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RNA modification plays an essential function in regulating
gene expression and diverse biological processes. RNA modifi-
cation enzyme methyltransferase-like 3 (METTL3) affects tu-
mor progression by regulating the N6-methyladenosine
(m6A) modification in the mRNAs of critical oncogenes or tu-
mor suppressors, but its effect in oral squamous cell carcinoma
(OSCC) remains unknown. In this study, we revealed that
METTL3 was consistently upregulated in two OSCC cohorts,
and high METTL3 expression was associated with poor prog-
nosis. Functionally, cell proliferation, self-renewal, migration,
and invasion ability in vitro and tumor growth and metastasis
in vivo were decreased after METTL3 knockdown in OSCC
cells. In contrast, the opposite results were obtained after
METTL3 overexpression. In addition, the results obtained
with the Mettl3 genetically modified mouse model validated
the essential role of Mettl3 in chemical-induced oral carcino-
genesis. In mechanism, methylated RNA immunoprecipitation
sequencing (MeRIP-seq), MeRIP-quantitative real-time PCR,
and luciferase reporter and mutagenesis assays identified that
METTL3 mediates the m6A modification in the 30 UTR of
BMI1 mRNA. METTL3 promotes BMI1 translation in OSCC
under the cooperation withm6A reader IGF2BP1. Our findings
revealed that METTL3 promotes OSCC proliferation and
metastasis through BMI1 m6A methylation, suggesting that
the METTL3-m6A-BMI1 axis may serve as a prognostic
biomarker or therapeutic target in patients with OSCC.
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INTRODUCTION
Oral squamous cell carcinoma (OSCC) is the most common malig-
nant tumor of the oral cavity. Although comprehensive treatments,
including surgical treatment, radiotherapy, and chemotherapy, have
made progress over the years, the prognosis of OSCC patients re-
mains poor, and the 5-year survival rate has not been significantly
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improved.1–3 Thus, clarification of the molecular mechanisms under-
lying OSCC invasion and metastasis is crucial to improve patient
prognosis and develop effective targeted therapeutic inventions. To
date, many genetic and epigenetic changes had been found to be
involved in the development of OSCC. In our previous studies,4–6

many epigenetic alterations, such as miR-21, miR-138, miR-181a,
and miR-222, were verified to regulate the invasion and metastasis
of OSCC through different signaling pathways. To date, few reports
have focused on the m6A methylation modification and OSCC.

N6-methyladenosine (m6A) is the most abundant modification in
mRNA and is regulated by m6A methyltransferases, demethylases,
and readers.7Methyltransferase-like3 (METTL3), themainRNAmeth-
yltransferase, togetherwith its auxiliarypartnersMETTL14andWTAP,
forms amethyltransferase complex to catalyze them6Amodification.8,9

Alternatively, the demethylases FTO and ALKBH5 remove m6A from
mRNA to dynamically regulate the m6A modification.10,11 In addition,
m6A readers, including the YTH family proteins, IGF2BPs, and eIF3s,
can specifically recognize m6A modification and regulate the splicing,
transport, translation, stability, and other functions of the downstream
mRNA.12–14 Them6Amodification is involved in nearly all crucial bio-
logical processes, such as proliferation and differentiation of stem
cells,15 the circadian clock,16 spermatogenesis,17 and tissue develop-
ment.18 Abnormal m6A methylation was found to be closely related
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Figure 1. Deregulation of m6A Methylation Enzymes in OSCC

(A–F) TCGA data shown that (A) writers, METTL3, and WTAP were significantly upregulated in OSCC, while METTL14 expression was unchanged; (B) erasers, FTO, or

ALKBH5 exhibited no significant changes in OSCC and normal tissues; and (C) readers and YTHDF1 were upregulated in OSCC, while YTHDF2, YTHDC1, and YTHDC2

exhibited no significant changes in OSCC and normal tissues. Quantitative real-time PCR of OSCC tissues and adjacent normal oral mucosa tissues confirmed that (D)

writers, METTL3, METTL14, andWTAPwere uprugulated in OSCC; (E) erasers and FTOwere significantly upregulated in OSCC, while ALKBH5 expression was unchanged;

and (F) readers, YTHDF1, YTHDF2, and YTHDC1 (except YTHDC2) were significantly upregulated in OSCC.
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to the occurrence and development in many tumors, such as glioblas-
toma,19 lung cancer,20 breast cancer,21 liver cancer,22 and acutemyeloid
leukemia.23 Many researchers have also found that m6A methylation-
related proteins present different expression patterns and functions in
differentmalignant tumors.24,25However, the role of m6Amodification
in OSCC remains unknown.

To investigate the functional role and underlying molecular mechanism
of the m6A RNA methyltransferase METTL3 in the development of
OSCC,first, theMETTL3expression levelwas analyzed inOSCCcohorts
using The Cancer Genome Atlas (TCGA) database, quantitative real-
time PCR, and immunohistochemistry. METTL3 was found to be
consistently upregulated, and high METTL3 expression was associated
with the prognosis of OSCC patients. Next, the functional role of
METTL3 was investigated in vitro and in vivo, and the results verified
that METTL3 promoted proliferation, self-renewal, and metastasis of
OSCC.Furthermore,methylatedRNAimmunoprecipitation sequencing
(MeRIP-seq),MeRIP-quantitative real-timePCR, and luciferase reporter
and mutagenesis assays were involved and identified that METTL3 me-
diates the m6A modification in the 30 UTR of BMI1 mRNA. METTL3
promoted BMI1 translation at the posttranscriptional level in OSCC un-
der cooperation with m6A reader IGF2BP1. Thus, these data revealed a
new epigenetic mechanism in OSCC, which has important application
value in OSCC diagnosis, prognosis, and molecular-targeted therapy.
RESULTS
Deregulation of m6A Methylation Enzymes in OSCC

First, we compared and analyzed the expression level of the major
m6A methylation-related modifying enzymes in 32 normal and 340
2178 Molecular Therapy Vol. 28 No 10 October 2020
OSCC tissues from TCGA RNA sequencing (RNA-seq) database
(TCGA Database: https://portal.gdc.cancer.gov/) and found that
METTL3 and WTAP were significantly upregulated in OSCC, while
METTL14 expression was unchanged (Figure 1A). The demethylases
(FTO or ALKBH5) and m6A-related reading proteins (except
YTHDF1) exhibited no significant changes (Figures 1B and 1C). To
further confirm the expression of m6A methylation modification en-
zymes in OSCC, quantitative real-time PCR was performed in OSCC
and its adjacent normal oral mucosa tissues, and the results showed
that METTL3, METTL14, WTAP, FTO, YTHDF1, YTHDF2, and
YTHDC1 were expressed at significantly higher levels in OSCC, while
ALKBH5 and YTHDC2 showed no significant changes (Figures 1D–
1F; Figure S1). Thus, we speculated that the occurrence of OSCCmay
be related to deregulation of m6Amethylation enzymes, especially up-
regulation of METTL3.
METTL3 Was Upregulated and Is Associated with Poor

Prognosis in OSCC

To identify the role of METTL3 in OSCC development, immunohis-
tochemical (IHC) staining was carried out in two OSCC cohorts. For
the training sample set, METTL3 was found to be expressed in the nu-
cleus, and its expression was rarely detectable in normal mucosa tis-
sues but was pronounced in OSCC tissues (Figure 2A). A higher
METTL3 expression level was significantly positively associated
with advanced tumor stage (T3+4 versus T1+2), advanced clinical stage
(CIII+IV versus CI+II), and lymph node metastasis (LN+ versus LN�),
but no differences in other features, such as sex and age, were
observed (Figure 2B; Table S1). Kaplan-Meier analysis of survival
data revealed that the overall survival time of patients with high
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Figure 2. METTL3 Was Upregulated and Associated

with Poor Prognosis in OSCC Patients

(A) IHC staining for METTL3 in a training sample composed

of 101 OSCC tissue samples and 50 adjacent non-

cancerous samples. (B) Statistical analysis (chi-square test)

of METTL3 IHC staining scores in normal oral mucosa tis-

sue (N) and OSCC tissues stratified by tumor stage (T3+4

versus T1+2), clinical stage (CIII+IV versus CI+II), and lymph

node metastasis (LN+ versus LN�). (C) Kaplan-Meier sur-

vival curves of 5-year overall survival (OS) based onMETTL3

expression level. (D) ROC curves analyzing the potential

value of METTL3 expression level in OSCC diagnosis. (E)

The correlation between the METTL3 protein level and total

m6A in OSCC tissue was analyzed by a Spearman’s test.

*p < 0.05, **p < 0.01.
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METTL3 expression was significantly shorter than that of patients
with lowMETTL3 expression (Figure 2C). To further evaluate the as-
sociation between the METTL3 expression level and clinicopatholog-
ical factors with the prognosis of OSCC patients, univariate and
multivariate analyses were conducted. As shown in Table S2, both
the univariate and multivariate analyses indicated that the level of
METTL3 expression is a prognostic factor for the 5-year overall sur-
vival of patients with OSCC. Moreover, the potential value of the
METTL3 expression level for OSCC diagnosis was evaluated with a
receiver operating characteristic (ROC) curve. As shown in Figure 2D
and Table S3, the area under the curve (AUC) for METTL3 was 0.729
(95% confidence interval [CI]: 0.650–0.809), with a sensitivity of
65.3% and specificity of 92%. A cutoff value of 5 was used to differen-
tiate patients with OSCC from healthy controls.

For the validation sample set (Figure S2; Table S4), IHC staining
confirmed that OSCC tissue showed significantly higher METTL3
expression than did normal tissues, and higher METTL3 expression
was again associated with advanced tumor stage (T3+4 versus T1+2),
advanced clinical stage (CIII+IV versus CI+II), and lymph node metas-
tasis (LN+ versus LN�).

Moreover, a significant correlation between the METTL3 protein level
(by IHC) and total m6A level (by dot blot) was found in six pairs of hu-
man OSCC and adjacent non-cancerous samples tissues (Figure 2E).

METTL3 Promoted OSCC Cell Proliferation, Self-Renewal,

Migration, and Invasion In Vitro

First, the METTL3 expression level was detected in four OSCC cell
lines via western blotting and quantitative real-time PCR (Figures
S3A–S3C), and OSCC cells were found to exhibit higher METTL3
expression than in human normal oral epithelial keratinocyte
Molec
(HOK) cells. Moreover, based on our previous
microarray data,26 we found that the higher
migration and invasion ability of OSCC cells
were correlated with a higher METTL3 expres-
sion level (Figure S4).
To investigate the functional role of METTL3 in OSCC, METTL3
knockdown models in SCC9 cells were established using lentiviruses
constructed with METTL3 short hairpin RNA (shRNA) sequences.
The silencing efficacy showed that METTL3 was successfully knocked
down at both the protein and mRNA levels (Figure 3A). After stable
knockdown of METTL3, SCC9 cells displayed decreased proliferative
capacity in a time-dependent manner (Figure 3B), decreased migra-
tion and invasion ability (Figure 3C; Figure S5A), reduced colony for-
mation (Figure 3D), and formed fewer and smaller spheres
(Figure 3E).

Alternatively, a METTL3 overexpression system was also constructed
using lentivirus to explore the functional role of METTL3 in OSCC.
The upregulation of METTL3 was verified at both the protein and
mRNA levels (Figure 3F). Upregulation of METTL3 in SCC9 cells
enhanced their proliferation capacity (Figure 3G) and migration
and invasion ability (Figure 3H; Figure S5B). The colony formation
ability (Figure 3I) and sphere formation ability (Figure 3J) were
also significantly enhanced in the METTL3 overexpression SCC9
cells.

Moreover, similar function roles of METTL3 in another OSCC cell
line (UM1) were confirmed, including proliferation, clone formation,
and migration and invasion ability, as shown in Figure S6.

METTL3 Promoted OSCC Tumor Growth and Metastasis In Vivo

To investigate the cancer-promoting role of METTL3 in vivo, we sub-
cutaneously injected the METTL3 knockdown cells and non-targeted
shRNA control cells into nude mice. As shown in Figure 4A, the vol-
ume and weight of the tumors formed in the METTL3 stable knock-
down group were significantly lower than those of tumors in
the group treated with control shRNA, and knockdown of
ular Therapy Vol. 28 No 10 October 2020 2179
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Figure 3. METTL3 Promotes OSCC Proliferation,

Self-Renewal, Migration, and Invasion In Vitro

(A) METTL3 knockdown effect was verified by western

blotting (upper panel) and quantitative real-time PCR (lower

panel). (B–E) Knockdown of METTL3 reduced the prolif-

eration ability (B), suppressed the migration and invasion

abilities (C), and impaired the colony formation (D) and

sphere formation (E) abilities of SCC9 cells. (F) Upregula-

tion of METTL3 was confirmed at both the protein (upper

panel) and mRNA (lower panel) levels after infection with

lentivirus containing METTL3 cDNA. (G–J) Overexpression

of METTL3 increased the cell proliferation ability (G),

enhanced the migration and invasion abilities (H), and

promoted the colony formation (I) and sphere formation (J)

abilities of SCC9 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

shNC and shMETTL3, lentiviral vectors containing control

shRNA orMETTL3 shRNA; Ctrl and OE-METTL3, lentiviral

vectors containing control cDNA or METTL3 cDNA.
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METTL3 expression inhibited tumor growth by 80% at day 28 after
transplantation. The doubling times for tumors derived from control
shRNA-infected cells and METTL3 shRNA-infected SCC9 cells were
5.1 and 9.7 days, respectively. In a lung metastasis model, mice in-
jected with METTL3 shRNA-infected cells exhibited a significantly
reduced number of metastatic nodules compared with mice injected
with control shRNA-infected cells (Figure 4B). Alternatively, we
also injected METTL3-overexpressing cells and mock-infected cells
into the subcutaneous space in nude mice and found that the volume
and weight of the tumors in the METTL3 overexpression group were
significantly higher than those in the control group (Figure 4C). The
doubling times for tumors in the control group and METTL3 overex-
pression group were 5.3 and 4.3 days, respectively. The lung metas-
tasis model also showed that overexpression of METTL3 resulted in
significantly increased metastatic nodules in the lung compared
with the control group (Figure 4D). Moreover, in a lymph node
metastasis model (Figure 4E), METTL3 knockdown resulted in a sig-
nificant reduction in lymph node metastasis; the lymph node metas-
tasis inhibition rate was 75% relative to the control group. However,
2180 Molecular Therapy Vol. 28 No 10 October 2020
METTL3 overexpression significantly increased
lymph node metastasis; the incidence of lymph
node metastasis increased by 133%. Therefore,
based on the above results, we conclude that
METTL3 may act as an oncogene and promote
OSCC growth and metastasis.

Mettl3 Knockout (KO) in Mouse Oral

Epithelia Led to Decreased Susceptibility to

OSCC Carcinogenesis

To further verify the carcinogenic role of
METTL3 in vivo, we crossed Mettl3fl/fl mice with
K14CreERmice to generate a tamoxifen-mediated
conditional Mettl3 gene KO mouse model. First,
to examine whether loss ofMettl3 prevents or re-
duces 4-nitroquinoline 1-oxide (4NQO)-induced
OSCC carcinogenesis in mice, Mettl3cKO and Mettl3Ctrl mice were in-
jected with tamoxifen before 4NQO administration. Mice were eutha-
nized 22 weeks after the initial 4NQO treatment (Figure 5A).We quan-
tified the number and area of lesions in the oral cavity per mouse and
classified these lesions as mild to severe dysplasia or squamous cell car-
cinoma. In this model, we found that control mice developed OSCC
with 100% penetrance (6/6), and only 33.3% (2/6) of Mettl3cKO mice
developed mild dysplasia, indicating that loss of Mettl3 can reduce
the incidence of OSCC in vivo. In addition, we examined the expression
of Ki67 in both groups and found that Ki67 was inhibited in the
Mettl3cKO OSCC group compared with the control group (Figure 5B).
No obvious histological abnormalities were found in Mettl3cKO mice.
We next studied whether loss of Mettl3 can suppress OSCC progres-
sion. Tamoxifen was given to Mettl3cKO and Mettl3Ctrl mice after
16 weeks of 4NQO treatment, when OSCC had formed in the mice.
Mice were harvested at 22 weeks after 4NQO treatment (Figure 5D).
The number and size of the intraoral tumors from mice were deter-
mined. Our results demonstrated that the number of clinical visible le-
sions in the oral cavity in Mettl3Ctrl and Mettl3cKO mice was 2.9 ± 1.0



Figure 4. METTL3 Promotes OSCC Tumor Growth

and Metastasis In Vivo

(A) Representative photograph of xenografts (upper panel);

growth curves and tumor weights (lower panel) show that

METTL3 knockdown significantly inhibited SCC9 xenograft

growth. (B) Representative images of H&E-stained meta-

static lung nodules (left) and statistical results (right) after

knockdown of METTL3. (C) Representative photograph of

xenografts (upper panel); growth curves and tumor weights

(lower panel) after upregulation of METTL3. (D) Represen-

tative images of H&E-stained metastatic lung nodules (left)

and statistical results (right) after upregulation of METTL3.

(E) Representative image of H&E-stained popliteal lymph

nodes (left); the proportions of mice with popliteal lymph

node metastases after knockdown of METTL3 (middle);

and the proportion of mice with lymph node metastases

after upregulation of METTL3 (right). *p < 0.05, **p < 0.01.
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and 1.25 ± 0.7, respectively (Figure 5E). Notably, the Mettl3cKO mice
displayed a reduced OSCC lesion area and lower histopathological
grades compared with control mice (Figures 5F and 5G). In agreement,
the proliferative activity determined by Ki67 IHC staining was
decreased in the OSCC lesions from Mettl3cKO mice compared with
the control mice (Figure 5H). These results show that the loss ofMettl3,
either before or after OSCC formation, leads to inhibition of the devel-
opment of malignant carcinomas in the oral region in mice.

Mettl3 Knockin (KI) Enhances Chemical Carcinogenesis in the

Oral Cavity

Complementarily,Mettl3 was conditionally overexpressed in the oral
epithelial compartment by crossing mice harboring a Mettl3KI allele
with K14Cre mice. K14Cre;Mettl3KI/Kl (Mettl3cKI) and K14Cre;-
Mettl3wt/wt (Mettl3Ctrl) mice were then subjected to 4NQO treatment
to induce OSCC (Figure 5J). Interestingly, our tumor incidence study
revealed that the Mettl3 KI led to earlier OSCC appearance in mice
(Figure 5K). Quantitative analysis revealed that a higher number of
lesions and larger lesion areas were detected in Mettl3cKI mice than
in the control mice (Figures 5L and 5M). The tongues of theMettl3cKI
Molecu
mice under 4NQO treatment developed OSCC in
46.15% of the cases, while the control tongues
only showed 30% OSCC formation (Figure 5N).
In addition, proliferation (Ki67 expression) was
increased in Mettl3cKI mice compared with con-
trol mice (Figure 5O). Altogether, these data sug-
gest that Mettl3 KI in oral epithelial cells can
augment tumor susceptibility and malignancy.

MeRIP-Seq/MeRIP-Quantitative Real-Time

PCR Identified BMI1 as a METTL3

Downstream Target

To identify the m6A modification targets in
OSCC, we performed m6A MeRIP-seq using the
OSCC cell line HSC3. Metagene analysis revealed
that the m6A peaks were mainly enriched near the
translation stop sites (Figure 6A). The motif AUGGAC was identified
in the OSCC cell line (Figure 6B). In general, our m6AMeRIP-Seq data
analysis results were consistent with the published m6A characteristics,
which indicated that we successfully identified specific m6A sites. Gene
Ontology (GO) analysis revealed that m6A-modified genes were abun-
dant in regulation of RNA transcription and protein ubiquitination,
chromatin modification, cell cycle, and other aspects (Figure 6C),
which suggested that m6A may have a profound effect on OSCC.
Among the m6A methylated genes (Table S5), visualization analysis
showed that the m6A peaks were enriched near the stop codon of
BMI1 mRNA (Figure 6D). Moreover, MeRIP-quantitative real-time
PCR assay showed that BMI1 m6A modification was significantly
decreased after METTL3 knockdown (Figure 6E), whereas it was
increased upon METTL3 overexpression (Figure 6F), suggesting that
m6A modification could regulate BMI1 in OSCC.

METTL3-Mediated m6A Modification Promoted BMI1 mRNA

Translation and Enhanced OSCC Proliferation and Metastasis

To study the molecular mechanism of BMI1 m6A modification in
OSCC, we first knocked down METTL3 in SCC9 cells and found
lar Therapy Vol. 28 No 10 October 2020 2181
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Figure 5. Mettl3 Enhances the Chemical Carcinogenesis of the Oral Cavity

(A) Experimental design for conditional ablation ofMettl3 in oral epithelial cells before 4NQO treatment of OSCC (top) and representative images of tongue lesions (bottom). (B

and C) Immunostaining and statistical results of Ki67 (B) and BMI1 (C) in theMettl3Ctrl and Mettl3cKO groups. (D) Experimental design for the conditional ablation ofMettl3 in

(legend continued on next page
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that METTL3 knockdown reduced BMI1 protein expression without
changing its mRNA level (Figures 7A and 7B), suggesting that
METTL3 could regulate the BMI1 expression at the post-transcrip-
tional level. Indeed, knockdown of METTL3 significantly reduced
the proportion of BMI1 mRNA in actively translated polysome frac-
tions (Figure 7C), but it had little effect on its mRNA stability and
protein degradation rate (Figures 7D–7F), suggesting that
METTL3-mediated m6A modification is required for efficient trans-
lation of BMI1 mRNA. At the same time, we found that overexpres-
sion of METTL3 in SCC9 cells increased BMI1 protein expression
(Figure 7G) but not its mRNA level (Figure 7H). METTL3 overex-
pression increased the level of polysome-bound BMI1 mRNA
(Figure 7I) but did not change BMI1 mRNA stability or protein
degradation rate (Figures 7J–7L). Thus, these data reveal that
METTL3-mediated m6A modification promotes BMI1mRNA trans-
lation in OSCC. Moreover, the expression of BMI1 was inhibited in
Mettl3cKO OSCC compared with the control group (Figures 5C and
5I), while BMI1 expression was increased inMettl3cKImice compared
with control mice (Figure 5P).

Furthermore, we co-transfected BMI1 cDNA plasmid into METTL3
knockdown SCC9 cells and found that overexpression of BMI1 in
METTL3 knockdown cells can partially reverse the function role of
METTL3, including proliferation, clone formation, migration, and in-
vasion (Figure S7).

METTL3 Recognizes m6A Residues on the BMI1 30 UTR and

Promoted BMI1 Translation under the Cooperation with m6A

Reader IGF2BP1

To further explore the molecular mechanisms underlying the m6A-
mediated posttranscriptional regulation of BMI1 in OSCC, we con-
ducted luciferase reporter and mutagenesis assays. As illustrated in
Figures 8A and 8B, compared with cells transfected with plasmid
bearing mutant BMI1 30 UTR (Mut3, Mut4), cells transfected with
wild-type BMI1 30 UTR substantially increased the luciferase activity,
and cells co-transfected with METTL3-overexpressed plasmid also
significantly increased the luciferase activity, with these data suggest-
ing that m6A motifs of BMI1 are essential for METTL3 to regulate
BMI1 expression.

To understand how the m6A reader cooperated to promote BMI1
translation in OSCC, SCC9 cells were transfected with different siRNA
of m6A reader, including IGF2BP1, IGF2BP2, IGF2BP3, and YTHDF1
siRNA. As illustrated in Figures 8C–8F, all m6A reader siRNA did not
affect the expression of BMI1 mRNA, while the expression level of
BMI1 protein was significantly decreased in SCC9 cells transfected
with IGF2BP1 siRNA (Figure 8D). In addition, IGF2BP1 knockdown
oral epithelial cells after 4NQO treatment of OSCC (top) and representative images of ton

(F), and tumor grades (G) were detected in the oral cavities ofMettl3Ctrl and Mettl3cKOmi

Mettl3Ctrl and Mettl3cKO groups. (J) Representative images of tongue lesions 16 week

Mettl3Ctrl mice. (L and M) Quantitation of lesion numbers (L) and lesion areas (M) visible

Mettl3cKI and Mettl3Ctrl groups. (O and P) Immunostaining and statistical results for K

(Mettl3cKO); Ctrl, K14CreER;Mettl3wt/wt (Mettl3Ctrl); KI, K14Cre;Mettl3KI/Kl (Mettl3cKI); Ct
decreased the BMI1 protein level in METTL3 overexpression SCC9
cells (Figure 8E). Moreover, knockdown of METTL3 and/or IGF2BP1
cooperated to decrease BMI1 protein level (Figure 8F). Taken together,
our data revealed that METTL3 promotes BMI1 translation in OSCC
under the cooperation with IGF2BP1.

DISCUSSION
m6A is the most abundant modification in mRNA and is regulated by
the m6A methyltransferases, demethylases, and readers. Emerging evi-
dence has verified that the m6A modification is associated with tumor-
igenesis, proliferation, invasion, and metastasis and functions as an
oncogene or anti-oncogene in malignant tumors. For example,
METTL3 is highly expressed in gastric cancer,27 bladder cancer,28 colo-
rectal carcinoma,29 pancreatic cancer,30 and glioblastoma,31 and an
elevated METTL3 level was found to be predictive of a poor prognosis
in gastric cancer.27 WTAP, part of the m6A mRNA methyltransferase
complex, plays a similar role inmost cancers, such as hepatocellular car-
cinoma,32 acute myeloid leukemia,33 diffuse large B cell lymphoma,34

and renal cell carcinoma.35 Moreover, the m6A reader proteins
YTHDF1andYTHDC2are also associatedwith the carcinogenesis pro-
cess. For example, YTHDF1 is associated with poor prognosis in liver
and rectal cancer and could be an independent factor affecting the prog-
nosis of patients.36,37 YTHDC2 contributes to colon tumor metastasis
and could potentially be used as a diagnostic marker.38 Although the
role of METTL3 has been reported in multiple cancer types, there has
been no related report in OSCC. In this study, we found that RNA
methylation pathway components were deregulated in OSCC.
METTL3,WTAP, and YTHDF1were consistently expressed at a signif-
icantly higher level inOSCCtissues fromTCGAdataset andour dataset.
In addition, clinical data showed that OSCC tissues contained higher
METTL3 levels than did adjacent normal tissues, and a higherMETTL3
expression level was significantly positively associated with advanced
tumor stage, advanced clinical stage, and lymph node metastasis.
High METTL3 expression indicates a worse prognosis and thus can
be used as a prognostic factor for OSCC patients. The potential value
of the METTL3 expression level for OSCC diagnosis showed a sensi-
tivity of 65.3% and specificity of 92%. These results suggested that
METTL3 plays critical roles in OSCC development and prognosis.

Accumulating evidence supports the notion that METTL3 is involved
in many biological functions in cancer cells. However, METTL3 pre-
sents a significant tumor specificity, which consequently contributes
to its dual role (inhibition or promotion) in m6Amodification in can-
cer.25 For example, Lin et al.39 found that deletion of METTL3 im-
pairs liver cancer cell proliferation, migration, invasion, and epithe-
lial-to-mesenchymal transition (EMT), while Cui et al.19 found that
knockdown of METTL3 dramatically promotes glioblastoma stem
gue lesions (bottom). (E–G) The number of lesions (E), quantification of the lesion area

ce. (H and I) Immunostaining and statistical results of Ki67 (H) and BMI1 (I) staining in

s after 4NQO treatment. (K) Statistical results of tumor incidence in Mettl3cKI and

in the control and Mettl3 knockin groups. (N) Quantification of tumor grades in the

i67 (O) and BMI1 (P) in Mettl3cKI and Mettl3Ctrl groups. KO, K14CreER;Mettl3fl/fl

rl, K14Cre;Mettl3wt/wt (Mettl3Ctrl). The arrow indicates an OSCC lesion.
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Figure 6. MeRIP-Seq/MeRIP-Quantitative Real-Time PCR Identifies BMI1 as a Downstream Target of METTL3-Mediated m6A Modification

(A) Metagene profiles of m6A distribution across the transcriptome in OSCC cell line HSC3. (B) Consensus sequence motif for m6A methylation identified in OSCC cells. (C)

Gene ontology and enrichment analysis of m6A-modified genes. (D) Representative m6A modification of BMI1 in OSCC. (E) BMI1 m6A modification was significantly

decreased after METTL3 knockdown in SCC9 cells. (F) BMI1 m6A modification was significantly increased after METTL3 overexpression in SCC9 cells.
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cell growth, self-renewal, and tumorigenesis. METTL3 also plays an
important role in stem cell self-renewal and maintenance,40 cell cycle
arrest, and differentiation and autophagy.41,42 In this study, we
demonstrated that OSCC cells, especially cells with high metastatic
potential, showed enhanced METTL3 expression and that overex-
pression of METTL3 in OSCC cells promoted OSCC self-renewal,
proliferation, migration, and invasion in vitro. In contrast, knock-
down of METTL3 resulted in decreased OSCC cell self-renewal, pro-
liferation, migration, and invasion in vitro.

To date, in vivo studies have demonstrated that METTL3 is associated
with tumorigenesis and lung metastasis in liver cancer,16 colorectal
carcinoma,29 gastric cancer,27 bladder cancer,28 and glioblastoma.19

However, reports on METTL3 and lymph node metastasis in vivo
are rare. In this study, we established subcutaneous xenograft tumor,
lung metastasis, and lymph node metastasis models in nude mice and
found that METTL3 contributed to OSCC tumorigenesis and the for-
mation of metastatic foci. Overexpression of METTL3 effectively pro-
moted subcutaneous tumor growth in nude mice and significantly
promoted lung and popliteal lymph node metastasis compared with
the control groups, while knockdown of METTL3 inhibited subcu-
taneous tumor growth and the incidence of pulmonary and popliteal
lymph node metastasis. Thus, these data revealed a functional role of
METTL3 in promoting OSCC tumorigenesis and metastasis in vivo.
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In this study, we also combined a genetically modified mouse model to
delete or overexpress Mettl3 in the oral mucosa followed by a protocol
of chemical-induced carcinogenesis with 4NQO, which allowed us to
dissect the role of Mettl3 at different steps in OSCC initiation and pro-
gression. The 4NQOmodel of oral carcinogenesis generates progressive
changes in the murine oral mucosa that eventually lead to OSCC. In this
mousemodel, ablation ofMettl3 before carcinogen treatment resulted in
suppression of OSCC initiation. In addition, mice with depletion of
Mettl3 after OSCC formation developed fewer dysplastic lesions and car-
cinomas in situ, demonstrating that Mettl3 is necessary for OSCC pro-
gression. Although the role ofMETTL3 has been characterized inmulti-
ple cancer lines, this is the first report to provide functional evidence that
Mettl3 is required for cancer development in a geneticmousemodel. The
observation of accelerated OSCC formation in Mettl3 overexpression
mice suggests thatMettl3might serve as a relevant oncogenic component
for tongue epithelium and reinforces the notion thatmRNAposttransla-
tional modification has a decisive role in malignancy development.

METTL3-mediated m6A modification regulates all phases of the
mRNA life cycle, including RNA splicing, nuclear export, translation,
and degradation.16,20,43 In the present study, METTL3 protein level
was found to be positively correlated with m6A methylation level in
OSCC tissues. Our m6A MeRIP-seq and MeRIP-quantitative real-
time PCR results also demonstrated that a subset of important



Figure 7. METTL3 Promotes BMI1 mRNA m6A

Modification and Translation

(A) The expression of BMI1 protein was downregulated

after METTL3 knockdown in SCC9 cells. (B) The expres-

sion of BMI1 mRNA remained unchanged after METTL3

knockdown in SCC9 cells. (C) Polysome-fractionated

samples analyzed by quantitative real-time PCR showed

that polysome-bound BMI1mRNA levels were significantly

decreased after METTL3 knockdown in SCC9 cells. (D–F)

Protein and RNA stability assays showed that the degra-

dation rate of BMI1 mRNA (F) and protein (D, the results of

western blot) and E, the statistical results) was not different

between control shRNA and METTL3 knockdown SCC9

cells. (G) The expression of BMI1 protein was upregulated

after METTL3 overexpression in SCC9 cells. (H) The

expression of BMI1 mRNA remained unchanged after

METTL3 overexpression in SCC9 cells. (I) Polysome-bound

BMI1mRNA levels were significantly increased in METTL3-

overexpressing SCC9 cells. (J–L) The degradation rate of

BMI1 mRNA (L) and protein (J, the results of western blot)

and K, the statistical results) was not different between

control cDNA and METTL3-overexpressing SCC9 cells.
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oncogenes was selectively m6A modified in OSCC, including the
OSCC oncogene BMI1, a cancer stem cell marker that plays an impor-
tant role in the progression and prognosis of OSCC and promotes
chemoresistance and metastasis in head and neck squamous cell car-
cinoma in our previous research.44We further found that depletion of
METTL3 decreased the BMI1 protein level but had little effect on its
mRNA level, mRNA stability, and protein degradation rate, suggest-
ing that METTL3 could regulate BMI1 mRNA translation. Indeed,
the polysome-bound BMI1 mRNA level was significantly decreased
when METTL3 was depleted. Moreover, METTL3 was found to
recognize m6A residues on the BMI1 30 UTR and promoted BMI1
translation under the cooperation with m6A reader IGF2BP1. Thus,
these data indicate that METTL3 catalyzes the m6A modification
on BMI1mRNA and promotes its translation rather than degradation
in OSCC.

MATERIALS AND METHODS
Clinical Samples

Two clinical patient cohorts were used in this study: (1) a training
sample set: 101 OSCC tissue samples and 50 normal oral mucosal tis-
sue samples (collected from June 2004 to September 2014); and (2) a
validation sample set (tissue chip): 50 OSCC tissue samples and 27
Molecu
corresponding adjacent noncancerous tissue
samples (collected from November 2016 to April
2019). All of the samples were collected at the
Department of Oral and Maxillofacial Surgery,
First Affiliated Hospital, Sun Yat-Sen University.
None of the patients had undergone preoperative
radiation or chemotherapy, and all samples were
obtained with informed consent and their use
was approved by the Institutional Review Board
of the First Affiliated Hospital of Sun Yat-Sen
University. The clinical characteristics of the samples are summarized
in Table S6. Survival of the patients in the training sample set was
calculated from the day of diagnosis to the date of the latest follow-
up (or death). The median duration of follow-up was 22 months
(range, 3–106 months).

Moreover, seven pairs of OSCC and adjacent normal oral mucosa tis-
sues (Table S6) were used to detect the expression of the m6Amethyl-
ation modification enzyme by quantitative real-time PCR.

IHC Staining

Tissue slides were routinely deparaffinized and rehydrated, followed
by antigen retrieval. Then, the slides were treated with 3% H2O2

and separately incubated with antibody targeting METTL3 (1:500,
Abcam), Ki67 (1:200, Abcam), and BMI1 (1:200, Affinity) overnight
at 4�C. After washing, the slides were stained using a diaminobenzi-
dine (DAB) detection kit (Gene Tech, China) and counterstained
with hematoxylin. For METTL3, each sample was scored according
to the proportion of positively stained cells (proportion score, 0–4)
and the staining intensity (intensity score, 0–3). The staining index
was calculated by multiplying the proportion score and the intensity
score. The cutoff value for the IHC score was chosen according to the
lar Therapy Vol. 28 No 10 October 2020 2185
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Figure 8. METTL3 Recognizes m6A Residues on the

BMI1 30 UTR and Promoted BMI1 Translation under

the Cooperation with m6A Reader IGF2BP1

(A) Luciferase reporter constructs containing human BMI1

30 UTR that have m6A motifs or mutant (A-to-G mutation)

m6A sites (Mut1, Mut2, Mut3, Mut4) are shown. (B) Relative

luciferase activities of SCC9 cells co-transfected with

plasmids containing wild-type or mutant BMI1 30 UTR and

METTL3 cDNA. Renilla luciferase activities were measured

and normalized to firefly luciferase activity. (C) The mRNA

level of m6A readers in SCC9 cells treated with control or

siRNAs. (D) Western blotting (up) and quantitative real-time

PCR (down) results of BMI1 expression in SCC9 cells

treated with control or IGF2BP1, IGF2BP2, IGF2BP3, and

YTHDF1 siRNAs. (E) The BMI1 protein expression in

METTL3 overexpressed cells treated with control or

IGF2BP1 siRNAs. (F) The BMI1 protein expression in

METTL3 knockdown cells treated with control or IGF2BP1

siRNAs.
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Youden index to define low and high METTL3 expression. For Ki67
and BMI1, the proportion of positively stained cells was calculated.

Cell Culture and Transfection

The HSC3 cell line was purchased from the cell bank of the Japanese
Collection of Research Bioresource (JCRB). SCC9, SCC15, SCC25
were purchased from the ATCC. HOK cells were purchased from Sci-
enCell, and UM1 was provided by Xiaofeng Zhou.

SCC9, SCC15, SCC25, and UM1 cells were cultured in DMEM/F12
supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin-streptomycin. HOK cells were cultured with RPMI 1640 me-
dium containing 15% FBS and 1% antibiotics. All of the cells were
grown in a 5% CO2 incubator at 37�C. siRNA of m6A reader was pur-
chased from OBiOc (Shanghai, China) and transfected into SCC9
cells following the manufacturer’s instructions. The siRNA sequences
of IGF2BP1, IGF2BP2, IGF2BP3, and YTHDF1 are listed in Table S7.

Lentivirus vectors containing METTL3 cDNA or shRNA were pur-
chased from OBiOc (Shanghai, China). In brief, to construct a lenti-
virus-mediated silencing vector, three shRNA sequences targeting hu-
man METTL3 were cloned into a pLKD-CMV-G&PR-U6-shRNA
2186 Molecular Therapy Vol. 28 No 10 October 2020
vector, and the sequence with the best knockdown
effect (shRNA1) was chosen for further study (Fig-
ure S8). The indicated three shRNA sequences are
listed inTable S8. ForMETTL3 overexpression, the
full-length cDNA sequences of human METTL3
(gene ID: 019852) were cloned into a pLenti-
EF1a-EGFP-P2A-Puro-CMV-MCS-3Flag lenti-
virus vector, and the primer sequences for the
cloning ofMETTL3 cDNA are as follows: forward,
50-GTTTAGTGAACCGTCAGATCGAATTCGC
CACCATGTC-30, reverse, 50-TCATCGTCATCC
TTGTAGTCGAATTCTAAATTCTTAGGTTTA
GAGAT-30. For knockdown or overexpression of METTL3, SCC9
cells were infected with lentivirus with 5 mg/mL Polybrene, and after
48 h, 2 mg/mL puromycin was added to the culture medium to select
the infected cells.

Western Blotting

Total cellular protein was harvested by lysing cells with radioimmu-
noprecipitation assay (RIPA) lysis buffer supplemented with protein-
ase inhibitor cocktail. Aliquots (20 mg) of cellular proteins were
resolved via SDS-PAGE (10%), electrotransferred onto polyvinyli-
dene fluoride (PVDF) membranes, and immunoprobed. Then, the
protein antibody complexes were detected with enhanced chemilumi-
nescence (ECL) detection reagents. Primary antibodies against the
following targets were used: METTL3 (1:1,000, Abcam) and BMI1
(1:1,000, Abcam). GAPDH (1:1,000, Abcam) was used as an internal
control.

Quantitative Real-Time PCR

Total RNA was isolated using TRIzol (Invitrogen, USA) reagent
following the manufacturer’s instructions, and cDNA was synthe-
sized using a PrimeScript RT master mix kit (TaKaRa, Japan).
Then, quantitative real-time PCR was performed using a TB Green
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Premix Ex Taq II kit (TaKaRa, Japan) on a Bio-Rad CXF96 real-time
system (Bio-Rad, USA). b-Actin served as the internal control, and
the relative expression levels of mRNA were assessed through the
comparative threshold cycle method (2�DDCt). All primers used in
this study are listed in Table S9.

Cell Proliferation Assay and Colony Formation Assays

Cell proliferation was measured using Cell Counting Kit-8 (CCK-8)
(Dojindo, Japan) following the manufacturer’s protocol. In brief, cells
were plated at 3 � 103 cells per well in 96-well plates and cultured at
37�C for 24, 48, 72, and 96 h. Then, 10 mL of CCK-8 solution was
added into the cell culture medium. After 2 h, the absorbance at
450 nm was recorded using a microplate reader (Thermo Fisher Sci-
entific, USA).

In the colony formation experiments, the cells were plated into six-
well plates at a density of 200 cells/mL in triplicate and cultured for
14 days, after which the colonies were fixed with 4% formaldehyde
for 15 min and stained with 0.1% crystal violet for 10 min. Then,
the colonies were photographed, and colonies larger than 1 mm
(>50 cells/clone) were counted.

Cell Migration and Invasion Assay

Cell migration and invasion assays were performed using BD BioCoat
control cell culture inserts (BD Biosciences, USA) and Matrigel inva-
sion chambers (BD Biosciences, USA), respectively. In brief, cells (5�
104 cells/well) suspended in FBS-free DMEM/F12 culture medium
were added into the upper chamber, and 1 mL of DMEM/F12 con-
taining 10% FBS was added to the lower compartment. After incuba-
tion for 24 h, the cells that remained on the upper surface of the filter
membrane were wiped off, and the cells that had crossed the filter
membrane and adhered on the lower membrane surface were stained
with 0.1% crystal violet. Images of the stained lower surface were
captured, and the cells were quantified under a microscope in five
random fields.

Sphere Formation Assays

Cells were planted on ultralow attachment six-well plates at a density
of 3,000 cells per well and cultured in serum-free DMEM/F12 culture
medium supplemented with 1� B27 supplement, 20 ng/mL human
recombinant epidermal growth factor (Sigma, USA), and 20 ng/mL
basic fibroblast growth factor (Sigma, USA). The medium was replen-
ished with fresh medium every 3 days. After 2 weeks, images of the
spheres were captured using a microscope, and clones with a diameter
of more than 50 mm were counted.

m6A MeRIP-Seq and MeRIP-Quantitative Real-Time PCR

MeRIP-seq and MeRIP-quantitative real-time PCR were performed
according to the published procedure with slight modifications.45

Briefly, total RNA was fragmented into 100-nt RNA fragments using
ZnCl2 and incubated with anti-m6A polyclonal antibody (Synaptic
Systems, 202003) for 2 h at 4�C and then with protein A/G magnetic
beads (Thermo Fisher Scientific, 88802) at 4�C for an additional 2 h to
obtain immunoprecipitated RNA fragments. The bound RNA was
eluted from the beads with m6A (ApexBio Technology, B5993) in
immunoprecipitation (IP) buffer, and RNA concentration was
measured with a Qubit RNA HS assay kit (Invitrogen, Q32852).
The purified RNA was used for RNA-seq library construction and
quantitative real-time PCR, and the primers used in theMeRIP-quan-
titative real-time PCR are listed in Table S9. The RNA-seq library was
constructed with a NEBNext Ultra RNA library prep kit (NEB,
E6177). Both the input sample without IP and the m6A IP samples
were subjected to 75-bp, single-end sequencing on an Illumina Next-
Seq 500 sequencer. After 30 adaptor trimming and removal of inferior
quality reads by Cutadapt software (v1.9.3), clean reads of all the
libraries were aligned to the reference genome (UCSC HG38) using
Hisat2 software (v2.0.4). Methylated sites on RNAs (peaks) were
identified with MACS software. GO and Pathway enrichment
analyses of the differentially methylated protein coding genes were
conducted.

Protein and RNA Stability Assays

To measure protein stability, lentivirus-infected SCC9 cells were
treated with cycloheximide (CHX, 100 mg/mL) at 0, 2, 4, and 8 h,
and the expression of BMI1 was measured via western blotting and
normalized to GAPDH expression. To measure RNA stability, we
treated the lentivirus-infected SCC9 cells with actinomycin D
(ActD, 5 mg/mL) for 0, 3, and 6 h. Total RNA was then isolated
and analyzed via quantitative real-time PCR, and the relative level
of BMI1 was quantified and normalized to b-actin.

Ribosome-Nascent Chain Complex (RNC) Extraction

To investigate the translation ability of BMI1mRNA, an RNC-quan-
titative real-time PCR assay was used. The RNC was extracted using
sucrose gradient centrifugation as described by Esposito et al.,46 with
certain modifications. In brief, the cells were treated with 100 mg/mL
cycloheximide for 15 min and lysed in cell lysis buffer (1% Triton X-
100 in ribosome buffer [RB buffer] containing 20 mM HEPES-KOH
[pH 7.4], 15mMMgCl2, 200mMKCl, 100 mg/mL cycloheximide, and
2 mM dithiothreitol) for 30 min in an ice bath. The nuclei and cell
debris were removed by centrifugation at 16,200 � g for 10 min at
4�C, and the supernatants were collected and transferred to the top
of 20 mL of 30% sucrose buffer. Finally, the RNCs were pelleted by
ultracentrifugation at 185,000 � g for 5 h at 4�C, and RNA in the
polysome fraction was extracted, reverse transcribed, and subjected
to quantitative real-time PCR according to the above methods.

RNA m6A Dot Blot Assays

2 mg of total RNA extracted from the OSCC and para-carcinoma tis-
sues were denatured at 95�C for 3 min and crosslinked to the Hy-
bond-N+ membrane in a crosslinker twice using 1,200 mJ for 50 s.
The membrane was analyzing using m6A antibody (Synaptic Systems,
202003), and the intensity of dot blot signal was quantified by ImageJ.

Dual-Luciferase Reporter Assay

Plasmids containing wild-type BMI1 30 UTR, mutant BMI1 30 UTR
(mutated A of the m6A sites with G), or METTL3 cDNA were
constructed. Four plasmids containing BMI1 mutant were
Molecular Therapy Vol. 28 No 10 October 2020 2187
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constructed (Mut1–Mut4). Cells were co-transfected with plasmids
containing wild-type or mutant BMI1 30 UTR and METTL3 cDNA
using Lipofectamine 3000 according to the manufacturer’s protocol.
At 24 h after transfection, firefly and Renilla luciferase activities
were measured consecutively by using a dual-luciferase reporter assay
system. Finally, ratios of luminescence from Renilla to firefly lucif-
erase were calculated.

Tumorigenesis and Metastasis Assay In Vivo

Female BALB/c nude mice (4-week-old) were purchased from Model
Animal Research Center (Nanjing, China). SCC9 cells stably infected
with lentivirus containing METTL3-targeting shRNAs and METTL3
cDNAwere used to investigate the effect of METTL3 on OSCC tumor
growth and metastasis in vivo. To construct the subcutaneous tumor-
igenesis model, the cells were suspended in 100 mL of PBS and Matri-
gel matrix (BD Biosciences, USA) (1:1) and injected into the right
flanks of 6-week-old female BALB/c nude mice. The xenografts
were measured by with a Vernier caliper every 3 days from 1 week af-
ter inoculation, and the tumor volumes were calculated using the
following formula: volume = (length � width2)/2. The mice were
euthanized before the tumor volumes reached 1,000 mm3, and the
tumors were weighed. For the lung metastasis assay, 2 � 106/
0.1 mL stably infected SCC9 cells were injected into the tail vein of
BALB/c nude mice. After 6 weeks, the mice were sacrificed, and the
lungs were embedded, sectioned, and stained with H&E to calculate
the number of metastatic nodules. The image of lung tissues (Fig-
ure S9) to count the number of metastatic nodules were jigsaw com-
bined all the sections of lung together through porta pulmonis as in
our previous report.47

To construct the lymph node metastasis model, we injected 1 � 105/
50 mL stably infected SCC9 cells into the left hind footpads of BALB/c
mice. After 6 weeks, the mice were euthanized, and the popliteal
lymph nodes of the left hind limbs were counted and analyzed
through H&E staining.

Mettl3 KO or KI in a 4NQO-Induced OSCC Model

K14Cre and K14CreER mice were purchased from The Jackson Lab-
oratory. Mettl3fl/fl, Mettl3KI/KI mice were kindly provided by Prof.
Quan Yuan from the West China Hospital of Stomatology. Mouse
colonies were maintained in a certified animal facility. The mouse
experiments performed were approved by the Laboratory Animal
Center of Sun Yat-Sen University.

Mice were treated with 100 mg/mL 4NQO in drinking water as previ-
ously described.44 For the Mettl3 KO study, male and female
K14CreER;Mettl3wt/fl mice were used as breeders for generation
of K14CreER;Mettl3wt/wt (Mettl3Ctrl) and K14CreER;Mettl3fl/fl

(Mettl3cKO) mice. Mettl3cKO and Mettl3Ctrl mice were injected with
tamoxifen (1 mg per mouse per day) for 5 consecutive days before
4NQO application (preventionmodel) or 16 weeks after 4NQO appli-
cation (treatment model). For the Mettl3 overexpression study, we
crossed male and female K14Cre;Mettl3KI/wt mice to obtain K14Cre;
Mettl3wt/wt (Mettl3Ctrl) and K14Cre;Mettl3KI/KI (Mettl3cKI) mice.
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Mice were treated with 4NQO at 6–8 weeks of age. The expression
level ofMettl3 was confirmed by PCR inMettl3 KO and KI mice after
tamoxifen induction (Figure S10).

Statistical Analysis

The data are presented as the mean ± standard deviation (SD). Statis-
tical analyses were carried out using SPSS 17.0 software. Unpaired
two-tailed Student’s t tests were applied to compare data between
two groups, and one-way ANOVA was used for multiple compari-
sons. A chi-square test was used to evaluate the statistical significance
of differences in IHC scores between OSCC and adjacent non-
cancerous samples. Survival analysis was performed with a Kaplan-
Meier curve and log rank test. Values of p less than 0.05 were
considered statistically significant.

Study Approval

Genetically modified mouse experiments performed were approved
by the Laboratory Animal Center of Sun Yat-Sen University
(SYSU-IACUC-2019-000077). Subcutaneous xenografted tumor,
lung metastasis, and lymph node metastasis animal experiments
were approved by the Ethics Committee of the Cancer Center of
Sun Yat-Sen University (L102012018090B). All samples were
obtained with informed consent and the use was approved by the
Institutional Review Board of the First Affiliated Hospital of Sun
Yat-Sen University (2016074).
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