovered that depletion of METTL3 in ESCC cells
resulted in a significant change of Notch signaling pathway gene
expression (Figure 3D; Tables S3 and S4). Notch signaling pathway
is an important oncogenic pathway in cancers, therefore, we further
studied the function of METTL3-mediated m6A mRNAmodification
in regulation of Notch pathway in ESCC. Expression analysis revealed
that NOTCH1 expression is significantly upregulated in ESCC
samples compared with the controls (Figure 3E). Moreover, the ex-
pressions of METTL3 and NOTCH1 are significantly correlated
(Figure 3F), further confirming the potential role of METTL3-medi-
ated m6A modification in regulation of the Notch signaling pathway
in ESCC.We next knocked downMETTL3 expression and found that
depletion of METTL3 results in decrease of the m6A modification,
mRNA, and protein expression levels of NOTCH1; moreover, the
expression of Notch target P21 also decreases upon METTL3 deple-
tion (Figures 3G–3I). Overall, our data uncover that METTL3
regulates the m6A modification and the expression of the NOTCH1
receptor in ESCC cells.

Activation of the Notch pathway rescues ESCC progression in

METTL3-depleted ESCC cells

To determine whether the Notch signaling pathway is a key down-
stream target of METTL3 in ESCC, we further performed rescue assay
by forced activation of NOTCH1 in the METTL3-depleted cells. As
shown in Figures 4A and 4B, overexpression of the active form of
NOTCH1 (Intracellular domain of NOTCH1 [ICN1]) increased the
expression of NOTCH1 in METTL3 knockdown cells, suggesting
that we have successfully activated the Notch signaling pathway.
Forced activation of the NOTCH1 signaling pathway rescued the
growth (Figure 4C) and colony formation (Figures 4D and 4E) capac-
ities of theMETTL3 knockdown ESCC cells. In addition, wound heal-
ing (Figures 4F and 4G), migration, and invasion (Figures 4H and 4I)
assays further revealed that NOTCH1 activation significantly pro-
moted the migration and invasion of METTL3-depleted ESCC cells.
These data support that the NOTCH1 signaling pathway is an impor-
tant downstream target of METTL3 and is essential for its function in
promoting ESCC progression.

Knockout (KO) of Mettl3 inhibits ESCC initiation in vivo

We next generated the Keratin14 promoter-drivenMettl3 conditional
knockout (Keratin14-CreER; Mettl3fl/fl, cKO) mouse model to study
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Figure 1. METTL3 is elevated in ESCCs and is a negative prognostic factor for ESCC patients

(A) Quantification of METTL3 expression (transcripts per million [TPM]) in normal esophageal tissues and primary esophageal tumor. (B) METTL3 expression level in normal

esophageal tissues and different grades of esophageal tumor tissues. (C) METTL3 expression level in normal esophageal tissues and different stages of esophageal tumor

tissues. (D) METTL3 expression level in normal esophageal tissues and tumor tissues with different stages of lymph node metastasis. (E) Disease-free survival of ESCC

patients with high or low METTL3 expression level. Kaplan-Meier was employed to analyze the survival fraction. (F and G) IHC staining of METTL3 in clinical samples and the

quantification of METTL3 staining scores. (H) Proportion of high/lowMETTL3 expression cases in tumor tissues and the adjacent normal tissues. (I and J) Correlation between

METTL3 expression and overall survival (I) or disease-free survival (J) of ESCC patients. Data are represented as means ± SDs. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s

t test; Dunnett’s test; log rank test).
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the function of METTL3 in regulation of ESCC initiation and pro-
gression in vivo. To determine the role of Mettl3 in regulation of
ESCC initiation, we first induced Mettl3 cKO by tamoxifen injection
and then subjected theMettl3 cKO and control mice to 16 weeks of 4-
nitroquinoline N-oxide (4NQO) treatment to induced ESCC forma-
tion. On week 21, the mice were sacrificed for analysis of ESCC
tumorigenesis in the Mettl3 cKO and control mice (Figures 5A and
5B). As shown in Figure 5C,Mettl3 cKO resulted in fewer and smaller
lesions in the esophagus of mice compared with those in the control
mice. Significantly decreased tumor burden as indicated by the
reduced visible lesion area was observed on cKO mice (Figure 5D).
Correspondingly, hematoxylin and eosin (H&E) staining revealed
that Mettl3 cKO mice have a significantly decreased number of dys-
plasias and squamous cell carcinomas than those in the control
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 335
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Figure 3. METTL3-mediated m6A modification regulates the Notch signaling pathway

(A) The sequencemotif for m6Amethylation identified in ESCC cells. (B) Metagene profiles of m6A distribution across the transcriptome in ESCC cells. (C) Representative m6A

modification of NOTCH1 in ESCC cells. (D) GSEA analysis of transcriptome in NC cells or shMETTL3 cells with gene set from Notch signaling pathway. (E) Quantification of

NOTCH1 expression (transcripts per million [TPM]) in normal esophageal tissues and primary esophageal tumor. (F) Correlation analysis of METTL3 and NOTCH1 expression

in ESCC using TCGA database. (G) m6A-MeRIP-qPCR analysis showed the m6A level of NOTCH1 in ESCC cells with or without METTL3 knockdown. (H) Western blot of

NOTCH1 and P21 protein level in METTL3-depleted ESCC cells. (I) qRT-PCR analysis of NOTCH1 and P21 mRNA level in METTL3-depleted ESCC cells. Data are rep-

resented as mean ± SD. *p < 0.05, ***p < 0.001 (one-way ANOVA; Student’s t test; chi-square test).
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mice (Figures 5E–5G). IHC staining further uncovered that the Ki67,
NOTCH1, and HES1 expression levels are significantly decreased in
the ESCC derived from the Mettl3 cKO mice (Figures 5H–5K), sug-
gesting that Mettl3 cKO decreased the NOTCH1 signaling pathway
activity and reduced the proliferation of ESCC in vivo. Interestingly,
the expression of ESCC cancer stem cell marker SOX2 also decreased
in the Mettl3 cKO mice (Figures S3A and S3B), suggesting that
METTL3-mediated m6A modification could regulate the cancer
Figure 2. Targeting METTL3 expression impairs progression of ESCC in vitro

(A) Western blotting confirmation of METTL3 knockdown in TE-9 and TE-10 cells. (B) Gro

(C) and the quantification data (D) of TE-9 and TE-10 cells with or without METTL3 knock

TE-10 cells with or without METTL3 knockdown. (G and H) Invasion assay (G) and the q

and J) Migration assay and the quantification data (J) of TE-9 and TE-10 cells with or with

***p < 0.001 (one-way ANOVA; Student’s t test).
stem cell function in vivo. Overall, these results support the critical
function of METTL3 for the in vivo ESCC initiation.

Mettl3 is essential for ESCC progression in vivo

We further established an in vivo ESCC progression model to deter-
mine the role of METTL3 in ESCC progression using theMettl3 cKO
mice. Here we first treated the Keratin14-CreER; Mettl3fl/fl and con-
trol mice with 4NQO for 16 weeks to induce ESCC formation. After
wth of NC or shMETTL3 cells evaluated by CCK8. (C and D) Colony formation assay

down. (E and F) Wound healing assay (E) and the quantification data (F) of TE-9 and

uantification data (H) of TE-9 and TE-10 cells with or without METTL3 knockdown. (I

out METTL3 knockdown. Data are represented as mean ± SD. *p < 0.05, **p < 0.01,
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Figure 4. Activation of Notch pathway rescues ESCC progression in METTL3-depleted cells

(A) Western blot of ICN1 expression in METTL3-depleted ESCC cells. (B) qRT-PCR of ICN1 expression in METTL3-depleted ESCC cells. (C) CCK8 assay of METTL3-

depleted ESCC cells with or without ICN1 overexpression. (D and E) Colony formation assay (D) and the quantification data (E) of METTL3-depleted ESCC cells with or

without ICN1 overexpression. (F and G)Wound healing assay (F) and the quantification data (G) of METTL3-depleted ESCC cells with or without ICN1 overexpression. (H and

I) Migration and invasion assay (H) and the quantification data (I) of METTL3-depleted ESCC cells with or without ICN1 overexpression. Data are represented as mean ± SD.

*p < 0.05, ***p < 0.001 (one-way ANOVA; Student’s t test).
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that, all the mice with the same condition of tumor bearing were in-
jected with tamoxifen to induce Mettl3 cKO in the cKO mice, which
allows us to study the function of METTL3 in regulation of the pre-
existing ESCC in vivo (Figures 6A and 6B). At week 21, the mice were
sacrificed for analysis of METTL3’s function in in vivo ESCC progres-
sion. Our data revealed that Mettl3 cKO in the tumor-bearing mice
resulted in slower progression andmilder tumor symptoms, as shown
by the decreased visible lesion area in the cKO mice compared with
those in the control mice (Figures 6C and 6D). In addition, Mettl3
cKO in mice with pre-existing ESCC significantly decreased the num-
ber of dysplasias and squamous cell carcinomas (Figures 6E–6G).
338 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Furthermore, KO of Mettl3 also resulted in the reduced Ki67 expres-
sion and NOTCH1 signaling pathway activity in the ESCC (Figures
6H–6K), suggesting that 3METTL3 is essential for the NOTCH1 acti-
vation and proliferation activity of the ESCC in vivo. Overall, these
data support the essential function of METTL3 in promoting the pro-
gression of ESCC in vivo.

Overexpression of METTL3 promotes ESCC tumorigenesis

in vitro and in vivo in Mettl3 transgenic mice

Given that METTL3 expression is significantly upregulated in human
ESCC samples, we determined whether overexpression of METTL3



Figure 5. Knockout of Mettl3 inhibits occurrence of ESCC in vivo

(A) Experimental design for inducing mouse ESCC by 4NQO with or without epithelium-specific conditionalMettl3 KO. Keratin14-Cre was activated before the treatment of

4NQO. (B) Western blot with METTL3 antibody. (C) Representative image of esophageal lesions 21 weeks after 4NQO treatment. (D) Quantification of lesion areas in control

group and cKO group. (E) Representative H&E staining of esophagus tissues in control group and cKO group. (F) Quantification of dysplasia numbers in control group and

cKO group. (G) Quantification of ESCC numbers in control group and cKO group. (H) Representative images ofMETTL3 and Ki67 IHC staining of esophagus tissues in control

group and cKO group. (I) Quantification of Ki67 staining scores in control group and cKO group. (J) Representative images of NOTCH1 and HES1 IHC staining in control

group and cKO group. (K) Quantification of NOTCH1 and HES1 staining scores in control group and cKO group. Ctrl, control. Data are represented as mean ± SD. *p < 0.05,

**p < 0.01, ***p < 0.001 (Student’s t test).
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Figure 6. Knockout of Mettl3 inhibits progression of ESCC in vivo

(A) Experimental design for inducing mouse ESCC by 4NQOwith or without epithelium-specific conditionalMettl3 knockout. Keratin14-Cre was activated after the treatment

of 4NQO for 16 weeks. (B) Western blot with METTL3 antibody. (C) Representative image of esophageal lesions 21 weeks after 4NQO treatment. (D) Quantification of lesion

areas in esophageal tissues with or without Mettl3 cKO. (E) Representative H&E staining of esophagus in control group and cKO group. (F) Quantification of dysplasia

numbers in control group and cKO group. (G) Quantification of ESCC numbers in control group and cKO group. (H) Representative images of METTL3 and Ki67 IHC staining

of esophageal tissues in control group and cKO group. (I) Quantification of Ki67 staining scores of esophageal tissues in control group and cKO group. (J) Representative

images of NOTCH1 and HES1 IHC staining of esophageal tissues in control group and cKO group. (K) Quantification of NOTCH1 and HES1 staining scores of esophageal

tissues in control group and cKO group. Ctrl, control. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test).
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Figure 7. Overexpression of METTL3 promotes ESCC progression in vitro

(A) Western blot with indicated antibodies of METTL3 overexpressed (OEM3) TE-9 and KYSE-30 cells. (B and C) Proliferation of OEM3 TE-9 cells (B) and KYSE-30 cells (C) by

CCK8 assay. (D–G) Wound healing assay of migration ability OEM3 TE-9 cells (D and E) and KYSE-30 cells (F and G). (H–K) Transwell assay of OEM3 TE-9 cells (H and I) and

KYSE-30 cells (J and K). (L–O) Colony formation assay of OEM3 TE-9 cells (L and M) and KYSE-30 cells (N and O). Data are mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001

against control group (Student’s t test).
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could promote ESCC progression. Our data revealed that overexpres-
sion of METTL3 promotes the expression of NOTCH1 in ESCC cells
(Figure 7A). Functionally, METTL3 overexpression promotes the
proliferation of ESCC cells, as shown by the Cell Counting Kit-8
(CCK8) assays (Figures 7B and 7C). In addition, overexpression of
METTL1 promotes the migration, invasion, and colony formation
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capacities of ESCC cells (Figures 7D–7O), further supporting the
essential function of theMETTL3-m6A-NOTCH1 axis in ESCC regu-
lation of progression.

We further generated the Mettl3 conditional knockin (cKI) mouse
model to study the role of METTL33 in ESCC tumorigenesis in vivo.
The Keratin14-cre mouse was crossed with Mettl3ki/WT mouse to
generate the epithelium-specific overexpression of the METTL3
mouse model (Keratin14-Cre; Mettl3ki/WT, cKI). Then the Mettl3
cKI and control mice were treated with 4NQO for 16 weeks to induce
ESCC tumorigenesis (Figures 8A and 8B). At week 20, the mice were
sacrificed to study the role of METTL3 overexpression in ESCC
tumorigenesis in vivo. Our data revealed that Mettl3 cKI mice devel-
oped massive tumor burden in esophagus, while only lighter tumor
burden occurred in the esophagus of control (Ctrl) mice at week 20
(Figure 8C). The tumor burden as indicated by the visible lesion
area in Mettl3 cKI mice was significantly increased compared with
that in control mice (Figure 8D). H&E staining revealed that the
cKI mice had a significantly increased number of dysplasias and squa-
mous cell carcinomas compared with those in the control mice (Fig-
ures 8E–8G), which indicated that forced expression of METTL3
leads to increased tumorigenesis of ESCC. We then performed histo-
logical analysis upon the esophagus derived from the two groups of
mice. IHC staining uncovered the significant upregulation of
METTL3 and Ki67 levels in the cKI mice (Figures 8H and 8I), indi-
cating that the tumors from the cKI mice are more aggressive. More-
over, the expressions of NOTCH1, HES1 and SOX2 are significantly
upregulated in the Mettl3 cKI mice (Figures 8J, 8K, S3C, and S3D),
confirming that METTL3 activates the NOTCH1 signaling pathway
in ESCC in vivo. Overall, our data demonstrate the strong function
of METTL3 in promoting ESCC tumorigenesis in vivo.

DISCUSSION
Here we uncovered that the m6A methyltransferase METTL3 is
significantly upregulated in ESCC and associated with poor ESCC
prognosis. Our data revealed that depletion of METTL3 decreases hu-
man esophageal carcinoma cells’ proliferation, invasion, and migra-
tion capacities, while overexpression of METTL3 promotes ESCC
progression in vitro. Most importantly, our in vivo ESCC models
using epithelium-specific Mettl3 knockout and knockin mice further
supported the strong physiological functions of METTL3 in ESCC
occurrence and progression in vitro. Mechanistically, we found that
the NOTCH1 signal pathway is a crucial m6A target that facilitates
METTL3’s function in ESCC progression. Overall, our work provided
strong in vitro and in vivo evidence supporting the important func-
tion of m6A in the regulation of ESCC tumorigenesis and progression.

Studies in the past few years have revealed that m6A modification
plays a key role in different bioprocesses, including RNA processing,
tissue development, DNA damage or heat shock responses, circadian
clock control, spermatogenesis, maternal-to-zygotic transition,
angiogenesis, as well as self-renewal and differentiation of embryonic
stem cells.20–22 More recently, extensive efforts have been made to
study the biological impacts of dysregulated m6A modification and
342 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
the related mechanisms in various cancers. Emerging evidence sup-
ported that m6A modification on mRNAs can promote the develop-
ment and progression of cancers, such as bladder cancer, lung cancer,
and breast cancer.16,23–26 Here we revealed the important oncogenic
function of METTL3 in regulation of ESCC in vitro and in vivo.
Most importantly, we established an in vivo ESCC tumor model using
Mettl3 cKO and cKI mouse models to provide direct and strong evi-
dence supporting the critical function of METTL3 ESCC initiation
and progression.

Mechanistically, we uncovered that the NOTCH1 signaling pathway
is a critical m6A target that mediates METTL3’s function in promot-
ing ESCC progression. The Notch signaling pathway is a highly
conserved pathway that regulates many aspects of cancer biology.27

NOTCH1 is significantly upregulated in ESCC, and mis-regulation
of the Notch pathway promotes ESCC initiation and progression;
therefore, targeting the Notch pathway is a promising therapeutic
strategy for the treatment of ESCC.28–30 METTL3-mediated m6A
modification could regulate downstream mRNA’s splicing, transport,
stability, and translation. Our data revealed thatNOTCH1mRNA has
strong and specific m6A modification, and knockdown of METTL3
reduces the mRNA levels of NOTCH1, suggesting that METTL3-
mediated m6A modification regulates the stability of NOTCH1
mRNA. Furthermore, we found that forced activation of the
NOTCH1 pathway can rescue the growth, migration, and invasion
capacities of METTL3 knockdown cells, suggesting that METTL3-
mediated m6A modification promotes ESCC progression by regula-
tion of the Notch signaling pathway.

Overall, we demonstrate strong in vitro and in vivo evidence support-
ing the critical function of METTL3-mediated m6A modification in
promoting ESCC initiation and progression. Our data uncovered
novel molecular mechanisms regulating the ESCC pathogenesis and
provided new insights for the development of effective therapeutic
strategies for ESCC treatment.

MATERIALS AND METHODS
Animals

All animal care and experiments protocols were approved by the
Institutional Ethics Committee for Clinical Research and Animal Tri-
als of the First Affiliated Hospital, Sun Yat-sen University. The study
was in compliance with all relevant ethical regulations regarding Re-
porting of In Vivo Experiments (ARRIVE) guidelines. Mice were
euthanized when they met with the institutional euthanasia criteria
for tumor size and overall health condition. Experiments were carried
out using mixed male and female animals.

Clinical samples

Paraffin-embedded specimens of tumor and peri-tumor tissues from
patients with esophageal carcinoma in this study were obtained from
Sun Yat-sen University Cancer Center (Guangzhou, China). Ethical
approval for research on human subjects was obtained from the Insti-
tutional Review Board of Sun Yat-sen University Cancer Center, and
written consent was obtained from all patients prior to analysis.
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Cell culture

All the cells were cultured in DMEM (GIBCO, USA) with 10% fetal
bovine serum (FBS; GIBCO, USA), 1% streptomycin (GIBCO,
USA), and 1% penicillin (GIBCO, USA). Cells were cultured in a wa-
ter-saturated atmosphere under 5% CO2 at 37�C.

IHC

Paraffin sections with a thickness of 5 mmwere baked for 1 h at 65�C.
Prior to immunostaining, paraffin sections were deparaffinized and
rehydrated in an alcohol series, followed by antigen retrieval with
microwave (MW) heating in Citrate Antigen Retrieval Solution.
Sections were blocked with 5% normal goat serum and incubated
with the primary antibodies against METTL3 or Ki67 at 4�C over-
night. Then immunoreactions were detected with an UltraSensitive
S-P Ultrasensitive Kit (horseradish peroxidase [HRP], anti-rabbit)
and visualized with 3, 3’ -Diaminobenzidine (DAB) substrate.
Images were acquired with a microscope (ZEISS, Germany). The
protein expression level was evaluated by a semiquantitative
immunoreactivity scoring system. The staining intensity was scored
as 0 (absent), 1 (weak), 2 (moderate), and 3 (strong), and the
proportion of positive staining cells was scored as 0, 1, 2, and 3
for absent, <10%, 10%–50%, and >50%, respectively. The product
of intensity score and proportion score resulted in an immunoreac-
tivity scoring system index and was used to evaluate the immunore-
activity of METTL3.

Lentiviral transduction

Lentiviral vectors expressing pLKO.1 shRNAs targeting GFP and
METTL3 were obtained from Open Biosystems, Inc. The lentiviral
vectors were co-transfected with packaging vector pCMVDR8.9 and
enveloped vector pCMV-VSVG into 293T cells using Lipofectamine
2000 reagent (Invitrogen, USA) for lentivirus production. Viruses
were collected to infect TE-9 and TE-10 cells with 8 mg/mL Polybrene
(Solarbio, China). The stable infected cells were selected with puro-
mycin (Solarbio, China) (3 mg/mL) for 48 h. The sequences of
shRNAs used in this study were listed in Table S1.

Plasmid construction

METTL3 expression plasmid was generated by cloning the full-length
open reading frame (ORF) of human METTL3 gene (GenBank:
NM_019852.5) into pFLAG-CMV2 vector as previously described.15

Overexpression of METTL3 was performed using Lipofectamine
2000 reagent (Invitrogen, USA) following the manufacturer’s
instructions.

RNA isolation and qRT-PCR

RNA isolation and qRT-PCR were performed as previously
described.31 In brief, total RNA was extracted using TRIzol (Invitro-
gen) according to the manufacturer’s instructions. Reverse transcrip-
tion was performed with PrimeScript RT reagent Kit (Takara, Japan)
using 2 mg total RNA in a 20-mL reaction system. After reverse tran-
scription, the cDNA samples were diluted by 1:20 for the analysis of
gene expression using qRT-PCR. qRT-PCR was carried out by TB
Green Premix Ex Taq II (Takara, Japan) in StepOnePlus real-time
344 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
PCR system (Thermo Scientific, USA). Each sample was replicated
three times, and relative mRNA expression was calculated using
b-ACTIN as an internal control. Primers used in this study were listed
in Table S1.

m6A MeRIP-seq and MeRIP qRT-PCR

The m6AMeRIP-seq and MeRIP qRT-PCR assays were performed as
previously described.15 In brief, total RNA was fragmented using
ZnCl2 and incubated with anti-m6A polyclonal antibody (202003;
SynapticSystems) at 4�C for 2 h and then treated with protein A/G
magnetic beads (88802; Thermo Fisher Scientific) at 4�C for an addi-
tional 2 h. The bound RNAwas purified and then used for sequencing
library construction and qRT-PCR. The library was sequenced with
the Illumina Next-Seq 500 sequencer and analyzed as previously
described.15 Methylated sites on RNAs (peaks) were identified with
Model-based Analysis of ChIP-Seq (MACS) software.

Western blotting analysis

SDS loading buffer was added to samples and boiled for 5 min at
95�C. Samples were loaded on 10% SDS-PAGE gels and performed
with electrophoresis followed by transfer to polyvinylidene fluoride
membrane subjected to immunoblotting with different antibodies.
After incubation with HRP-conjugated secondary antibodies (CST)
at room temperature for 2 h, immunoreactions were visualized using
ECL Plus (Thermo Scientific, USA). Antibodies used in this study
were listed in Table S2.

Cell proliferation assay

Fifteen hundred cells were seeded into the well of a 96-well culture
plate and cultured in 100 mL of culture medium in a humidified,
5% CO2 atmosphere. CCK8 Reagent (Dojindo, Japan) was used to
detect cell proliferation following the manufacturer’s instructions.
The plate was incubated at 37�C for 1.5 h in a humidified, 5% CO2

atmosphere. Finally, the absorbance was recorded at 450 nm using
an Automatic microplate reader (Bio-Tek, USA).

Clone formation assay

Five hundred cells were seeded in six-well plates with 2 mL fresh me-
dium and grown for 2 weeks. Visible colonies were stained with 0.1%
crystal violet, and colony numbers were calculated.

Wound healing assay

Onemillion cells were seeded into the well of six-well culture plates in
3 mL culture medium with FBS and culture until confluent. Use a
pipette tip to make a straight scratch in each well, and replace the me-
dium by DMEM (GIBCO, USA) without FBS. Count and record the
width of the scratch at 0, 12, and 24 h under a microscope (Leica,
Germany).

Cell migration assay

Migration assays were performed using 24-well Transwell inserts with
an 8-mm pore size (Corning, USA). One hundred thousand cells in
200 mL of culture medium without FBS were plated in the upper
chambers, and 600 mL of culture medium containing 20% FBS was
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placed in each bottom chamber. After incubation for 24 h at 37�C, the
invaded cells were fixed with 100% methanol for 20 min and stained
with 0.1% crystal violet solution for 15 min at room temperature. The
invaded cells were counted and recorded under a microscope (Leica,
Germany).

Cell invasion assay

Transwell Matrigel invasion assays were performed using 24-well
Transwell inserts with an 8-mm pore size (Corning, USA). A
24-well permeable support plate was coated with 200 mg/mL Corn-
ing Matrigel matrix (Corning, USA) followed by incubation at
37�C for 5 h to solidify the matrigel matrix. The following steps
beginning with seeding cells were performed as cell migration
assay.

GO and pathway analysis

GO analysis was performed as previously described.31 In brief, GO of
TE-decreased genes was conducted using the ToppFun module of the
ToppGene Suite (https://toppgene.cchmc.org/enrichment.jsp). The
ontology terms with Benjamini-Hochberg adjusted p value (false dis-
covery rate [FDR]) < 0.05 were considered as significantly enriched.
Pathway analysis was conducted using the GSEA toolkit by
pidpathway.

Generation of epithelium-specific conditional Mettl3 cKO/cKI

mice

K14-Cre mice or K14-CreER mice were crossed with Mettl3ki/ki or
Mettl3fl/fl mice to obtain K14-Cre; Mettl3ki/WT mice and K14-CreER;
Mettl3fl/WT as heterozygous epithelial-specificMettl3 cKI mice or het-
erozygous epithelial-specificMettl3 cKO mice. The mice were further
crossed to generate K14-CreER; Mettl3fl/fl mice, which were ready for
experiment. The genotypes of transgenic mice were identified by PCR
amplification of target DNA and agarose gel electrophoresis.
Genomic DNA was extracted from mouse tails by Mouse Tail Direct
PCR Kit (Foregene, China). Primers for floxedMettl3 cKO/cKI allele
genotyping were listed in Table S1.

ESCC tumorigenesis mouse models

For induction of ESCC, 4-week-old mice were treated with drinking
water containing 50mg/mL 4NQO (Sigma-Aldrich, USA) for 16weeks
and then given normal drinking water for another 4–5 weeks. Cre was
activated by the intraperitoneal injection of tamoxifen (Sigma-Al-
drich, USA) at a dose of 9 mg per 40 g body weight every other day
for a total of three injections. For tumor measurement, mice were
sacrificed, and the esophagus was dissected immediately. The surface
areas of tumors were measured as described previously.14 Intact
esophagus was fixed in 4% paraformaldehyde for 48 h, embedded
in paraffin, and sectioned into 5-mm sections. The dysplasia and
ESCC were determined and counted in the H&E-stained sections ac-
cording to the following criteria: epithelial dysplasia confined to
esophageal epidermis without obvious invasion, and the basement
membrane was relatively intact (dysplasia); distinct invasion, unclear-
ness, or loss of basement membrane; drop; and diffuse or extensive
infiltration into the muscle layer (ESCC).
Statistical analysis

Error bars denote standard deviations (SDs). Two groups of indepen-
dent samples were compared by two-sample t test. The results of the
cell proliferation and cell migration experiments were analyzed using
repeated-measures ANOVA. Protein expression data for esophageal
carcinoma clinical tissue sections were analyzed using the chi-square
test. Pearson’s correlation was used for correlation analysis. For a test
with a size of a = 0.05, p < 0.05 was considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001).
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