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Abstract
N6-methyladenosine (m6A) is the most abundant modification in eukaryotic messenger RNAs (mRNAs), and plays
important roles in many bioprocesses. However, its functions in bladder cancer (BCa) remain elusive. Here, we discovered
that methyltransferase-like 3 (METTL3), a major RNA N6-adenosine methyltransferase, was significantly up-regulated in
human BCa. Knockdown of METTL3 drastically reduced BCa cell proliferation, invasion, and survival in vitro and
tumorigenicity in vivo. On the other hand, overexpression of METTL3 significantly promoted BCa cell growth and invasion.
Through transcriptome sequencing, m6A sequencing and m6A methylated RNA immuno-precipitation quantitative reverse-
transcription polymerase chain reaction, we revealed the profile of METTL3-mediated m6A modification in BCa cells for the
first time. AF4/FMR2 family member 4 (AFF4), two key regulators of NF-κB pathway (IKBKB and RELA) and MYC were
further identified as direct targets of METTL3-mediated m6A modification. In addition, we showed that besides NF-κB,
AFF4 binds to the promoter of MYC and promotes its expression, implying a novel multilevel regulatory network
downstream of METTL3. Our results uncovered an AFF4/NF-κB/MYC signaling network operated by METTL3-mediated
m6A modification and provided insight into the mechanisms of BCa progression.

Introduction

Urothelial carcinoma of the bladder is the fourth most com-
mon malignancy in men, with ~81,190 new cases and 17,240
deaths estimated in 2018 in the United States [1]. Most cases
are diagnosed in advanced stages and patients cannot undergo

curative surgery. Chemotherapy has been the main treatment
option with agents such as gemcitabine, cisplatin, oxaliplatin,
capecitabine, and 5-fluorouracil (5-FU) [2]. However, despite
the introduction of target molecules and immunotherapy into
clinical application in recent years, the response to these
treatments are still limited with modest impact in overall
survival [3–5], mainly because of the innate and adaptive drug
resistance. Thus, understanding the mechanism of BCa pro-
gression and identifying new therapeutic approaches for this
disease is an urgent and unmet need.

N6-Methyladenosine (m6A) is the most prevalent internal
chemical modification of mRNAs in eukaryotes [6–8]. In
mammalian cells, this modification is catalyzed by a
methyltransferase complex consisting of the proteins
methyltransferase-like 3 (METTL3), METTL14, Wilms
tumor 1 associated protein (WTAP), VIRMA (KIAA1429),
and RBM15 [9–12], and “erased” by two mammalian RNA
demethylases, the fat mass and obesity-associated protein
(FTO) [13] and alkylation repair homolog protein 5
(ALKBH5) [14], which demonstrated a dynamic nature of
m6A methylation. In human cells, thousands of mRNAs are
subject to m6A modification [7, 15], which has been
implicated in mRNA splicing, nuclear export, mRNA
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stability, translation [16] as well as microRNA processing
[17]. Recent studies demonstrate that m6A regulation play
important roles in many biological processes, such as
development, metabolism, fertility [18], osteoporosis [19],
stemness maintenance and differentiation [20]. It also con-
tribute to synaptic function [21], axon regeneration of
neuron [22], and facilitates hippocampus-dependent learn-
ing and memory [23]. Besides, Treg suppressive functions
[24] and innate immunity [25] of the immune system were
regulated by mRNA m6A modification as well. As the
critical methyltransferase of RNA m6A modification,
METTL3 was reported to promote lung cancer [26], liver
cancer [27], breast cancer [28] and myeloid leukemia pro-
gression [29], as well as the chemo- and radioresistance of
pancreatic cancer cells [30] by some most recent studies.
Additionally, METTL3 mediated m6A modification is also
involved in the maintenance of embryonic stem cells [31]
and, not surprisingly, cancer stem cells [32]. Nevertheless,
there is also evidence about METTL3 plays a tumor sup-
pressor role in glioblastoma (GBM) [33], suggesting its
context-dependent roles in cancer progression. However,

the definite role of METTL3 in BCa has never been studied.
In the present study, we sought to investigate the biological
function of METTL3 in the pathogenesis of BCa and also
explored the underlying molecular mechanism through
identification of its critical mRNA targets.

Results

METTL3 expression is elevated in BCa tissue

To gain insight into the role of m6A modification in BCa
progression in vivo, we detected mRNA m6A level in two
human BCa samples. Compared with the corresponding
Para-tumor bladder urothelial tissues (PT), the m6A level in
both tumor tissues were significantly elevated (Fig. 1a). We
then checked the expression of m6A writer and eraser in the
Cancer Genome Atlas (TCGA) datasets (http://ca
ncergenome.nih.gov) to determine which subunit may
play the crucial role of m6A deregulation in BCa, and found
that METTL3 mRNA expression is significantly elevated in

Fig. 1 METTL3 expression in normal bladder tissue and BCa samples.
a mRNA m6A level in two human BCa samples determined by LC-
MS/MS analysis (*p < 0.05; **p < 0.01, student t-test). b METTL3
was up-regulated in BCa (TCGA data, Red box for tumor tissue, n=
404; gray box for normal tissue, n= 19). Representative image of
immunohistochemical staining by METTL3 antibody and quantitative

measurement in both human (c, n= 22) and mouse BCa samples (d,
n= 12) compare with human para-tumor tissue (PT, n= 7) and mouse
normal bladder tissues (Normal, n= 12). The intensities of immu-
nostaining were quantitatively measured using Image-Pro Plus 6.0
image analysis software (**p < 0.01, student t-test). Scale bar. 50 μm
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BCa compared with the normal tissues (Fig. 1b). In contrast,
expression of METTL14, WTAP, FTO or ALKBH5 were not
significantly changed in these patient samples (Fig. 1b). We
then examined the protein level of METTL3 in the samples
from a cohort of 22 BCa patients by immunohistochemistry
(n= 22). In line with the TCGA data, METTL3 expression
was significantly higher in tumor samples than in the para-
tumor samples (n= 7, Fig. 1c). Besides, we also examined
the section samples from previously established N-butyl-N-
4-hydroxybutyl Nitrosamine (BBN)-induced bladder carci-
nogenesis mouse model [34], and found that the expression
of METTL3 in mice with invasive BCa (n= 12) was dra-
matically elevated compared with normal bladder tissue
(n= 12, Fig. 1d). With the above evidence, we concluded
that METTL3 is frequently up-regulated in BCa and may be
implicated in pathogenesis and progression of BCa.

METTL3 Promotes BCa Cell Proliferation, Migration
and Suppresses Apoptosis in vitro

Considering our findings that METTL3 is aberrantly
expressed in BCa tissue, we’re motivated to determine if
METTL3 regulated m6A modification plays a role in BCa
tumorigenesis. We knocked down METTL3 using two
distinct siRNAs (si-METTL3-1, si-METTL3-2) in the BCa
cell line 5637. Knockdown of METTL3 expression by both
siRNAs was confirmed by qRT-PCR (Fig. 2a) and western
blot (Fig. 2b). As expected, METTL3 depletion in BCa cells
decreased the global mRNA m6A level (Fig. 2c), and also
results in strong inhibition of cancer cell growth (by MTS
assay, Fig. 2d), increases cell apoptosis (by Flow Cyto-
metry, Fig. 2e), and decreases the invasive ability of BCa
cells (by the Boyden Chamber Assay, Fig. 2f). The effects
of METTL3 were also confirmed in another BCa cell line
UM-UC-3. Similarly, cell growth and invasion were
decreased, while cell apoptosis were elevated upon
METTL3 knockdown (Supplementary Fig. 1a-1c). We next
investigated how overexpressed METTL3 affect the growth
and invasion of bladder cells. Immortalized human uroe-
pithelial cells SV-HUC-1 were transduced with lentivirus
expressing control vector or METTL3. mRNAs and proteins
were isolated from both cells before RT-PCR analysis and
western blot confirmed the overexpression of METTL3 with
METTL3-expressing lentivirus (Fig. 2g, h). In contrast to
the knockdown assays, ectopic expression of METTL3
promote the cell growth and invasion (Fig. 2i, j). Taken
together, our data demonstrated the oncogenic role of
METTL3 in BCa cell growth, survival, and invasion.

Identification of METTL3 targets by high-
throughput RNA-Seq and m6A-Seq

To identify potential mRNA targets of METTL3 the m6A
levels of which are induced by METTL3 in BCa cells, we
performed transcriptome sequencing and m6A-sequencing

to interrogate the expression changes and map the m6A
modification in METTL3 knockdown 5637 cells. RNA-seq
revealed that 1759 genes were significantly downregulated,
while 1793 genes were significantly upregulated (fold
change > 2.0) upon METTL3 knockdown. Gene set
enrichment analysis (GSEA) revealed there are multiple
signaling pathways positively/negatively correlated with
METTL3 depletion (Supplementary Table S1), among
which the MYC target genes as well as TNF-α/NF-κB
pathway target genes showed significant negative correla-
tion with METTL3 knockdown.

Global profiling of m6A target genes using meRIP-seq
identified 3,588 m6A peaks (in 2,537 genes) in 5637 cells.
Consistent with published studies, when mapped the m6A
methylomes in 5637 cells, we found the GGAC motif was
identified to be highly enriched in the immunopurified RNA
(Fig. 3b), and a metagene analysis revealed that m6A peaks
were predominantly localized near stop codons, with a
subset of m6A peaks located in the 5′-UTR and internal
exons (Supplementary Figure.S2). When searching for m6A
peaks in the key regulators of pathways listed in Supple-
mentary Table S1,, we found that significant m6A abun-
dances near the stop codon and downstream 3′-UTR region
of MYC, AFF4, RELA(p65) and IKBKB(IKK-β) (Fig. 3c),
which involved in MYC and NF-κB pathways, respectively.
qRT-PCR using primers to amplify either the m6A peak
region or a control (non-peak) region was used to validate
the meRIP-seq data (Fig. 3d-g).

Further qRT-PCR analysis confirmed that knockdown of
METTL3 using siRNA resulted in significantly reduced
levels of MYC and AFF4 mRNAs, while had little effect on
the abundance of RELA or IKBKB mRNA (Fig. 3h). As for
the protein levels determined by western blot, expression of
all 4 genes were substantially reduced upon METTL3
knockdown (Fig. 3i). Additionally, protein levels of MYC,
AFF4 and RELA were also elevated in both human (Fig. 3j
and Supplementary Fig. S3a) and mouse (Fig. 3k and
Supplementary Fig. S3b) BCa samples. These data strongly
indicate that MYC, AFF4, RELA and IKBKB as bona fide
targets of METTL3.

MYC, AFF4, RELA and IKBKB are functionally
important target genes of METTL3 in BCa

When we transfected human BCa cells with specific siR-
NAs targeting METTL3, a significant inhibition on activities
of MYC (Fig. 4a) and NF-κB (Fig. 4b) pathways deter-
mined by dual luciferase assay were observed. To explore
the mechanism of how METTL3 regulated cell survival,
proliferation and invasion of BCa cells through NF-κB
signaling, we further investigated the expression of some
NF-κB target genes that are associated with these pheno-
types in BCa [35]. Specifically, the mRNA levels of
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Fig. 2 Effect of METTL3 on BCa cell proliferation, invasion and cell
apoptosis. The knockdown effect of specific siRNAs (si-METTL3-1
and -2) in 5637 cells was verified at both the mRNA (a, by qRT-PCR)
and protein levels (b, by western blot). c, mRNA m6A level in
METTL3 knockdown 5637 cells determined by LC-MS/MS analysis
(*p < 0.05 relative to scramble, One Way ANOVA). d MTS assay of
cellular proliferation in 5637 cells (**p < 0.01 Two Way ANOVA).
e Annexin V/PI staining of METTL3 knockdown and control 5637
cells analyzed by FACS. Quantification of apoptotic cells were plotted,
numbers represent the sum of early and late apoptotic cells

(**p < 0.01 ***p < 0.001 relative to scramble, One Way ANOVA).
f In vitro cell invasion assay, Quantification of invasive 5637 cells
(***p < 0.001 relative to scramble, One-way ANOVA). Over-
expression of METTL3 in SV-HUC-1 cells transfected with METTL3
expressing plasmid (METTL3) and control vector (control) respec-
tively were confirmed by qRT-PCR g and Western Blot h. i MTS
assay of cellular proliferation in SV-HUC-1 cells (**p < 0.01 Two
Way ANOVA). j In vitro cell invasion assay, Quantification of inva-
sive SV-HUC-1 cells. Bar graphs: mean ± S.D., n= 3

3670 M. Cheng et al.



BCL2A1, BIRC3, KITLG, MMP9 and PLAU were reduced
after knockdown ofMETTL3 (Fig. 4c). Furthermore, similar
to METTL3 knockdown, when 5637 cells were transfected

with siRNAs targeting MYC, AFF4, RELA and IKBKB,
respectively, their growth/proliferation (Fig. 4d) and inva-
sion ability (Fig. 4e) were inhibited and apoptosis were

Fig. 3 Identification of potential targets of METTL3 in BCa via
transcriptome-wide m6A seq and RNA-Seq assays. a GSEA showing
MYC and NF-κB targets are significantly enriched and correlated with
METTL3 knockdown in 5637 cells. b Global profiling of m6A in 5637
cells, sequence motif identified from the top 1,000 m6A peaks. c The
m6A abundances on MYC, AFF4, IKBKB and RELA mRNA tran-
scripts in 5637 cells as detected by m6A-seq are plotted using Inte-
grative genomics viewer (IGV). The y axis shows sequence read
number, blue boxes represent exons, and blue lines represent introns.
Reduction of m6A modification in specific regions of MYC d, AFF4
e, RELA f and IKBKB g transcripts upon METTL3 knockdown as
tested by gene-specific m6A-qPCR assay in 5637 cells. h qPCR

showing mRNA level of indicated genes after knockdown of
METTL3. i Western blot assays of MYC, AFF4, IKBKB (IKK-β), and
RELA (p65) in 5637 cells with METTL3 siRNAs or Scramble RNA
transfection. α-Tubulin was used as the endogenous control protein for
loading control. METTL3 targets’ protein level determined by
immunohistochemical staining using indicated antibodies in both
human j and mouse BCa samples k compare with human para-tumor
tissue (PT) and mouse normal bladder tissues (Normal). (*p < 0.05;
**p < 0.01; ***p < 0.001 by student t-test). *p < 0.05; **p < 0.01;
***p < 0.001 relative to the scramble group, One-way ANOVA fol-
lowed by Tukey’s test
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induced (Fig. 4f). Taken together, our results demonstrated
that MYC, AFF4, RELA and IKBKB are functionally
important targets of METTL3 and are important for
METTL3-mediated promotion of BCa cell proliferation,
invasion and survival.

AFF4 directly regulates MYC gene expression in BCa
cells

The roles of both MYC [36, 37] and NF-κB [35, 38, 39]
pathways have been well defined in BCa. However, how

AFF4 is implicated in BCa initiation and progression has
not been investigated yet. AFF4 is an essential component
of super elongation complex (SEC), which is involved in
regulation of transcription elongation of many oncogenic
genes including MYC [40]. To identify the potential targets
of AFF4 (and SEC) in BCa cells, we therefore performed
transcriptome sequencing in AFF4 knockdown 5637 cells.
Interestingly, GSEA suggested an enrichment of MYC
target genes downregulated in AFF4 knockdown cells (Fig.
5a), which agrees with the results of METTL3 knockdown
in BCa cells. To investigate whether MYC is directly

Fig. 4 MYC, AFF4, RELA and IKBKB are critical targets of
METTL3 that mediate BCa cell growth, survival, and invasion. a and
b, The relative activities (mean ± S.D) of the Myc a and NF-κB b
pathways in 5637 cells transfected with indicated siRNAs. c mRNA
levels of NF-κB downstream targets determined by qRT-PCR. d MTS
assay of cellular proliferation in 5637 cells transfected with indicated
siRNAs. e, Quantification of invasive 5637 cells by in vitro cell

invasion assay. f AnnexinV/PI staining 5637 cells transfected with
indicated siRNAs analyzed by FACS. Quantification of apoptotic cells
were plotted, numbers represent the sum of early and late apoptotic
cells. **p < 0.01; ***p < 0.001 relative to the scramble control group.
One way ANOVA. Error bars represent the S.D. of three independent
experiments
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regulated by AFF4 in BCa cells, we further confirmed
expression of MYC in response to AFF4 knockdown by
qRT-PCR and western blot. The results showed knockdown
of AFF4 reduced MYC expression at both mRNA level and
protein level (Fig. 5b, c). Furthermore, we found AFF4
directly bound to MYC promoter as determined by ChIP
assay, which is significantly decreased after AFF4 knock-
down (Fig. 5d). The above results suggest that AFF4 may
involve in the BCa tumorigenesis by acting as a direct
upstream regulator of the MYC.

Oncogenic role of METTL3 relies on its
methyltransferase activity

METTL3 has been reported to function without METTL14
and promotes translation of specific mRNAs independently
of its catalytic activity in vitro [26]. To investigate if the
m6A catalytic activity is responsible for the oncogenic role
of METTL3, we established stable METTL3 knockdown
model in 5637 cells with specific shRNA (Fig. 6a), and try
to rescue its function by transfecting METTL3 cDNA con-
taining nucleotide substitutions that make it resistant to
shRNA for expression of Flag tagged wild-type (METTL3R

WT) or catalytic mutant METTL3 (METTL3R Mut) protein

into the stable knockdown cells. As expected, western
blotting and qRT-PCR showed strongly reduced endogen-
ous expression of MYC, AFF4, RELA and IKBKB upon
knockdown of METTL3 without affecting the mRNA
abundance of RELA and IKBKB (Fig. 6a, b). Expression of
METTL3R WT rescued the expression of all four targets but
METTL3R Mut failed to recover target gene expression
(Fig. 6b). Moreover, phenotypes of cell growth (Fig. 6c),
invasion (Fig. 6d) and apoptosis (Fig. 6e) can also be res-
cued by METTL3R WT but not the catalytic mutant
METTL3. These data indicate that the oncogenic role of
METTL3 is dependent on its methyltransferase activity in
BCa cells.

Knock down of METTL3 diminish tumorigenicity of
BCa cells in vivo

To investigate the functional roles of METTL3 in vivo, we
performed subcutaneous implantation experiment in nude
mice. To minimize the inter-mouse bias, 5637 control or
5637 sh-METTL3 cells (1.5 × 107 cells/site) were sub-
cutaneously injected at two back sites of eight mice each
(Fig. 7a). Tumor volume were monitored each week and
tumor mass was weighed on day 35th at the end of this

Fig. 5 MYC expression in BCa cells is regulated by AFF4. a GSEA
showing MYC targets are significantly enriched and correlated with
AFF4 knockdown in 5637 cells. Expression of MYC and knockdown
of AFF43 in 5637 cells by siRNAs (si-AFF4-1 and -2) was verified at
both the mRNA (b, by qRT-PCR) and protein levels (c, by western

blot). d ChIP assay showed the recruitment of AFF4 at MYC promoter
in 5637 cells transfected with indicated siRNAs at 48 h post trans-
fection. n= 3. **p < 0.01 relative to the scramble group, Two-way
ANOVA followed by Tukey’s test
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study. Stable knockdown of METTL3 effectively sup-
pressed tumor growth as reflected by the significant
reduction of tumor size and weight when compared with the
nontarget shRNA control (Fig. 7b, c). Further confirmation
of the METTL3’s role in BCa came from the immuno-
histological analysis of Ki67 (an indicator for cell pro-
liferation), active Caspase-3 (an indicator for cell apopto-
sis), MYC, AFF4 and RELA (targets of METTL3) in the
tumor sessions. Knockdown of METTL3 reduced cell pro-
liferation but induced cell apoptosis in BCa tumor (Fig.7d
and Supplementary Fig. S3c), and also led the expected

changes of MYC, AFF4 and RELA’s protein level in tumor
slides (Fig. 7e and Supplementary Fig. S3c). All these
results consolidate the conclusion that suggest that
METTL3 and its targets play a pivotal role in promoting
BCa progression in vivo.

Discussion

M6A is the most prevalent chemical modification for
human mRNA, it has been reported to be essential for

Fig. 6 METTL3 regulates BCa progression and target gene expression
via its methyltransferase activity. a METTL3 stable knock down 5637
cell was generated by lentiviral-based shRNA expression and further
transfected with METTL3R WT (Rwt) or METTL3R Mut (Rmut),
Expression of indicated genes were determined by qRT-PCR a and
Western Blot b. c MTS assay of cellular proliferation (**p < 0.01 Two

Way ANOVA). d Annexin V/PI staining of the cells analyzed by
FACS. Quantification of apoptotic cells were plotted, numbers repre-
sent the sum of early and late apoptotic cells (***p < 0.001 relative to
control, One Way ANOVA). e In vitro cell invasion assay, Quantifi-
cation of invasive cells (***p < 0.001 relative to control, One-way
ANOVA)
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cancer progression. Due to the differences of regions that
m6A distributed on mRNAs, different readers responding to
these m6A modifications, cancer content and target genes
regulating different cellular processes, functions of m6A in
cancer progression may sometimes be controversial. For
instance, both the m6A writer (METTL3 and METTL14)
and eraser (FTO and ALKBH5) were reported to play
oncogenic roles in different types of cancer such like acute
myeloid leukemia and GBM [41], whereas METTL3 and
METTL14 can also act as tumor suppressor in GBM [33]
and hepatocellular carcinoma [42], respectively. Thus,
studying the detailed mechanisms underlying m6A mod-
ification is needed to illuminate its role in certain types of
cancer. Here, we first unveiled that the major m6A writer
METTL3 rather than METTL14 or m6a erasers, was aber-
rantly expressed in human and mouse BCa. We then
functionally demonstrated the essential role of METTL3 in
promoting BCa growth and survival through both in vitro
and in vivo models. More importantly, we identified the key
regulators in NF-κB pathway (IKBKB and RELA), Myc
pathway (MYC) and RNA elongation (AFF4) as direct
downstream targets of METTL3-mediated m6A modifica-
tion in BCa. Collectively, our study demonstrates the
functional importance of the m6A methylation and the
corresponding proteins in BCa, which identifies the m6A

mRNA methylation machinery as promising therapeutic
targets for BCa.

METTL3-mediated m6A modification was recently dis-
covered to regulate numerous genes in various types of can-
cer, yet its targets in BCa remain unknown. In this study, we
utilized a combination of m6A sequencing and transcriptome
mRNA sequencing to provide the first evidence for
METTL3–mediate m6A modification profiling of BCa.
Consistent with the reported m6A modification of MYC
mRNA in normal hematopoietic cells, leukemia cells [43, 44]
and glioma [45], expression of MYC was also regulated by
METTL3–mediated m6A modification in BCa. However,
different with METTL14 and FTO, both of which promote
stability of MYC mRNA [44, 45], METTL3 mediated m6A
modification was thought to promote the translational effi-
ciency of MYC mRNA through affecting m6A abundance on
different sites [43]. Our results suggested that depletion of
METTL3 in BCa cells decreased the stability of MYC tran-
scripts through affecting m6A abundance mainly around the
stop codon and 3′-UTR regions. It has been reported that
there is a ~250- nucleotide cis-acting element termed as
coding region instability determinant (CRD) in the 3′-region
of MYC, which is required for regulating the stability of MYC
mRNA [46], and m6A reader IGF2BP preferentially recog-
nize and bind to the m6A-modified CRD region of MYC

Fig. 7 Silencing METTL3 inhibited BCa progression in vivo. a The
experimental scheme of the in vivo assay, METTL3 stable knock
down or control cells were subcutaneously injected at two points at
back of each nude mice, respectively. b Tumor growth curve of
xenografts generated by METTL3 stable knock down BCa cells and
control cells (***p < 0.001 using an equivalent of ANCOVA). c The

image of the tumors on the 35th day. d The mean+ S.D. of tumor
weight of the tumor from each group. e Quantitative measurement of
Ki67, Active Caspase-3(AcCasp-3), MYC, AFF4 and RELA in
xenografts generated by METTL3 stable knock down BCa cells and
control cells. (*p < 0.05; **p < 0.01; ***p < 0.001 by student t-test)
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mRNA, thereby stabilizing MYC mRNA and promoting
translation [47]. Meanwhile, AFF4 might share the similar
regulatory mechanism employed by METTL3 –mediated
m6A modification with MYC, since both of them have
reduced mRNA and protein expression upon METTL3
depletion. On the other hand, although the protein levels of
IKBKB and RELA were efficiently reduced upon METTL3
knockdown, little effect has been seen on their mRNA levels.
Indeed, it has been reported that m6A reader YTHDF1 could
selectively recognize m6A-modified mRNAs and promote
translation efficiency, and m6A-modified mRNAs of both
IKBKB and RELA were characterized to be direct targets of
YTHDF1 via a photoactivatable ribonucleoside crosslinking
and immunoprecipitation (PAR-CLIP) assay [48], which
indicate METTL3 might promote the expression of IKBKB
and RELA mainly by regulating the translational efficiency.

Oncogene MYC is known to be aberrantly expressed in
BCa and the antitumor effect of MYC inhibitor has already
been tested [36, 49]. Indeed, MYC is upregulated in the
majority of all human cancers. The broad oncogenic effects of
MYC rely on triggering the expression of target genes to
benefit cell proliferation, cell survival as well as stemness
maintenance [50, 51]. Mechanisms of MYC deregulation in
BCa include DNA mutation [52, 53], signal transduction/
transcriptional regulation [37, 54] and microRNA mediated
post-transcriptional regulation [55, 56]. NF-κB is a well-
known upstream regulator of MYC expression [57], by which
NF-κB signaling enhances the proliferation and survival of
cancer cells during the development and recurrence of BCa
[35]. Besides, previous studies have provided evidence that
MYC is one of the direct targets of AFF4/SEC, and SEC
recruitment to the MYC gene regulates its expression in dif-
ferent cancer cells [40]. Inspired by the close correlation
between AFF4 and cancer progression in acute lymphoblastic
leukemia [58] and head and neck squamous cell carcinoma
(HNSCC) [59], we supposed that AFF4 may also be involved
in BCa progression. In the current study, expression AFF4
was found to be elevated in BCa samples from both mouse
model and clinical samples. Furthermore, AFF4 directly
bound to the promoter of MYC to facilitate transcription
elongation. Hence, signal diverging from METTL3-mediated
m6A modification finally converges into MYC expression.
Collectively, our observations demonstrated that METTL3
mediated m6A modification upregulate MYC expression at
multiple levels, which include activating NF-κB signaling
(through IKBKB and RELA) to induce MYC transcription
[60], MYC mRNA elongation (through AFF4) [40] and m6A
modification abundance of MYC mRNA. This malignant
regulatory network coordinated by METTL3-mediated m6A
modification efficiently raised MYC protein level in BCa and
probably makes MYC difficult to be decreased by blocking a
single signaling.

It is well known that cancer is driven by hundreds or
even thousands of dysregulated genes. AFF4/SEC and NF-
κB also have a broad effect on gene expression of various
cancer related genes. Therefore, the oncogenic role of
METTL3 might not merely rely on MYC. Other potential
target genes of METTL3 involved in BCa progression still
await further investigation. Among these candidates, SOX2
was also identified as a functionally important target of
METTL3 in GBM, and METTL3-mediated m6A mod-
ification of SOX2 mRNA transcripts makes them more
stable [61]. Intriguingly, recent study found AFF4 could
also be recruited to SOX2 promoter and promote SOX2
expression in HNSCC [59]. In our previous study, we have
found SOX2 is a marker of stemness BCa stem cells both
in vivo and in vitro [34]. Taken together, these clues hint the
possibility that METTL3 might involve in maintaining the
stemness of BCa stem cells through inducing m6A mod-
ification of SOX2.

In sum, our studies demonstrate the critical role of
METTL3 in BCa progression, as featured by promoting
cancer cell growth, survival and invasion. Importantly, we
uncovered that METTL3 operated a regulatory network
which involves AFF4, NF-κB and MYC signaling. Thus,
we present the first insight of METTL3-mediated cancer
progression and speculate that targeting METTL3 might be
an effective therapeutic strategy to treat BCa.

Methods and materials

Samples, plasmids, and cell lines

We used human BCa samples obtained from Department of
Urology, Huadong Hospital, Fudan University with
patients’ informed consent. The pathological condition was
determined by experienced urologists at Huadong Hospital.
Patient characteristics for the samples used for m6A level
analysis are described in the supplementary Table S2. The
study was approved by the local ethics committee
(20160059). METTL3 expressing lentivirus vector were
purchased from Hanbio (Shanghai). Plasmids for expression
of Flag tagged wild-type (METTL3R WT) and catalytic
mutant METTL3 (METTL3R Mut) were kindly provided
by Dr. Shuibin Lin (Sun yet-sen University) [62]. Mouse
BCa samples were prepared in our previous study [34]. BCa
cell line 5637 (ATCC NO. HTB-9), UM-UC-3 (ATCC NO.
CRL-1749) and immortalized uroepithelial cell SV-HUC-1
(ATCC NO. CRL-9520) were obtained from the Chinese
Academy of Cell Resource Center (Shanghai, China) and
maintained as previously described [63]. Cell lines were
routinely tested for mycoplasma and not cultured for longer
than 20 passages.
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LC-MS/MS analysis of m6A level

RNA from patient samples and 5637 cell lines were
extracted with TRIzol (Invitrogen). The integrity and
quantity of each sample was examined using agarose gel
electrophoresis and Nanodrop™ instrument. mRNA was
isolated and purified from total RNA using NEBNext® Poly
(A) mRNA Magnetic Isolation Module (For next generation
sequencing using) and then hydrolysed to single nucleo-
sides. Nucleosides were further dephosphorylated by
enzyme mix. Pretreated nucleosides solution was deprotei-
nized using Satorius 10,000-Da MWCO spin filter.

Analysis of nucleoside mixtures was performed on
Agilent 6460 QQQ mass spectrometer with an Agilent 1290
HPLC system. Multi reaction monitoring (MRM) mode was
performed because of its high selectivity and sensitivity
attained working with parent-to-product ion transitions. LC-
MS/MS data was acquired using Agilent Qualitative Ana-
lysis software. MRM peaks of each modified nucleoside
were extracted and normalized to peak areas of normal
adenosine in each sample. Samples were run in duplicate,
and m6A/A ratios were calculated.

Detect gene expression

For mRNA level examination, total RNA of BCa cells was
extracted by using Trizol reagent (Invitrogen). Com-
plementary DNA (cDNA) synthesis was performed with
GeneAmp RNA PCR kit (Invitrogen) using 1 µg RNA per
sample. qPCR reactions were performed using Power
SYBR Green Master Mix to determine mRNA transcript
level. Primers for qRT-PCR are listed in Supplementary
Table S3.

For Western blotting, 5637 cells were lysed with RIPA
buffer as standard protocol. Cell lysate were then mixed
with loading buffer and incubated at 100℃ for 5 min and
subject to conventional Western analysis. Antibodies are
listed in Supplementary Table S4.

For paraffin sections of bladder cancer tissue samples
from mice and human patient were antigen retrieved,
blocked and processed as described before [64]. Hematox-
ylin–eosin stains were performed using standard histology
procedures. The intensity of immunostaining was measured
by Image-Pro Plus 6.0 image analysis software (Media
Cybernetics). The intensity of each image was calculated by
normalizing the average integrated optical density with the
total selected area of interest.

In vitro cell proliferation, invasion, and apoptosis
assay

For cell proliferation assay, 5 × 103 cells per well were
seeded onto a 96-well plate on day 0. Absorbances at 490

nm were measured using CellTiter 96 AQueous One
Solution Cell Proliferation Assay kit (Promega) for 4 con-
secutive days. Triplicated samples were counted.

For cell invasion assay, BioCoat™ Matrigel invasion
chamber was used according to the manufacturer’s
instruction (BD Biosciences). Briefly, 4 × 104 cells trans-
fected with siRNAs were resuspended in 100 μl of DMEM
medium, and seeded in the upper portion of the invasion
chamber. The lower portion of the chamber contained 500
μl of medium supplemented with 2% FBS and glutamine,
which served as a chemoattractant. After 24 h, non-invasive
cells were removed from the upper surface of the membrane
with a cotton swab. The invasive cells on the lower surface
of the membrane were stained with crystal violet, and
counted in four separate areas with an inverted microscope.

The numbers of apoptotic cells were quantified by flow
cytometric assays using FITC Annexin V Apoptosis
Detection Kit I (BD biosciences) following the manu-
facturer’s instructions.

m6A meRIP-Seq, mRNA sequencing and gene set
enrichment analysis

meRIP-seq and data analysis were performed as previously
described [26]. Briefly, mRNA was purified from total RNA
of 5637 cells using PolyATtract mRNA Isolation Systems
(Promega). 5 mg mRNA was then fragmented and immu-
noprecipitated with anti-m6A antibody (Synaptic Systems,
202003). The immunoprecipitated RNA was washed and
eluted by competition with N6-methyladenosine (Sigma-
Aldrich, M2780), and analyzed either through quantitative
reverse-transcription polymerase chain reaction (qRTPCR)
or by high-throughput sequencing. For highthroughput
sequencing, purified RNA fragments from m6A-MeRIP
were used for library construction using TruSeq Stranded
mRNA Sample Prep Kits (Illumina RS-122-2101). Samples
were then sequenced with Illumina HiSeq 2000. Reads
mapping, m6A peak calling, motif search and following
analysis were performed as described [65].

For RNA-sequencing, RNA from the 5637 cells trans-
fected with different siRNAs were extracted with TRIzol
(Invitrogen). RNA libraries were prepared using the KAPA
RNA-Seq Library Preparation Kit (KAPA Biosystems
Cat#07960140001). RNAs were single-end sequenced on
Illumina HiSeq 3000 machines. Alignment of reads was
done using Tophat with the Hg38 build of the human
genome. Transcript assembly and differential expression
was determined using Cufflinks with Refseq mRNAs to
guide assembly. Analysis of RNA-seq data was done using
the cummeRbund package in R (http://cole-trapnell-lab.
github.io/cufflinks/). Transcripts with extremely low
expression in both cell lines were filtered out and all rest
genes were preranked by expression fold change and
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subject to a Geneset enrichment analysis to find enriched
functional annotations.

GSEA were performed with GSEA software
(http://www.broad.mit.edu/GSEA), which is a computa-
tional method that determines whether there is any differ-
ence of a priori defined set of genes between two biological
states. P values were computed using a bootstrap distribu-
tion created by resampling gene sets of the same cardinality.
Details of gene lists that were used in the analysis HALL-
MARK_MYC_TARGETS_V1 (n= 200) and HALL-
MARK_TNFA_SIGNALING_VIA_NFKB (n= 200) are
described by the following link: http://software.broa
dinstitute.org/gsea/msigdb/.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using a Simple ChIP Assay Kit
(Cell Signaling Technology, Danvers, MA) according to the
manufacturer’s instruction. The precipitated DNA samples
were purified and measured by Q-PCR. Results were shown
as the percentage of input controls. Antibodies and primers
used for CHIP assay were listed in the supplementary table
S2 and Table S3.

The pathway luciferase reporter assay

Activities of the NF-κB and MYC signaling pathways were
determined using the Qiagen’s pathway reporter systems
The analysis was carried out according to the manu-
facturer’s instruction (Qiagen) [66]. Briefly, the cells were
transfected in triplet with each firefly luciferase reporter
construct in combination with the Renilla luciferase con-
struct, and both luciferase activities in cell extracts at 24 h
after transfection were measured by a Promega Dual-
Luciferase Reporter assay (Promega) using a Promega
GloMax 20/20 luminometer. Firefly luciferase activities
from each set were normalized to the activity of Renilla
luciferase to control the inter-transfection bias. The relative
luciferase activities (luciferase unit) of the pathway reporter
over the negative control in the transfected cells were cal-
culated as a measurement of the pathway activity.

In vivo xenografts model

The pLKO.1 lentiviral shRNA constructs targeting the
human METTL3 (shMETTL3: RHS3979-201764032 and
GFP: RHS4459) were purchased from Dharmacon. BALB/c
male nude mice of 8 weeks of age were used for this study,
no randomization or blinding of groups was done.
METTL3 stable knockdown or control (sh-GFP) cells were
embedded in BD Matrigel™ Matrix and subcutaneously
injected into the left or right flank of mice back, respectively
(overall 8 mice). Tumor volume were assessed weekly

(Length ×Width2 × 0.52). Mice were humanely sacrificed
on day 35, and the tumors were weighed and photographed.
The tumor weight was described as the mean ± S.D. Tumor
samples were paraffin-embedded, sectioned for further IHC
staining. All animal procedures were performed under a
protocol approved by the Laboratory Animal Center of
Anhui Medical University and in accordance with National
Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978).

Statistics

Data are presented as the mean ± standard deviation (S.D.)
or standard error (S.E.). All of the statistical analyses were
performed using Excel (Microsoft, Redmond, WA) or Prism
(GraphPad Software Inc., La Jolla, CA). The two-tailed
Student’s t-test, one-way analysis of variance was used to
calculate statistical significance. A p-value of <0.05 was
considered significant.
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