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« Fn was positively correlated with
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« Fn accelerates ESCC tumorigenesis
and metastasis via METTL3-mediated
c-Myc mRNA m6A modification
in vivo.
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ABSTRACT

Introduction: The tumor-associated microbiota plays a vital role in cancer development. Accumulating
evidence shows that Fusobacterium nucleatum (Fn) participates in the progression of multiple tumor
types. However, the underlying mechanisms remain unclear.

Objectives: This study examined the expression of methyltransferase-like protein 3 (METTL3) during Fn
infection and elucidated the function and pathway of Fn-induced m6A methylation in esophageal squa-
mous cell carcinoma (ESCC).

Methods: The abundance of Fn in patient tissues was determined by qPCR. Western blot, qRT-PCR, and
immunohistochemistry were performed to measure METTL3 expression in cells and tissues. METTL3
function was evaluated in vitro by colony formation and cell migration assays. MeRIP-qPCR was per-
formed to determine the relationship between METTL3 and c-Myc. In addition, the half-lives of genes that
are downstream of METTL3 were determined with RNA stability assays.

Results: Fn was enriched in hepatocellular carcinoma (HCC), breast cancer (BRCA), ESCC, and colorectal
cancer (CRC) tumor tissues. METTL3 expression was positively associated with Fn abundance in ESCC

Abbreviations: Fn, Fusobacterium nucleatum; ESCC, esophageal squamous cell carcinoma; m6A, N6-methyladenosine; METTL3, methyltransferase-like 3; gqPCR,
quantitative real-time PCR; qRT-PCR, quantitative reverse transcription PCR; IF, immunofluorescence; IHC, immunohistochemistry; MOI, multiplicity of infection; LSCM, laser
scanning confocal microscope; GEPIA, Gene Expression Profiling Interactive Analysis; YTHDF1, YTH N6-Methyladenosine RNA Binding Protein 1; RIP-qPCR, RNA
immunoprecipitation followed by qPCR; OE, overexpression.
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tissues. Fn could survive and proliferation as well as increase METTL3 expression in ESCC, HCC, CRC, and

BRCA cells. Moreover, METTL3 overexpression promoted ESCC cells proliferation, migration in vivo and

in vitro. Mechanistically, Intracellular Fn infection increases METTL3 transcription. METTL3 promoted

c-Myc mRNA methylation in the 3’-untranslated Region (3’-UTR) and enhanced its mRNA stability in a

YTH N6-Methyladenosine RNA binding protein 1(YTHDF1)-dependent manner, which contributes to Fn

induced ESCC proliferation and metastasis.

Conclusions: This study indicates that intracellular Fn infection promotes ESCC development and metas-

tasis, and eradicating Fn infection may be a promising strategy for treating ESCC.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The posttranscriptional RNA modification known as N6-
methyladenosine (m6A) is highly prevalent in mammalian mRNA
and has been associated with various physiological and pathologi-
cal mechanisms [1,2]. The addition of m6A modification can be
achieved by m6A methyltransferases, and its removal is mediated
by demethylases. Additionally, m6A-binding proteins are responsi-
ble for recognizing this alteration [3]. Dysregulation of m6A mod-
ification because of the aberrant expression of regulatory proteins
is related to the pathogenesis of various disorders, particularly can-
cer [4,5].

Methyltransferase-like protein 3 (METTL3) is a crucial compo-
nent of the m6A methyltransferase complex with significant
importance. A body of research indicates that METTL3 plays a role
in the interaction with tumor cells and the progression of various
malignant conditions [4,6]. Importantly, abnormal expression of
METTL3 is frequently observed in various types of carcinoma,
including colorectal cancer and esophageal cancer [7,8], and
increasing evidence confirms that elevated METTL3 levels are
related to a worse prognosis in patients with these tumors [9,10].
Thus, although controversial, most current studies suggest that
METTL3 performs an oncogenic function in the progression of
cancer.

Recently, intratumoral bacteria,which are newly recognized
components of tumors, have been observed in various types of can-
cers, but their biological roles remain undetermined [11,12].
Fusobacterium nucleatum (Fn) is an obligate anaerobic pro-
inflammatory bacterium which has been identified as a facultative
intracellular bacterium in our previous study [13]. A growing body
of research has demonstrated that Fn functions as an oncogenic
bacterium, and the overabundance of Fn in the intestinal tract is
implicated the progression of several cancers, including esopha-
geal, gastric, colon, breast, and pancreatic cancers [14-18]. Fur-
thermore, several new investigations determined that Fn is an
important intratumoral bacterium in both colorectal cancer (CRC)
and oral squamous cell carcinoma (OSCC) [11,19].

Esophageal squamous cell carcinoma (ESCC) is the predomi-
nated histological type of esophageal cancer and highly prevalent
in Asia [20]. Recently, several studies verified that m6A levels were
elevated in ESCC cells and tissues, and upregulated METTL3
expression was also observed in ESCC tissues and was related to
worse prognosis [8,21-23]. Additionally, multiple recent studies
confirmed that Fn is highly abundant in ESCC tissues and promotes
cancer progression [15,24], and Fn infection predicts a high risk of
metastasis in ESCC [25]. However, it is unknown whether and how
intratumoral Fn regulates m6A methylation in ESCC.

Chronic persistent infection is the most crucial epigenetic factor
contributing to tumor progression. Currently, the extent to which
intratumoral bacteria may impact m6A modification in tumor cells
remains largely unknown. Recently, a study showed that Fn
decreases m6A modification levels by downregulating METTL3 in
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CRC cells and xenograft tumor tissues [26]. However, this result
is inconsistent with the observation that increasing METTL3
expression may be accompanied by Fn enrichment in CRC tissues
[27].

In the present study, we focused on the role of METTL3-
mediated m6A methylation during Fn infection, and described
the role and mechanism of METTL3 secreted from Fn-infected cells
on ESCC progression and development. These findings might pro-
mote a novel insight for the ESCC treatment.

Materials and methods
Patients and specimen collection

Twenty-two ESCC tumor tissues and paired adjacent normal tis-
sues were collected at the Third Affiliated Hospital of Sun Yat-Sen
University Yuedong Hospital. The study sample included 22 indi-
viduals, 12 males with a mean age of 61 years and 10 females with
a mean age of 59 years. All ESCC patients were newly diagnosed
and confirmed by histopathological examination under the 7th
edition of the TNM-UICC/AJCC classification. All enrolled patients
were first diagnosed and didn’t receive antibiotic therapy within
one month. Patients with coexisting autoimmune, chronic, and
acute inflammatory diseases were excluded from the study.

Bacterial strains and culture conditions

Fn ATCC 25586 and ESCC tissue-derived Fn strains (ESCC-Fn)
were cultured anaerobically for two to three days at 37 °C in brain
heart infusion broth (BHI, Oxoid, UK). E. coli (DH5a; Tiangen,
China) was cultivated aerobically on an LB agar plate for 24 h at
37 °C. Heat-killed Fn (K-Fn) was prepared by heating the bacteria
at 100 °C for 0.5 h. In addition, the bacteria were suspended in
RPMI-1640 medium (Gibco, USA) to a final concentration of
1 x 10% colony forming units (CFU) mL™! for the infection
experiment.

Cell culture

The Ecal09, Kyse150, MDA-MB-231 (231), MCF7, HepG2,
Huh7, HCT116, and SW480 cell lines were cultured in RPMI-1640
medium (Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco). The cells were incubated at 37 °C in a humidified incubator
with 5% CO,.

RNA extraction and quantitative reverse transcription PCR (qRT-PCR)

Consistent with the manufacturer’s instructions, total RNA was
harvested from cells utilizing TRIzol Reagent (TaKaRa, China). First-
strand cDNA was synthesized with a reverse transcription kit (AG,
China). Quantitative real-time PCR was carried out with the Quan-
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tiFast SYBR ® Green PCR Kit (AG, China) on a Bio-Rad CFX384 real-
time PCR machine. The expression of the target cDNAs that were
analyzed by real-time PCR was normalized to that of GAPDH. To
determine the relative mRNA levels, we employed the 2-2ACt
method. Table S1 provides a list of the PCR primers.

Establishment of stable cell lines

To achieve METTL3 overexpression, ESCC cells were stably
transfected with the plasmid pcDNA3/Flag-METTL3 (Addgene
#53739). The transfection procedure was conducted utilizing Lipo-
fectamine 3000 (Invitrogen, USA) following the manufacturer’s
instructions. In summary, the cells were grown in six-well plates
until they reached 90% confluence. ESCC cells were transfected
with plasmid DNA (5.0 mg per well) and Lipofectamine 3000 to
facilitate transfection. After 48 h, the cells were subjected to
trypsinization and subsequently transferred to 10-cm culture
dishes in medium supplemented with 300 mg/mLG418 (Gibco,
USA). Clonal expansion was achieved through the isolation of
single-cell clones.

Stable METTL3-knockdown cell lines were generated by a
lentivirus-mediated small hairpin RNA (shRNA) knockdown sys-
tem (GenePharma Co., Ltd., China). The shRNA target sequences
are listed in Table S1. ESCC cells were transfected with target plas-
mids and viral packaging plasmids to generate lentiviral particles
using the Trans-lentiviral Packaging Kit (Invitrogen, USA) accord-
ing to the instructions of the kit. After 48 h of transfection, len-
tivirus particles were obtained and concentrated employing a
Lenti-X concentrator in accordance with the manufacturer’s
instructions (Clontech). Lentivirus particles were utilized to trans-
duce stable cell lines in serum-free medium with 8 pg/mL poly-
brene (Sigma, USA). Subsequently, the transduced cells were
subjected to selection with 2 pg/mL puromycin for a minimum
of ten days. METTL3 mRNA and protein expression in each cell
clone was measured by screening via qRT-PCR and western blot
analysis.

SiRNA transfection

When ESCC cells reached 60% confluence in a six-well plate,
they were transfected with either negative control small interfer-
ing RNA (siRNA) or c-Myc-specific siRNA (Shanghai Jikai Gene,
China) at a final concentration of 30 nM for 24 h, following the
manufacturer’s instructions.

Immunofluorescence (IF) staining

Immunofluorescence staining was used to conduct bacterial
invasion tests, as described in our previous study[13]. The experi-
ment involved incubating the samples with a rabbit polyclonal
anti-Fn antibody (created in-house, diluted to 1:5,000), anti-o-
tubulin antibody (diluted to 1:200, Bioworld, USA), and anti-
METTL3 antibody (diluted to 1:1,000, Abcam, USA) at 4 °C over-
night. Subsequently, the secondary antibodies were added and
coincubated at 4 °C overnight. Subsequently, the samples were
incubated with fluorescent secondary antibodies, namely, anti-
rabbit IgG (DyLight 594) and anti-mouse IgG (DyLight 488) (di-
luted to 1:100, Abcam, USA), for 40 min at ambient temperature.
The nuclei were stained with DAPI (Beyotime, China) for 5 min.
Image acquisition was performed using a laser scanning confocal
microscope FV3000 (Olympus).

Intracellular survival assays

The evaluation of bacterial infection, including intracellular
entry and growth, was conducted as described in our previous
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study[13]. The Kyse150 and Eca109 cell lines were infected with
live Fn at a multiplicity of infection (MOI) of 10:1, followed by
incubation at 37 °C in 5% CO, for 12 h. Next, the cells that were
infected with Fn were subjected to three rounds of washing with
PBS and then subjected to a 2 h incubation with gentamicin
(100 pg/mL) to eliminate any bacteria that were present in the
extracellular space. Finally, the cells were lysed in 0.5% Triton X-
100 lysis buffer supplemented with protease and phosphatase
inhibitors. The abundance of intracellular Fn was determined by
cultivation on blood agar plates and counting of colony-forming
units (CFU).

Western blot

The cells were lysed in RIPA buffer and subsequently exposed to
boiling conditions for 10 min. The proteins were separated on a
10% SDS-PAGE gel, followed by transfer to PVDF membranes. The
membranes were blocked by incubation with 5% skim milk powder
for 2 h. Then, the membranes were incubated overnight with anti-
bodies against METTL3 and c-Myc at a concentration of 1:2,000
(Abcam). After washing with PBST, the membranes were incubated
with a horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:5,000, CST, USA) for 2 h at room temperature. Then,
GAPDH was used as an internal reference to determine the relative
protein expression. Visualization of the protein bands was accom-
plished using a chemiluminescence detection system (Tianneng,
China).

MG6A-RIP and m6A sequencing assays (MeRIP-seq)

The Me-RIP procedure was carried out following previously
described methods[28]. In summary, 50 pg RNA was isolated,
and ribosomal RNA was removed with the use of a RiboMinus™
Eukaryote Kit v2 (A15020, Invitrogen). Subsequently, the RNA
was fragmented into fragments of approximately 100 nucleotides
with RNA fragmentation reagents (AM8740, Invitrogen). The resid-
ual samples were incubated and immunoprecipitated (at 4 °C for
2 h) with an anti-m6A antibody (CST, USA). Then, the methylated
RNA was purified for further immunoprecipitation (MeRIP)
sequencing by LC-Bio (Hangzhou, China).

Colony formation assay

The experiment involved seeding cells in 6-well plates at a den-
sity of 700 cells per well, followed by culture for a couple of weeks.
Subsequently, the cells were fixed with 4% paraformaldehyde and
stained with 1% crystal violet for colony quantification.

Scratch wound healing assay

After seeding cells in 60-mm dishes, a confluent monolayer was
achieved. A “scratch” was established by scraping a straight line in
the cell monolayer utilizing a p100 pipette tip. Forty-eight hours
later, images of wound healing were captured to calculate the per-
centage of wound healing.

Transwell migration assay

Cell migration assays were conducted with 24-well Transwell
inserts with a pore size of 8 um (Merck Millipore, Germany).
Serum-free RPMI-1640 medium and ESCC cells (1 x 10°) were
added to the top chamber of the Transwell, and RPMI-1640 med-
ium supplemented with 20% FBS was added to the bottom cham-
ber. After incubation for 24 h at 37 °C, cells across pores were
fixed with 4% paraformaldehyde and stained with 1% crystal violet
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solution. For each chamber, three fields were randomly chosen and
cells were counted.

RNA stability assays

RNA stability was determined via Actinomycin D tests. When
cells reached 80% confluence, the transcription process was sup-
pressed by adding actinomycin D (5 pg/mL) (Sigma, USA). After
the addition of actinomycin D, RNA samples were extracted at four
time points (0, 2, 4, and 6 h). Cellular RNA was isolated from the
harvested cells utilizing the cell RNA extraction protocol, followed
by assessment with qRT-PCR.

Animal experiments

BALB/c-nu mice (5-6 weeks) were purchased from Sun Yat-sen
University (SYSU) Animal Center. The mice were housed in a
pathogen-free environment at the SYSU Animal Center. To estab-
lish a human ESCC xenograft model, 20 BALB/c-nu mice were ran-
domly assigned to four groups, with each group consisting of five
mice. Two groups of mice received a subcutaneous injection of
either 2.0 x 10% Eca109 cells or 2.0 x 10° sh-METTL3-Eca109 cells.
Tumor development was monitored daily. After one week, each
mice was subjected to intratumoral injection of 10 pl PBS or Fn
(1.0 x 107 CFU) once every two days, three times a week. The mice
were sacrifices at the end of two weeks after the injection, and sub-
sequently, the tumor, liver, and lungs were surgically removed. The
following formula was used to determine tumor volume: 0.5x
(length x width?). The number and dimensions of metastatic foci
in the hepatic and pulmonary regions were recorded. The number
of colonizing Fn in mouse tumor tissue was determined by qPCR
according to a previous study [29].

Immunohistochemistry (IHC)

Tissue sections were incubated overnight with primary anti-
bodies targeting METTL3 (1:50, CST) and c-Myc (1:50, Abcam) at
4 °C. After being washed with PBST, the sections were then incu-
bated with an HRP-conjugated secondary antibody (1:5000, BOS-
TER) for 60 min at room temperature. The sections were
developed for 10 s with 3-diaminobenzidine tetrahydrochloride
and then were counterstained with 10% Mayer’s hematoxylin.
The analysis of IHC outcomes was conducted by two pathologists
with extensive expertise in the field. The selection of visual fields
(magnification of 100 x ) was carried out to identify the proportion
of cells exhibiting positive staining relative to the overall number
of tumor cells.

Compliance with Ethics requirements

Patient samples were obtained with the approval of the Ethics
Committee of the Third Affiliated Hospital of Sun Yat-sen Univer-
sityYuedong Hospital (No: 112023-006-01). The animal care and
study protocols were approved by the Experimental Animal Ethics
Committee of Sun Yat-sen University (No: SYSU-IACUC-2022-
001286).

Statistical analysis

The findings are presented as the means + standard deviations
(SD) of three independent experiments. The statistical analysis
involved the utilization of a two-tailed unpaired Student’s t test
to compare two groups. A p value of <0.05 was considered to be
statistically significant. All the analyses were carried out with
GraphPad 9.0 (GraphPad Software, CA, USA).
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Results

Intratumoral F.nucleatuminfection was positively associated with
METTL3 expression in ESCC tissues

Fn is reported to involve in the progression of a number of
tumors types. First, through immunofluorescence, we verified that
Fn was more highly enriched in four tumor tissues (T) (colorectal
cancer, CRC, n = 3; breast cancer, BRCA, n = 3; ESCC, n = 3; hepato-
cellular carcinoma, HCC, n = 3) than in matched normal tissues (N)
(Fig. 1A). We further confirmed the relative abundance of Fn-DNA
in tumor and matched normal tissues of 22 freshly resected ESCC
specimens using qPCR assay. As shown in Fig. 1B, Fn-DNA levels
in cancer tissues were significantly higher than in matched normal
tissues (P < 0.001).

Then, we analyzed the gene expression of direct regulators of
the m6A modification, including methyltransferase-like 14
(METTL14), METTL3, fat mass and obesity-associated protein
(FTO), Wilms’ tumor 1-associated protein (WTAP), and alkB homo-
log 5 (ALKBH5), in TCGA datasets. The findings indicated that the
METTL3 and WTAP mRNA expression levels were consistently ele-
vated in ESCC tissues compared with normal tissues (Fig. 1C and
Fig. S1A). Furthermore, we confirmed that Fn infection increased
METTL3 mRNA expression in Eca109 and Kyse150 cells according
to qRT-PCR (Fig. 1D). Western blot and IHC were subsequently per-
formed to validate these findings further. The protein expressions
of METTL3 in the ESCC tumor tissues were significantly higher than
those in the matched normal tissues (n = 10) (Fig. 1E-F). Western
blot studies demonstrated no immunological cross-reactivity
between METTL3/GAPDH and Fn proteins (Fig. S1B).

Next, the Kaplan-Meier analysis results showed that the ESCC,
BRCA, HCC and CRC patients with high METTL3 expression had
shorter overall survival time than those with low METTL3 expres-
sion (Fig. 1G and Fig. S1C). Further multivariate and univariate Cox
regression analyses with the TCGA cohort showed that METTL3
overexpression was an independent predictive factor for ESCC
(Fig. 1H). Furthermore, we identified that expression of METTL3
was significantly increased in Fn-positive ESCC tissues compared
with Fn-negative tissues (P < 0.01) by IHC staining (Fig. 1I). More-
over, the abundance of Fn was positively associated with METTL3
expression (R = 0.796, P = 0.006) (Fig. 1]).

In conclusion, Fn as an intratumoral bacterium that is observed
in various tumor tissues, and its abundance was positively related
to METTL3 expression, suggesting that intratumoral Fn might have
affected the prognosis of individuals with ESCC by upregulating
METTL3 expression.

Intracellular multiplication of F.nucleatum promotes METTL3
expression in tumor cells

Because Fn could be identified in several types of clinical tumor
samples, we further determined the ability of Fn to invade different
types of tumor cells utilizing an Fn and tumor cell coculture sys-
tem. Tumor cells were incubated with Fn, followed by incubation
with 100 pg/mL gentamycin to eliminate extracellular Fn. Fn and
ESCC cell lines (Eca109 and Kyse150 cells), BRCA cell lines (231
and MCF7 cells), HCC cell lines (Huh7 and HepG2 cells), and CRC
cell lines (HCT116 and SW480 cells) were cocultured at an MOI
of 10 for 24, 48 and 72 h. Confocal laser scanning microscopy
(CLSM) was used to observe the intracellular localization of Fn.
As shown in Fig. 2A, Fn was labeled with red fluorescence in the
cytoplasm of tumor cells. Moreover, the amount of intracellular
Fn increased steadily for the first 24 to 72 h according to bacterial
colony counts (Fig. 2B).
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Then, we found that only live Fn increased METTL3 expression
at a moderate multiplicity of infection (MOI = 10:1) in all these
tumor cells (Fig. 2C). However, no significant variation in METTL3
expression was observed during incubation with the Escherichia
coli control or heat-killed Fn (Fig. 2C). The same results were veri-
fied using a Fn strain that was isolated from an ESCC tissue sample
(Fn-ESCC) (Fig. 2D). Consistently, IF staining showed an enhanced
fluorescence intensity of METTL3 in the nucleus at 24 h post Fn
infection (Fig. 2E). Altogether, these results indicated that Fn not
only could survive and multiply inside tumor cells but also that
intracellular Fn could dramatically upregulate METTL3 expression
in tumor cells.

Upregulated METTL3 facilitates the intracellular multiplication of F.
nucleatum and promotes the malignant behavior of ESCC cells

To further verify the function of Fn-induced METTL3 expression
in both bacteria and host cells, we constructed stable METTL3-
knockdown (sh-METTL3) and METTL3-overexpression (oe-
METTL3) Eca109 and Kyse150 cells. Western blot was utilized to
verify METTL3 expression (Fig. 3A and Fig. S2A). The upregulated
protein levels of METTL3 in the Fn-treated ESCC cells were notably
reduced when we knocked down METTL3 in Eca109 and Kyse150
cells (Fig. 3A). As predicted, METTL3 knockdown abrogated the
promotion of Fn-mediated Eca109 and Kyse150 cells proliferation
ability (Fig. 3B). Moreover, silencing of METTL3 significantly
reversed the increased cell migration ability induced by Fn
(Fig. 3C-D), highlighting the important role of METTL3 in sustain-
ing the functions mediated by Fn. METTL3 overexpression mark-
edly increased ESCC cells proliferation and migration (Fig. S2B-
D). However, treatment with Fn did not significantly increase
METTL3 protein expression or the proliferation and migration of
0e-METTL3 ESCC cells (Fig. S2A-D). Then, we analyzed Fn survival
and multiplication in METTL3-knockdown and METTL3-
overexpressing cells. As show in Fig. 3E, compared with control
cells, METTL3 overexpression was beneficial for Fn multiplication
in host cells, while Fn multiplication was limited in sh-METTL3
Eca109 and Kyse150 cells. Taken together, we suggest that METTL3
protects intracellular bacteria and host cells during Fn infection.

Identification of METTL3 targets in F.nucleatum-infected Eca109 cells
by high-throughput RNA-Seq and m6A-Seq

To examine the changes in the m6A modification of particular
genes during Fn infection, we conducted differential transcriptome
sequencing and differential m6A sequencing with the aim of ana-
lyzing the changes in expression and mapping m6A modifications
in Fn-infected Ecal09 cells and control Ecal09 cells. The tech-
niques are shown in a concise visual representation (Fig. 4A). Con-
sistent with previous research findings, the distribution of
determined m6A peaks exhibited the most significant degree of
enrichment proximal to the stop codon, with a relatively greater
proportion observed in both the mRNA intron and mRNA exon
regions (Fig. 4B). In these cells, the consensus motif was enriched
within m6A sites (Fig. 4C), resembling the common m6A motif
described in other studies. Consistent with previous studies[30],
the m6A signal showed a higher concentration in the stop codon
and 3’-untranslated regions (UTRs) of mRNA (Fig. 4D). This study
utilized meRIP-seq and RNA-seq data to examine the associations
between each peak and mRNA expression, elucidating the genomic
circumstances in which alterations in the m6A and RNA levels
were significant. As shown in Fig. 4E, compared to control cells,
Fn-infected Ecal09 cells had 144 hypermethylated m6A peaks
and higher mRNA levels (fold changes > 2, p < 0.05).

Furthermore, the results of the m6A sequencing analysis
revealed a significant elevation in m6A peaks in areas near the stop
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codon of MYC mRNA after Fn infection (Fig. 4F). It was previously
suggested that METTL3 could facilitate the translation of c-Myc in
gastric cancer, which inspired us to reveal whether METTL3 could
regulate the expression of c-Myc [31]. The consensus motif of
METTL3 was identified (GGACU) in the m6A modification targeting
the 3’ UTR of c-Myc mRNA, which was adjacent to the stop codon
(Fig. 4G). The RNA sequencing results revealed a substantial
increase in Myc expression in the group infected with Fn (log2
FC |>5, P < 0.001) (Fig. 4H). Furthermore, it was determined
through gene ontology (GO) enrichment analysis that m6A modifi-
cations were present in a limited number of genes that are associ-
ated with controlling vesicle fusion, spindles, and amino acid
transportation in Ecal09 cells that were infected with Fn
(Fig. 4I). KEGG pathway enrichment analysis was performed
(Fig. S3). The gene expression profiling interactive analysis (GEPIA)
database derived by TCGA illustrated that Myc expression was pos-
itively correlated with METTL3 in ESCC tissues (Fig. 4J). These
results indicate that the increase in Fn-induced Myc expression
depends on the m6A methyltransferase activity of METTL3.

F.nucleatum infection promotes the malignant behavior of ESCC via
the METTL3/YTHDF1/c-Myc axis

The up-regulation of c-Myc with METTL3 activation was vali-
dated by western blot, and we confirmed that METTL3 silencing
reduced c-Myc protein expression, whereas METTL3 overexpres-
sion enhanced the expression (Fig. 5A). In the meanwhile, the pro-
tein levels of c-Myc were significantly increased, and METTL3
knockdown inhibited the increasing of c-Myc in Fn-infected
Eca109 and Kyse150 cells (Fig. 5A).

The direct interaction between METTL3 and c-Myc mRNA was
confirmed by immunoprecipitation of RNA followed by gqPCR
(RIP-gPCR), which confirmed that c-Myc mRNA is a target of
METTL3 (Fig. 5B). The relative normalized luciferase activities of
the wild-type and mutant c-Myc 3'UTR reporter vectors in control
and METTL3-knockdown Ecal09 and Kyse150 cells were com-
pared. In addition, a significant induction in luciferase activity
was observed in the wild-type 3'UTR of c-Myc in METTL3-
knockdown cells relative to control cells (Fig. 5C). The results indi-
cated that the modulation of c-Myc expression was controlled
through METTL3-associated m6A modification.

To further confirm that m6A modifications contribute to the
regulation of c-Myc expression, Ecal09 and Kyse150 cells were
treated with the global methylation inhibitor 3-deazaadenosine
(DAA). Treatment with DAA significantly reduced the mRNA and
protein expression of c-Myc (Fig. 5D). Actinomycin D was used to
stop transcription in Eca109 and Kyse150 cells infected with Fn.
The qRT-PCR analysis results suggested that Fn significantly pro-
longed the half-life of c-Myc mRNA in Eca109 and Kyse150 cells
(Fig. 5E). The increased transcript stability of METTL3 targets
occurs through an m6A-dependent mechanism that is mediated
by YTHDF1[32]. RIP-qPCR unveiled that METTL3 inhibition could
impair the direct interaction within YTHDF1 and c-Myc mRNA in
Ecal09 cells, indicating the close connection within METTL3,
YTHDF1, and c-Myc mRNA (Fig. 5F). Our findings demonstrated
that knockdown of YTHDF1 significantly decreased the expression
of c-Myc in Eca109 cells (Fig. 5G). These results suggest that the
methylated c-Myc mRNA was recognized by YTHDF1, and
METTL3/YTHDF1 enhanced its mRNA stability.

To further determine whether Fn exerted oncogenic functions
in a c-Myc dependent manner, we performed c-Myc loss of func-
tion assays in ESCC cells. The upregulated protein levels of c-Myc
in Fn-treated ESCC cells were significantly decreased when we
silenced c-Myc in Eca109 and Kyse150 cells (Fig. 5H). Cell growth
was assessed via CCK-8 and colony formation assays. As expected,
c-Myc knockdown abrogated the increase in proliferation of Fn-
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infected Eca109 and Kyse150 cells (Fig. 5I-]). Cell migration was important role of c-Myc in sustaining the functions mediated by
evaluated with scratch wound healing and Transwell assays. Fn. These findings suggested that Fn infection upregulated the

Silencing of c-Myc significantly reversed the increased cell METTL3/c-Myc axis to promote ESCC cells proliferation and migra-
migration ability induced by Fn (Fig. 5K-L), highlighting the
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tion; these results confirmed that c-Myc was a functional target of
METTL3-mediated m6A modification in ESCC.

F.nucleatum accelerates ESCC tumorigenesis and metastasis through
METTL3-mediated c-Myc mRNA m6A modification in vivo

To validate the potential role of METTL3 in tumor growth
in vivo, a human ESCC xenograft model was established in BALB/c
nude mice through the subcutaneous (s.c.) injection of Eca109 cells,
sh-METTL3 Eca109 cells, or oe-METTL3 Eca109 cells. Fig. 6A pro-
vides a diagram of the experiment. After 24 days, the tumors were
extracted surgically (Fig. 6B). We observed that Fn infection
increased tumor growth, while knockdown of METTL3 in Eca109
cells obviously inhibited Fn-induced tumor growth (Fig. 6C-D).
Furthermore, data obtained from gross images and lung H&E stain-
ing analysis demonstrated a significant increase in the numbers of
metastatic lesions after Fn administration. However, knockdown of
METTL3 in Ecal09 cells resulted in a notable inhibition of Fn-
induced lung metastasis (Fig. GE-G). Moreover, METTL3 and c-
Myc protein levels were evaluated using IHC staining and western
blot analysis (Fig. 6H-I). In addition, compared to the Eca109-
tumor control tissues, the abundance of Fn-DNA is higher in oe-
METTL3 Eca109-tumor tissues, but lower in sh-METTL3 tumor tis-
sues by qPCR analysis (Fig. 6)). The results showed that Fn infection
and METTL3 overexpression increased c-Myc expression, and coin-
cidently METTL3 knockdown suppressed c-Myc expression. Collec-
tively, these results suggest that METTL3 is a vital gene for ESCC
growth and metastasis, increasing the abundance of Fn in tumor
tissues. Moreover, Fn promotes ESCC aggressiveness and metasta-
sis by upregulating the expression of c-Myc.

Discussion

In recent years, accumulating evidence reveals that METTL3
performs essential functions in m6A modification in various can-
cers, including functions that are both dependent and independent
of its m6A RNA methyltransferase activity. Our study supported
the upregulated expression of METTL3 in ESCC tissues and corre-
lated with prognosis of ESCC patients. According to our study, most
studies demonstrated that METTL3 promotes ESCC development
and could potentially function as a prognostic biomarker and ther-
apeutic target in ESCC [8,22,23,32].

Currently, there are few studies on bacteria-influenced m6A
methylation in host cells. Most of bacterial infection causing
destruction of host cells, it is difficult to keep the infected-host
cells alive in vitro. Interestingly, a recent study showed that there
was no significant changes in the protein and mRNA levels of the
‘writers’ (METTL3/14) and ‘erasers’ (FTO/ALKBH5) during entero-
toxigenic E. coli K88 infection [33]. Consistently, in our study, infec-
tion with a low dose of control bacteria, E. coli DH5a, which has

<
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limited cytotoxicity in host cells, also did not alter the expression
of METTL3 in ESCC cells. Very differently, as the most crucial mem-
ber of the microbiota of CRC and ESCC tissues, Fn promotes prolif-
eration but does not kill tumor cells [10,34]. We observed that
METTL3 is upregulated in cells treated with live Fn, which can
invade and proliferate inside host cells, but dead Fn cannot affect
host METTL3 expression, suggesting that only intracellular patho-
gens might influence host RNA methylation. These results sug-
gested that Fn, as an intracellular bacterium, develops a strategy
to survive inside cells by hijacking tumor host cells.

Similarly, as intracellular pathogens, viral infection could influ-
ence the host cellular m6A epitranscriptome [35], although the
specific functions and mechanisms of m6A in infected host cells
are not well known. Some oncoviruses directly contribute to the
transformation and proliferation of host cells by regulating
METTL3. For example, high expression of METTL3 was observed
in HPV-positive head and neck squamous cell carcinoma tissues
[36], and METTL3 was found to be upregulated in gastric cancer
cells overexpressing ebv-circRPMS1 [37]. Moreover, HBV-HBx pro-
teins were reported to recruit METTL3 to affect m6A modification
in host cells [38]. In contrast, acute viral infection which result in
host cell death decreased the expression of METTL3. For example,
METTL3 expression is reduced and inflammatory genes are
induced in patients with severe coronavirus disease 2019
(COVID-19) [39]. These results further support that carcinogenic
microbes influence the m6A of host cells by increasing but not
decreasing the expression of METTL3.

We note a contrary conclusion with our study. A recent study
reported mentioned that Fn decreases m6A levels and METTL3
expression in CRC[26]. As we mentioned above, Fn infection
increased METTL3 expression in ESCC cells and ESCC xenograft
mice. We also confirmed the elevated expression level of METTL3
in CRC, HCC, and BRCA cells that were infected with Fn. The same
results were also verified using a Fn strain that was isolated from
an ESCC tissue sample. Indeed, data from the TCGA databases
showed METTL3 overexpression in CRC metastatic tissues, and
METTL3 overexpression was related to a poor prognosis [10,40].
Furthermore, Overexpression of METTL3 was shown to promote
tumor growth and metastasis of CRC, and silencing of METTL3 sup-
pressed CRC in mice [40,41]. Therefore, we are sure that Fn infec-
tion can increase but not decrease the expression of METTL3 in
various tumor cells.

Interestingly, METTL3 is frequently up-regulated and con-
tributes to tumor progression in several malignancies which may
be attributed to infections. The upregulation of METTL3 was
observed in liver and nasopharyngeal carcinoma cancer [42,43],
and was discovered to be an independent predictive factor of
recurrence-free survival[44]. Notably, the level of m6A RNA modi-
fication was significantly increased in gastric cancer, and METTL3
was the critical modulator of m6A RNA modification. Furthermore,

Fig. 1. F. nucleatum was enriched in various tumor tissues and was positively related to METTL3 expression in ESCC. (A) Representative images of human breast cancer
(BRCA), esophageal squamous cell carcinoma (ESCC), and hepatocellular carcinoma (HCC) tumor tissues and matched normal tissues using immunofluorescence staining of
Fn. N: normal tissues; T: tumor tissues. Red color (Fn), Blue color (nucleus). Scale bar: 20 pm. (B) Fn abundance in 22 ESCC tumor tissues and matched normal tissues was
measured using qPCR. N: normal tissues; T: tumor tissues. Data are presented as mean * SD. The significant difference among the groups, ***P < 0.001. (C) Expression of
METTL3 in tumor tissues and normal tissue in the TCGA ESCC cohort. N: normal tissues; T: tumor tissues. (D) Fn infected (MOI = 10:1) Eca109 and Kyse150 cells for 24 h.
mRNA expression was measured using qRT-PCR. Data are presented as mean + SD. The significant difference among the groups, **P < 0.01, ***P < 0.001. (E) Western blot
analysis of METTL3 expression in 6 ESCC tumor tissues and matched normal tissues. N: normal tissues; T: tumor tissues. (F) Representative images of immunohistochemical
staining of human ESCC tumor tissues and matched normal tissues (n = 10) using an anti-Fn antibody. N: normal tissues; T: tumor tissues. Left images magnification x 100/
x200; right, statistical results of the quantification of the gray values from immunohistochemistry. Data are presented as mean + SD. The significant difference among the
groups, **P < 0.01. (G) Progression-free survival (PFS) analysis and (H) Cox regression analysis (univariate and multivariate) of METTL3 in the TCGA ESCC cohort. (I)
Representative images of immunohistochemical staining of Fn-positive (Fn + ) and Fn-negative (Fn-) ESCC tumor tissues using an anti-METTL3 antibody. Scale bar: 10 um. (J)
Correlation analysis of Fn abundance and METTL3 expression in 10 ESCC tumor tissues. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 2. F. nucleatum can survive, proliferate and upregulate the expression of METTL3 in ESCC, BRCA, HCC, and CRC cell lines. (A) Immunofluorescence visualization of o-
tubulin and Fn in ESCC cells, BRCA cells, HCC cells, and CRC cells. Cells were infected with Fn (MOI = 10:1) for 48 h. Scale bar: 100 pum. (B) Intracellular bacterial proliferation
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significant difference among the groups, *P < 0.05. (C) Western blot analysis of METTL3 expression in ESCC, BRCA, HCC, and CRC cells after infection with E. coli (MOI = 1:100),
Fn (MOI =10:1), or K-Fn (MOI = 10:1) for 48 h. (D) Western blot analysis of METTL3 expression in ESCC cells after infection with ESCC-Fn (Fn isolated from ESCC tissue sample;
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Red color (Fn), Blue color (nucleus). Immunofluorescence analysis of METTL3 in ESCC, BRCA, HCC, and CRC cells after infection with Fn (MOI = 10:1) for 48 h. Scale bar: 50 pm.
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Fig. 4. METTL3-mediated increase in m6A modification of MYC mRNA in ESCC cells infected with F. nucleatum. (A) m6A MeRIP sequencing flow chart. (B) Metagene profiles of
the distribution of m6A across the transcriptome and (C) consensus sequence motif for m6A methylation in Eca109 cells that were uninfected or infected with Fn (MOI = 10:1)
for 48 h. (D) The proportions of m6A peak distribution in the 5'UTR, CDS, stop codon, or 3'UTR across the entire set of mRNA transcripts. (E) Distribution of peaks (fold
change > 1.0, P < 0.05) with an obvious change in both the RNA expression level and m6A level in Fn-infected Eca109 cells relative to Eca109 cells. (F) Representative m6A
modification of Myc by m6A in Eca109 cells. (G) The location of the m6A site in c-Myc mRNA. (H) Heatmap showing the differential gene expression patterns between Fn-
infected and uninfected Eca109 cells (fold change > 2, P < 0.01). (I) Gene ontology and enrichment analysis of m6A-modified genes. (J) The expression of METTL3 showed a
positive relationship with that of Myc in the public database (GEPIA).
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METTL3 expression was substantially elevated in gastric cancer tis-
sues and was related to a poor prognosis [45]. Furthermore,
METTL3 overexpression has been observed to exacerbate LPS-
induced cellular inflammation [46]. Additionally, we further veri-
fied that Fn upregulated the expression of METTL3 in ESCC. Multi-
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ple studies from other groups also indicated that intratumoral Fn
confers chemoresistance and predicts a high risk of metastasis in
ESCC [25]. Together with these results, we suggest that intratu-
moral Fn might exacerbate inflammation by upregulating the
expression of METTL3 to promote tumor progression.

Notably, METTL3 was frequently upregulated in human CRC tis-
sues and promoted CRC progression though enhancing MYC
expression [47]. Similar results were observed in bladder cancer
[48,49], gastric cancer [31,50], and prostate carcinoma [51]. These
studies indicated that METTL3 improved the expression of c-Myc
(MYC) by elevating the m6A levels of the c-Myc mRNA transcript,
playing oncogenic roles in these tumors. Consistent with these
results, we further showed that Fn functions as an oncogenic bac-
terium to enhance the METTL3/c-Myc axis by increasing m6A
modification.

Conclusion

Overall, our results indicated that Fn invades tumor cells to pro-
mote METTL3 expression, which is beneficial for the survival and
proliferation of both the intracellular bacteria and host cells. Fur-
thermore, METTL3 is highly expressed in Fn-positive ESCC tumor
tissues. The clinical relevance and significance of our findings are
evidenced by the correlation of upregulated METTL3 expression
in human ESCC tissues and poor prognosis in ESCC patients. Intra-
tumoral Fn mediated the upregulation of METTL3 considerably
augmented its oncogenic function via increasing m6A levels of
MYC in ESCC. Our work reveals the oncogenic roles of Fn and sug-
gests a critical mechanism of ESCC progression.
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Fig. 5. C-myc was a downstream target of METTL3-mediated m6A modification, and
subsequent binding of YTHDF1 enhanced c-Myc expression. (A) Western blot
analysis of c-Myc expression in ESCC cells. (B) RNA immunoprecipitation following
qPCR (RIP-qPCR) showed the interaction within METTL3 protein and c-Myc mRNA.
Data are presented as mean + SD. The significant difference among the groups,
***P < 0.001. (C) Luciferase vectors with the WT-c-Myc gene or the c-Myc gene with
mutated m6A nucleotides were transfected into ESCC cells with or without METTL3
knockdown. The relative luciferase activity was measured. Data are presented as
mean * SD. The significant difference among the groups, *P < 0.05, **P < 0.01. (D)
gRT-PCR analysis of c-Myc expression in ESCC cells treated with 10 uM 3-
deazaadenosine (DAA) for 48 h. DAA is a methylation inhibitor. Data are presented
as mean * SD. The significant difference among the groups, ***P < 0.001. (E) ESCC
cells were pretreated with Fn or PBS for 2 h. The remaining c-Myc mRNA levels
were measured using qRT-PCR at the indicated time points after actinomycin D
(Act-D; 5 pg/mL) treatment. (F) RIP-qPCR unveiled the interaction within YTHDF1
and c-Myc mRNA after METTL3 inhibition. Data are presented as mean * SD. The
significant difference among the groups, **P < 0.01, ***P < 0.001.(G) Eca109 cells
were transfected with or without a YTHDF1-siRNA. The relative mRNA expression
levels of c-Myc were measured using qRT-PCR. Data are presented as mean * SD.
The significant difference among the groups, **P < 0.01. ESCC cells transfected with
the indicated siRNAs were cocultured with Fn or PBS control. (H) Western blot
analysis of c-Myc was performed. (I) CCK8 assays were performed. Data are
presented as the mean * SD. The significant difference among the groups, *P < 0.05,
**P < 0.01. (J) Colony formation assays were performed. Statistical results are
presented in the right panels. Data are presented as the mean + SD. The significant
difference among the groups, *P < 0.05, **P < 0.01. (K) Transwell assays were
performed. Scale bar: 200 um. Statistical results are presented in the right panels.
Data are presented as the mean + SD. The significant difference among the groups,
*P < 0.05, ***P < 0.001. (L) Scratch wound assays were performed. Scale bar:200 pm.
Statistical results are presented in the right panels. Data are presented as the
mean * SD. The significant difference among the groups, **P < 0.01, ***P < 0.001.
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Fig. 6. Fn promotes ESCC proliferation and metastasis by upregulating METTL3. (A) A flow chart showing the in vivo experimental design. METTL3-knockdown (sh-METTL3)
or METTL3-overexpressing(oe-METTL3) Eca109 cells were subcutaneously injected into nude mice (n = 5). (B) Representative images showing xenografts in nude mice.
24 days later, (C) tumor volumes and (D) weights were measured. Data are presented as the mean + SD. The significant difference among the groups, *P < 0.05, ***P < 0.001. (E)
Representative images of the lung metastatic nodules and (F) quantitative analysis. Data are presented as the mean * SD. The significant difference among the groups,
***P < 0.001. (G) Histopathological examination of the lung tissue sections. Magnification x 100/x400. (H) Immunohistochemical staining and (I) western blot analysis of
METTL3 and c-Myc expression in tumor tissues. Scale bar, 200 pum. (J) Fn abundance in tumor tissue samples was measured using qPCR. Data are presented as the mean + SD.
The significant difference among the groups, ***P < 0.001.
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