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surgical resection of the primary tumor [5]. After initial sur-
gical treatments, increasing rate of bladder cancer patients 
relapse and targeted agents have been shown to reduce 
tumour recurrence and improve prognosis [6]. Therefore, 
the research on the bladder cancer pathological mechanism 
and new therapeutic target is still in the exploratory stage.

N6-methyladenosine (m6A) is a critical RNA modifica-
tion type at post-transcriptional regulation, such as RNA 
stability, processing, localization, splicing and translation 
initiation [7–9]. There are three types of m6A key enzymes 
regulating m6A modification, including methyltransferase 
complex (‘writers’), demethylase (‘erasers’) and ‘reader’ 
[10]. Actually, m6A is installed by m6A methyltransferases 
complex, namely “writers”, including methyltransferase-
like 3 (METTL3), METTL16, and WTAP. For example, 
METTL3 catalyzes the m6A modification in mRNAs [11]. 
Alternatively, the demethylases FTO and ALKBH5 remove 
the m6A from mRNAs to dynamically regulate their m6A 
modification [12]. Studies on m6A modification and biologi-
cal function in mRNA have sprung up in recent years.

Ferroptosis is a novel type of iron-dependent programmed 
cell death, which is different from apoptosis, necrosis and 
autophagy [13–15]. Although ferroptosis is firstly reported 
in 2012 as a novel cell death form, the existing forms of cell 
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Recent evidence have indicated that ferroptosis, a novel iron-dependent form of non-apoptotic cell death, plays a critical 
role in human cancers. Besides, emerging literatures have revealed the ovel function of N6-methyladenosine (m6A) in 
bladder cancer physiological. However, the underlying mechanism of m6A on bladder cancer is still unclear. Here, pres-
ent work revealed that m6A methyltransferase (‘writer’) WTAP up-regulated in bladder cancer tissue and cells, indicating 
the poor prognosis of bladder cancer patients. Functionally, gain/loss-of-functional experiments illustrated that WTAP 
promoted the viability of bladder cancer cells and inhibited the erastin-induced ferroptosis. Mechanistically, there was a 
remarkable m6A modification site on 3’-UTR of endogenous antioxidant factor NRF2 RNA and WTAP could install its 
methylation. Moreover, m6A reader YTHDF1 recognized the m6A site on NRF2 mRNA and enhanced its mRNA stability. 
Therefore, these findings demonstrated potential therapeutic strategyies for bladder cancer via m6A-dependent manner.
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death about iron and oxidative stress have been discovered 
for decades [16]. Ferroptosis could be repressed by the iron-
chelating agent deferoxamine. Beyond the variational iron 
homeostasis, excessive generation of reactive nitrogen spe-
cies or reactive oxygen species (ROS) also directly inspires 
the ferroptosis catalyzing the oxidation [17]. In human can-
cers, the pathological process of ferroptosis is frequently 
repressed by oncogenic factors. For example, in bladder 
cancer, fat mass and obesity-associated protein (FTO) 
expression significantly up-regulates in bladder cancer and 
is associated with its poor prognosis, and FTO overexpres-
sion promotes bladder cancer cells’ proliferation the FTO/
miR-576/CDK6 pathways [18]. Thus, the potential roles of 
m6A in bladder cancer are increasing absorbing.

Previous studies have reported that m6A could regulate 
mRNA fate and play a critical role on bladder cancer devel-
opment and progression. WTAP, as an important m6A writer, 
plays a critical role in human tumor, e.g. gastric cancer [19], 
colorectal cancer [20] and breast cancer [21]. Although 
some findings have shown that WTAP plays an essential 
role in the progression of tumors of urinary system, its deep-
going functions in bladder cancer are still unclear. Here, we 
found that m6A methyltransferase WTAP significantly up-
regulated in the bladder cancer tissue and cells, and con-
nected with the poor prognosis of bladder cancer patients. 
Moreover, WTAP accelerated the viability and repressed the 
erastin-induced ferroptosis (Fe2+ concentration, lipid ROS). 
Besides, WTAP installed the methylation on NRF2 mRNA, 
and m6A reader YTHDF1 recognized the m6A modifica-
tion site on NRF2 mRNA and mediated its mRNA stability, 
forming a WTAP/m6A/YTHDF1/NRF2 axis.

Materials and methods

Clinical specimens

Clinically, tumor tissue and adjacent non-cancerous tissues 
(45 pairs samples) were both obtained from renal tumor 
patients who underwent nephrectomy at The First People’s 
Hospital of Xianyang from February 2019 to January 2021. 
All patients provided signed/informed consent. The study 
was approved by the Ethics Committees of The First Peo-
ple’s Hospital of Xianyang. For the immumohistochemi-
cal staining (IHC), Tissue sections were deparaffinized, 
rehydrated and heated in sodium citrate buffer for antigen 
retrieval. Then, slides were incubated with primary anti-
body, and examined under a fluorescence microscope (Carl 
Zeiss, Jena, Germany).

Cell lines and transfection

Human bladder epithelium cells (SV-HUC-1) and bladder 
cancer cell lines (J82, UM-UC-3) were obtained from cells 
were obtained from Shanghai Gene Chemistry (Shanghai, 
China). Cells were cultured with the Dulbecco’s Modi-
fied Eagle Medium (DMEM, cat. A1451801, Gibco, USA) 
containing 10% serum and 1% penicillin-streptomycin 
in an incubator containing 5% CO2 at 37  °C. Full length 
of WTAP plasmids and nontargeting sequence (negative 
control, NC) were synthesized (GenePharma, Shanghai, 
China). Cells were respectively transfected according to 
manufacture’s protocol. Other transfection was performed 
using lipofectamine 3,000 reagent (cat. L3000001, Invitro-
gen, Carlsbad, Calif, USA) when 80% confluence for cells. 
The transfection efficiency was detected by qRT-PCR.

RNA isolation and RT-qPCR

Total RNA was extracted from cultured cell samples or 
tissue samples by Trizol reagent (cat. A33254, Invitrogen, 
USA). To synthesize cDNA, RNA (1  µg) was reversely 
transcribed with the Primescript RT Reagent (TaKaRa, 
Japan) according to the manufacturer’s instructions. For 
quantitative analysis, qRT-PCR was conducted by SYBR® 
Premix Ex Taq™ Reagent (TaKaRa) on StepOne Plus Real-
Time PCR system (Applied Biosystems, USA). The primers 
used for qRT-PCR were listed in Table S1. Relative mRNA 
expression was shown as fold changes and calculated by 
2−ΔΔCt method normalized to β-actin.

Protein isolation and western blotting

Total cellular proteins were lysed by RIPA buffer (cat. 
R0278, Sigma, USA) containing protease inhibitors. The 
protein concentration was identified using BCA Protein 
Assay kit (Pierce, Thermo Scientific, cat. 23,225). Protein 
was separated using 10% SDS-PAGE gel and transferred to 
PVDF membrane (Millipore, USA). Blotting analysis was 
performed by standard procedure. After incubation on pri-
mary antibodies (anti-WTAP, anti-YTHDF1, Cell Signaling 
Technology, USA), PVDF membranes were incubated with 
peroxidase (HRP)-conjugated secondary antibodies. After 
washing twice, blots’ signals were detected using a chemi-
luminescence system (Bio-Rad, USA) and analyzed using 
Image Lab Software.

Colony formation and CCK-8 assay

For the colony formation assay, after 24 h transfection, blad-
der cancer cells in the logarithmic growth phase were tryp-
sinized and then suspended in culture medium with 10% 
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FBS. At density of 1000 cells/well, cells were re-seeded 
in six-well plates and cultured in a humidified atmosphere 
at 37  °C containing 5% CO2 in triplicate. After 2-weeks, 
colonies were washed with PBS and fixed with methanol. 
Then, colonies were stained with 0.1% crystal purple for 
10 min and the mean colony numbers were calculated. For 
the CCK-8 assays, the transfected cells were treated by 
0.25% trypsin, and then centrifuged. Cells were seeded into 
96-well plate at 2500 cells/well in a 5% CO2 incubation at 
37 C. After 24 h of incubation, cell counting kit-8 (CCK-8) 
reagent was added to the plates. The optical density (OD) 
value was detected by enzyme-mark reader (Multiskan FC, 
Waltham, MA, USA) at 450 nm. Each treatment group was 
assessed in triplicate.

Fe2+, GSH/GSSG analysis

The Fe2+ concentration was detected using the iron colori-
metric assay kit (Applygen, Beijing, China, Cat. # E1042) 
referring to the manufacturer’s instructions under the ferro-
zine colorimetric method. The glutathione (GSH)/oxidized 
GSH (GSSG) ratio was detected using the GSH and GSSG 
assay kit (Beyotime Biotechnology, Jiangsu, China, Cat. # 
S0053) under the manufacturer’s instructions.

Cell death and lipid ROS measurement

The cell death was detected using flow cytometric analysis. 
For the lipid ROS level, bladder cancer cells were seeded 
in six-well plates and incubated with 5 µM C11-BODIPY 
(Thermo Fisher Scientific, Cat. #D3861) at 37 ◦C for 30 min. 
The cells were washed with PBS twice and digested with 
trypsin. Then, cells were suspended in serum-free medium 
(500 µL). The accumulated lipid ROS was measured by 
flow cytometric analysis on ID7000™ Spectral Cell Ana-
lyzer (Sony Biotechnology) and FlowJo software (Treestar).

RNA-binding protein immunoprecipitation (RIP)

To identify whether WTAP interacted with NRF2, RIP 
assays were performed using a Magna RIP™ RNA-Bind-
ing Protein Immunoprecipitation Kit (Sigma Aldrich, cat. 
17–704) according to the manufacturer’s protocol. In brief, 
the bladder cells were collected and lysed in radioimmu-
noprecipitation buffer (pH 7.5 20 mM Tris-HCl, 140 mM 
NaCl, 0.05% Triton X-100) containing protease inhibitor 
cocktail and RNase inhibitor. 5  µg of antibody was pre-
bound to protein A/G magnetic beads in immunoprecipita-
tion buffer for 2 h and incubated with cell lysate (100 µl) 
overnight. After incubation, RNA was eluted from beads by 
elution buffer (400 µl) for 2 h, precipitated was dissolved 

in RNase-free water and the enrichment was detected using 
real-time PCR.

Quantification of m6A in total RNA

Firstly, the total RNA was extracted from the indicated blad-
der cancer cells, and the m6A quantification was analyzed 
using the EpiQuik m6A RNA Methylation Quantification 
Kit (Colorimetric, Epigentek, USA, Cat. # P-9005–48) fol-
lowing the manufacturer’s instructions.

Methylated RNA immunoprecipitation PCR (MeRIP-
PCR)

To quantify the m6A-modified NRF2 level, MeRIP-PCR was 
performed using MeRIP m6A Kit (Merck Millipore, USA) 
according to the manufacture’s instruction. Total RNA was 
isolated from bladder cancer cells by Trizol. Anti-m6A anti-
body (3 µg, Millipore, Cat. # ABE572) and anti-IgG (3 µg, 
Cell Signaling Technology) were respectively conjugated to 
protein A/G magnetic beads in IP buffer overnight. IP buf-
fer was supplemented with protease inhibitor and RNase 
inhibitor. For qRT-PCR assay, eluate or input total RNA 
was reverse-transcribed by Superscript III. The enrichment 
of m6A-containing transcripts was calculated by calculating 
the 2−ΔΔCt relative to the input sample.

Luciferase reporter assay

The wild-type or mutant sequences for m6A site of NRF2 
3’-UTR was inserted in the vectors’ region. Both the pmir-
GLO-NRF2-3’UTR-WT and pmirGLO-NRF2-3’UTR-Mut 
were transfected into cells for 24  h, the firefly luciferase 
(F-luc) and Renilla luciferase (R-luc) were respectively 
detected by Dual Glo Luciferase Assay system (Promega, 
Madison, WI., USA). F-luc activity was normalized to 
R-luc activity. Promoter activity of NRF2 in cells was mea-
sured by luciferase assay according to protocols. After 24 h 
transfection and incubation, luciferase activity was detected 
using Dual Luciferase Reporter Assay kit (Promega, cat. 
E1910) according to the manufacturer’s instructions. R-luc 
normalized to F-luc activity was calculated.

RNA stability

J82 and UM-UC-3 cells were transfected with indicated 
plasmids, and treated with 5  µg/ml actinomyclin D (Act 
D, Merck, Darmstadt, Germany, cat. SBR00013) for 0, 3, 
6 h. Then, total RNAs were isolated and harvested and then 
subjected to quantitative PCR analysis. The level of NRF2 
mRNA was normalized to that of β-actin or GADPH control 
and the relative half-life of NRF2 mRNA was calculated.
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Results

WTAP indicated the poor prognosis for bladder 
cancer patients

Firstly, the expression of WTAP was detected in bladder 
cancer clinical samples. Results showed that WTAP levels 
increased in the tumour samples as comparing to normal 
tissues (Fig. 1 A). Moreover, the survival analysis showed 
that the patients with high-WTAP-level had a low survival 
rate, while the patients with low-WTAP-level had a high 
survival rate (Fig. 1B). In the cellular identification, results 
illustrated that the WTAP levels up-regulated in the bladder 
cancer cell lines (J82, UM-UC-3) corresponding to human 

Statistical analysis

Data were reported as mean ± standard deviation (SD) from 
three independent experiments’ data. For statistical analy-
sis, two-tailed unpaired Student’s t-test was used for two 
groups’ difference and two-way ANOVA was used for mul-
tiple comparisons. Data analysis was carried out from SPSS 
16.0 and GraphPad Prism software. P-value less than 0.05 
was considered to statistical significance.

Fig. 1  WTAP indicated the poor prognosis for bladder cancer. (A) 
Results by RT-PCR showed the WTAP levels in the clinical tumour 
samples as comparing to normal tissues samples. (B) The survival 
analysis showed the survival rate of bladder cancer patients with high-
WTAP-level or low-WTAP-level. (C) RT-qPCR was performed to 
detect the WTAP level in human bladder epithelium cells (SV-HUC-1) 

and bladder cancer cell lines (J82, UM-UC-3). (D) Immumohisto-
chemical staining (IHC) indicated the WTAP in the tumour samples as 
comparing to para-carcinoma tumor-adjacent tissue. The semi-quan-
titative analysis of WTAP was identified by Immunoreactivity score 
(IRS). *p < 0.05, **p < 0.01
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NRF2 acted as the target of WTAP via 
m6A-dependent manner

Given our work found that WTAP could regulate the ferrop-
tosis of bladder cancer cells, we further screened the down-
stream molecular to discovery the target of WTAP. NRF2 
(also known as NFE2L2) was a critical element for tumour 
ferroptosis, and we found that there was a remarkable m6A 
modification site on NRF2 mRNA 3’-UTR (Fig. 4 A). The 
m6A modification concentration analysis showed that the 
m6A modification level increased in bladder cancer cells, 
suggesting the high-m6A enrichment in bladder cancer 
(Fig.  4B). Through the RMBase v2.0 (https://rna.sysu.
edu.cn/rmbase/), we found the m6A modification motif is 
AGGAC (Fig. 4 C). Moreover, the more precise location of 
m6A site on the 3’-UTR of NRF2 mRNA (Fig. 4D). In blad-
der cancer cells, the NRF2 mRNA level also up-regulated 
(Fig.  4E). Besides, NRF2 mRNA level was increased in 
WTAP overexpression transfection, which was reduced in 
WTAP silencing (Fig S1). The RIP-PCR analysis showed 
that NRF2 mRNA was significantly enriched by anti-m6A 
antibody as comparing to controls (Fig. 4 F). Moreover, the 
RIP-PCR analysis demonstrated that WTAP overexpression 
up-regulated the enrichment of NRF2 mRNA by anti-m6A 
antibody, and WTAP silencing reduced the enrichment 
(Fig.  4G). Taken together, the data illustrated that NRF2 
acted as the target of WTAP via m6A-dependent manner.

WTAP enhanced the stability of NRF2 mRNA via an 
YTHDF1-m6A-dependent pattern

Given that NRF2 mRNA acted as the downstream target 
of WTAP, we subsequently detected the possible pathway 
mediated this regulation. In the classical research, the func-
tion of m6A methyltransferase is always mediated by m6A 
reader, thus, we screened the YTHDFs to identify which 
reader mediated it. Results showed that YTHDF1 showed 
remarkable up-regulation in tumour cells, thereby acting as 
the potential m6A reader for WTAP-NRF2 mRNA (Fig. 5A). 
The RIP-PCR analysis showed that NRF2 mRNA was sig-
nificantly enriched by anti-YTHDF1 antibody as compar-
ing to controls (Fig. 5B). Moreover, the RIP-PCR analysis 
demonstrated that WTAP overexpression up-regulated the 
enrichment of NRF2 mRNA by anti-YTHDF1 antibody, and 
WTAP silencing reduced the enrichment (Fig. 5 C, 5D). The 
correlation analysis with in NRF2 (NFE2L2) and WTAP 
(Fig. 5E), or NRF2 (NFE2L2) and YTHDF1 (Fig. 5F) was 
identified, showing a positive correlation both within them. 
Then, luciferase reporter assay using wild-type (WT) or 
mutant (Mut) of NRF2 mRNA 3’-UTR sequence indicated 
that m6A maintained the mRNA stability of NRF2 by WTAP 
in bladder cancer (Fig. 5G H). RNA decay analysis revealed 

bladder epithelium cells (SV-HUC-1) (Fig. 1 C). In tissue 
sample, the immumohistochemical staining (IHC) also 
indicated that WTAP up-regulated in the tumour samples 
as comparing to para-carcinoma tissue (Fig.  1D). Taken 
together, the data illustrated that WTAP was closely related 
to the poor prognosis for bladder cancer.

WTAP promoted the proliferation of bladder cancer 
cells

Subsequently, to investigate the functions of WTAP on 
bladder cancer cells’ biological characteristic, gain/loss 
function assays were performed on bladder cancer cells 
(J82, UM-UC-3) using WTAP overexpression and silencing 
(Fig. 2 A). The transfection efficiency was detected using 
RT-PCR and western blot (Fig.  2B). For the viability of 
bladder cancer cells was detected using CCK-8 assay and 
clone formation assay. Clone formation assay showed that 
WTAP overexpression promoted the clone formation num-
ber and WTAP knockdown inhibited the clone formation 
number (Fig. 2 C). CCK-8 assay revealed that WTAP over-
expression promoted the proliferative ability and WTAP 
knockdown inhibited the proliferative ability (Fig.  2D). 
Taken together, the data illustrated that WTAP promoted the 
proliferation of bladder cancer cells.

WTAP reduced erastin-induced ferroptosis in 
bladder cancer

Ferroptosis is characterized by the accumulation of iron-
dependent lipid peroxides (lipid-ROS), which leads to 
lethal cellular damage. Ferroptosis process could be divided 
into ROS production (upstream) and ferroptosis execu-
tion (downstream). Here, in this research, ferroptosis was 
induced using erastin, and data showed that cell death was 
increased upon erastin treatment (Fig. 3 A, 3B). Meanwhile, 
WTAP overexpression repressed the cell death and WTAP 
silencing increased the cell death. Given that Fe2+, GSH/
GSSG, and lipid ROS were essential for ferroptosis process, 
we further measured the concentrations in erastin-treated 
bladder cancer cells. Fe2+ concentration analysis revealed 
that WTAP overexpression inhibited the Fe2+ level, while 
WTAP silencing up-regulated the Fe2+ level (Fig.  3  C). 
Then, GSH/GSSG analysis revealed that WTAP overex-
pression up-regulated the GSH/GSSG level, and WTAP 
silencing decreased the GSH/GSSG level (Fig. 3D). Lipid 
ROS analysis found that WTAP overexpression inhibited 
the lipid ROS level, while WTAP silencing increased the 
lipid ROS level (Fig. 3E F). Taken together, the data illus-
trated that WTAP reduced erastin-induced ferroptosis in 
bladder cancer.
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Fig. 2  WTAP promoted the proliferation of bladder cancer cells. 
(A) Gain/loss function assays were performed using WTAP overex-
pression (in J82 cells) and silencing (in UM-UC-3 cells). The WTAP 
mRNA level was detected using RT-PCR. (B) The transfection effi-
ciency was detected using RT-PCR and western blot in bladder cancer 
cells (J82, UM-UC-3). (C) Clone formation assay was performed to 

display the clone formation number with WTAP overexpression (in 
J82 cells) or WTAP knockdown (in UM-UC-3 cells). (D) CCK-8 assay 
was performed to display the proliferative ability with WTAP over-
expression (in J82 cells) or WTAP knockdown (in UM-UC-3 cells). 
*p < 0.05, **p < 0.01
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Fig. 3  WTAP reduced erastin-induced ferroptosis in bladder can-
cer. (A, B) The cell death was detected using flow cytometry in bladder 
cancer with erastin treatment using WTAP overexpression (in J82 cells) 
and silencing (in UM-UC-3 cells). (C) Fe2+ concentration analysis was 
performed with WTAP overexpression (in J82 cells) and silencing (in 

UM-UC-3 cells). (D) GSH/GSSG analysis was performed in bladder 
cancer cells with WTAP overexpression (J82 cells) and silencing (UM-
UC-3 cells). (E, F) Flow cytometry was performed to detect the lipid 
ROS level in bladder cancer cells with WTAP overexpression (in J82 
cells) and silencing (in UM-UC-3 cells). *p < 0.05, **p < 0.01
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si-YTHDF1 and oe-WTAP (Fig. 5 J). Results indicated that 
WTAP/TYHDF1 enhanced NRF2 mRNA stability mainly 
through the m6A-dependent manner. Besides, NRF2 mRNA 
level was reduced with YTHDF1 silencing (Fig S2). Taken 
together, the data illustrated that WTAP enhanced the 

that WTAP overexpression enhanced NRF2 remaining level 
upon Act D treatment, while WTAP silencing reduced the 
NRF2 remaining level (Fig.  5I). Moreover, RNA decay 
analysis also demonstrated that YTHDF1 knockdown 
repressed the NRF2 mRNA level, while WTAP overexpres-
sion reversed the NRF2 mRNA level in co-transfection of 

Fig. 4  NRF2 acted as the target of WTAP via m6A-dependent man-
ner. (A) SRAMP (http://www.cuilab.cn/sramp) showed that there was 
a remarkable m6A modification site in NRF2 mRNA 3’-UTR. (B) The 
m6A modification concentration analysis was detected in bladder can-
cer cells. (C) RMBase v2.0 (https://rna.sysu.edu.cn/rmbase/) showed 
the m6A modification motif is AGGAC. (D) The more precise location 

of m6A site on the 3’-UTR of NRF2 mRNA. (E) Western blot and RT-
PCR were conducted to measure the NRF2 protein and mRNA level in 
bladder cancer cells. (F) The RIP-PCR analysis was performed to show 
the NRF2 mRNA enrichment by anti-m6A antibody or controls. (G) 
The RIP-PCR analysis was performed to demonstrate NRF2 mRNA 
level by anti-m6A antibody or anti-IgG antibody. *p < 0.05, **p < 0.01
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Fig. 5  WTAP enhanced the stability of NRF2 mRNA via an 
YTHDF1-m6A-dependent pattern. (A) RT-PCR was performed to 
detect YTHDFs’ mRNA levels in bladder cancer cells. (B) The RIP-
PCR analysis using anti-YTHDF1 antibody or control anti-IgG anti-
body displayed the enrichment of NRF2 mRNA. (C, D) RIP-PCR 
analysis was performed using anti-YTHDF1 in bladder cancer cells 
with WTAP overexpression (in J82 cells) and silencing (in UM-UC-3 
cells). The NRF2 mRNA level was detected using RT-PCR. (E) The 
correlation analysis within NRF2 (NFE2L2) and WTAP was identi-
fied by GEPIA (http://gepia.cancer-pku.cn/index.html). (F) The cor-
relation analysis within NRF2 (NFE2L2) and YTHDF1 was identified 

by GEPIA (http://gepia.cancer-pku.cn/index.html). (G) The schematic 
diagram for wild-type (WT) or mutant (Mut) of NRF2 mRNA 3’-UTR 
sequence for luciferase reporter assay. (H) Luciferase reporter assay 
was performed to show the luciferase activity. Relative luciferase 
activity was computed by the ratio of Firefly and Renilla luciferase 
values. (I) RNA decay analysis was conducted to reflect the NRF2 
remaining level upon Act D treatment in bladder cancer with WTAP 
overexpression (in J82 cells) and silencing (in UM-UC-3 cells). (J) 
RNA decay analysis also demonstrated the NRF2 mRNA level in co-
transfection of si-YTHDF1 and oe-WTAP. *p < 0.05, **p < 0.01

 

1 3

635

http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html


Apoptosis (2023) 28:627–638

bladder cancer. Functionally, WTAP promoted the prolifera-
tion of bladder cancer cells. Moreover, results revealed that 
WTAP repressed the erastin-induced ferroptosis (increasing 
cell death rate, Fe2+, lipid ROS, and reducing GSH/GSSG). 
The findings of WTAP on bladder cancer illustrated that 
WTAP could target the ferroptosis-related physiopathologic 
phenotype.

The ferroptosis on bladder cancer is a more and more 
valuable research hotspot. Through regulating ferroptosis, 
various of elements could modulate the bladder cancer pro-
gression. For example, ferroptosis inducer Fin56 triggers the 
ferroptosis by promoting glutathione peroxidase 4 (GPX4) 
protein degradation depends on the autophagic machinery, 
supporting the concept that ferroptosis is a type of autoph-
agy-dependent cell death [23]. Besides, tumor mutation bur-
den is positively correlated to the ferroptosis score and the 
low ferroptosis score is related to high-response to immuno-
therapy by PD-1 blockage, indicating a positive correlation 
between cisplatin chemotherapy sensitivity and ferroptosis 
score [24].

Regarding to the deepgoing mechanism for WTAP regu-
lating ladder cancer’s ferroptosis., we aimed to investigate 
the molecular mechanism. Results indicated that there was 

stability of NRF2 mRNA via an YTHDF1-m6A-dependent 
pattern.

Discussion

Ferroptosis is a special mode of death found in a high-
throughput small-molecule screening, which could be 
blocked by antioxidants or iron chelating agents (desfer-
riamine-mesylate). Ferroptosis is characterized by lipid 
peroxidation, iron and reactive oxygen species (ROS) 
dependent manner. Ferroptosis is known to be involved in a 
variety of biological metabolism and pathological processes 
in vivo, and is also widely involved in the formation and 
development of malignant tumors, playing a key regulatory 
role in the tumour microenvironment. In bladder cancer, 
increasing evidence had indicated that ferroptosis partici-
pates in the tumor progression [22].

Here, we found that m6A writer WTAP up-regulated 
in the bladder cancer tumorigenesis and functioned as an 
oncogene in this pathophysiological process. The high-
expression of WTAP in bladder cancer tissue/cells and the 
poor prognosis both indicated the risk factor for WTAP in 

Fig. 6  m6A writer WTAP targets NRF2 to accelerate bladder can-
cer malignancy via YTHDF1/NRF2/m6A-dependent ferroptosis 
regulation
 Fig S1. RT-PCR was performed to detect NRF2 mRNA level in J82 

cells with WTAP overexpression transfection, and in UM-UC-3 cells 
with WTAP silencing
 Fig S2. RT-PCR was performed to detect NRF2 mRNA level in J82 
cells with si-YTHDF1.
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a remarkable m6A modification site in NRF2 (also known 
as NFE2L2) mRNA 3’-UTR. NRF2 is a critical element 
for tumour ferroptosis, and we found that NRF2 acted as 
the target of WTAP via m6A-dependent manner. The m6A 
modification concentration showed that the m6A modifica-
tion level increased in bladder cancer cells, suggesting the 
high-m6A modification in bladder cancer. RIP-PCR analy-
sis revealed that WTAP overexpression up-regulated the 
enrichment of NRF2 mRNA by anti-m6A antibody. There-
fore, we concluded that WTAP significantly combined with 
NRF2 through molecular interaction.

Increasing evidence has showed that m6A modification 
could regulate the fate of RNA, including nuclear translo-
cation, splicing, stability and degradation. Here, we tried 
to investigate how WTAP regulated the NRF2 mRNA 
feature. Interestingly, we found that WTAP enhanced the 
NRF2 mRNA stability via targeting m6A modification site. 
We were not just limited to this discovery, and then identi-
fied whether other m6A elements involved in this course. 
In classical research, the functions of m6A methyltransfer-
ase are always mediated by m6A readers, thus, we screened 
the YTHDFs to identify which reader mediated it. Results 
showed that YTHDF1 exerted more remarkable up-regu-
lation in tumour cells, thereby acting as the potential m6A 
reader for WTAP-NRF2 mRNA.

In the bladder cancer, the potential role of NRF2 (Nuclear 
factor (erythroid-derived 2)-like 2) is increasingly valued. 
In bladder cancer patients’ peripheral blood leukocytes, 
the expression of NRF2 and NRF2-modulated genes up-
regulated [25]. It has identified that the p62-KEAP1-NRF2 
pathway promotes bladder cancer tumor growth and tumor-
igenesis via NRF2-dependent antioxidative response [26]. 
Thus, the critical function of NRF2 in bladder cancer has 
important research value.

Taken together, the present research revealed novel find-
ings about WTAP in bladder cancer. The high-expression 
of bladder cancer was also connected with the poor prog-
nosis of bladder cancer patients, and accelerated the pro-
liferation and repressed the erastin-induced ferroptosis. 
Mechanistically, WTAP installed the methylation on NRF2 
mRNA and m6A reader YTHDF1 recognized the m6A 
modification to mediate its mRNA stability, forming a 
WTAP/m6A/YTHDF1/NRF2 axis. Based on these findings, 
more precise targeted therapy could be developed.
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