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Abstract

Background Malignant rhabdoid tumor of the kid-
ney (MRTK) is a rare renal tumor with poor progno-
sis. While germline mutations of SMARCBI are con-
sidered to be the primary cause of MRTK, emerging
evidence suggests that somatic epigenetic changes
also play a vital role in the development and progres-
sion of MRTK. YTHDFI1, an m6A reader protein,
has been implicated in regulation of tumorigenesis by
influencing RNA translation and stability in several
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adult cancers. However, the exploration of the role
of YTHDF1 in pediatric cancer, especially MRTK,
remains limited.

Methods In this study, CRISPR/Cas9 was employed
to knockout (KO) YTHDF1 in G401 cells. The impact
of YTHDF]1 on the cell growth and chemoresistance
were assessed using CCK-8 assays. Western blot
and qRT-PCR were used to determine the changes
in ferroptosis marker gene expression. Additionally,
4D-label free quantitative proteomics was conducted
to uncover alterations by YTHDF1 deletion.

Results We observed that the deletion of YTHDFI
in the MRTK cell line led to a significant reduction
in malignancy-associated characteristics, including
decreased cell motility, invasive growth, and chem-
oresistance. Quantitative proteomic analysis revealed
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that the glutathione-related signaling pathway was
notably affected by YTHDFI KO. Specifically,
YTHDF1 KO resulted in a reduction of both mRNA
and protein levels of Glutathione S-Transferase Mu 2
(GSTM2), a phase II metabolizing enzyme respon-
sible for conjugating glutathione to electrophilic
compounds. The decrease in GSTM2 levels follow-
ing YTHDF1 KO increased the susceptibility of
MRTK cells to ferroptosis. Notably, overexpression
of GSTM2 in YTHDFI1 KO cells partially restored
the oncogenic phenotype of MRTK cells, underscor-
ing its role in MRTK progression.

Conclusions In summary, our findings provide
new insights into the molecular mechanisms driv-
ing MRTK progression, highlighting YTHDF1
and GSTM2 as potential therapeutic targets for this
aggressive pediatric renal tumor.

Keywords MRTK - YTHDFI - M6 A - GSTM2 -
Ferroptosis

Abbreviations

4D-LFQ  4D-Label-free quantitative proteomics
4-HNE 4-Hydroxynonenal

ALL Acute myeloid leukemia

DMEM Dulbecco’s Modified Eagle Medium

DHODH Dihydroorotate dehydrogenase

FBS Fetal bovine serum

FSP1 Ferroptosis suppressor protein 1

GO Gene ontology

GPX4 Glutathione peroxidase 4

GSH Glutathione

GST Glutathione S-transferase

GSTM2  Glutathione S-transferase Mu 2

HP Hepatoblastoma

KEGG Kyoto Encyclopedia of Genes and
Genomes

KO Knockout

mb6 A N6-methyladenosine

MeRIP M6A RNA immunoprecipitation

MRTK Malignant rhabdoid tumor of the kidney

MS Mass spectrometry

NASH Non-alcoholic steatohepatitis

NB Neuroblastoma

PCR Polymerase chain reaction

PRDX1 Peroxiredoxin 1

gRT-PCR  Quantitative RT-PCR

RIP RNA immunoprecipitation

ROS Reactive oxygen species
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SDS Sodium dodecyl sulphate
YTHDF1 YTH N6-methyladenosine RNA binding
protein 1
Introduction

Malignant rhabdoid tumor of the kidney (MRTK) is
a rare and highly aggressive embryonal tumor with
a poor prognosis, predominantly affecting pediat-
ric patients. It is known for resistance to both radio-
therapy and chemotherapy, contributing to a dismal
S-year overall survival rate of 20-30% (Xie 2023;
Voglino et al. 2015; Cheng, et al. 2007; Koh et al.
2023; Liu et al. 2023). While germline mutations in
the tumor suppressor gene SMARCBI are the primary
driver of MRTK in most cases, recent studies suggest
that additional genetic and molecular factors contrib-
ute to its development and progression (Smith et al.
2014). Further investigation into the molecular path-
ways dysregulated in MRTK could provide insights
into novel therapeutic strategies.

Epigenetic alterations, the well-known hallmark
of cancer, are known to regulate the expression of
key genes involved in tumorigenesis(Hanahan 2022).
One such epigenetic modification is N6-methyl-
adenosine (m6 A), the most common and conserved
internal transcript modification, which regulates vari-
ous aspects of RNA fate, including nuclear traffick-
ing, stability, alternative splicing, translation, and
RNA-protein interaction (Boulias and Greer 2023).
The m6 A modification is dynamically regulated
by “writers” (installers), ‘“erasers’(removers), and
“readers”(recognizers), such as YT521-B homol-
ogy (YTH) family proteins (YTHDF1/2/3 and
YTHDC1/2) and insulin-like growth factor 2 mRNA-
binding proteins IGF2BP1/2/3) (Zaccara et al. 2019).
Increasing evidence indicates that m6 A-binding pro-
teins play critical roles in the progression of pediat-
ric cancers, including neuroblastoma (NB), hepato-
blastoma (HP), and acute myeloid leukemia (ALL)
(Liu et al. 2022; Wang et al. 2024; Hong et al. 2023).
However, the molecular mechanisms by which m6
A-binding proteins regulate their target genes to pro-
mote pediatric cancer progression remain poorly
understood.

YTHDF1 (YTH N6-methyladenosine RNA bind-
ing protein 1), an m6 A reader protein, has been
identified as a key regulator of RNA translation in
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several adult cancers, but its role in pediatric can-
cers, especially in MRTK, has not been thoroughly
studied(Bao et al. 2023; Liu et al. 2020; Ren et al.
2023). Additionally, the precise involvement of fer-
roptosis, a form of iron-dependent, non-apoptotic
cell death driven by lipid peroxidation, remains
unclear in the context of MRTK, although its known
role in other pediatric malignancies like neuroblas-
toma and hepatoblastoma, and genes associated
with ferroptosis hold a promise as therapeutic tar-
gets (Lu et al. 2021; Alborzinia et al. 2022; Zhang
et al. 2023; Li et al. 2021). In particular, the pre-
cise role of ferroptosis in MRTK has not been fully
elucidated.

Since our initial screening experiments identi-
fied that YTHDF1 expression was significantly
upregulated in MRTK cells, suggesting its potential
role in driving tumorigenic processes, we focused
on YTHDFI1 in this study. We first knocked out
YTHDF1 by CRISPR/Cas and then characterized
YTHDF1 KO clones. Through 4D label-free mass
spectrometry (MS) analysis we identified GSTM2
as a potential target. Furthermore, YTHDF1 KO
significantly sensitized MRTK cells to ferroptosis, a
form of regulated cell death driven by iron-depend-
ent lipid peroxidation, whereas overexpression of
GSTM2 in YTHDF1 KO cells increased tolerance
to ferroptosis, suggesting that GSTM2 plays a pro-
tective role in maintaining cellular homeostasis
under oxidative stress conditions.

Materials and methods
Cell lines

293 T and HK-2 cells were obtained from Stem
Cell Bank, Chinese Academy of Sciences and
maintained in Dulbecco’s Modified Eagle Medium
(DMEM) (Coring, USA) supplemented with 10%
fetal bovine serum (FBS, Coring, USA). G401
cells (provided by Professor Zhengyan Zhao, Chil-
dren’s Hospital, Zhejiang University, Hangzhou,
China) were cultured in McCoy’s 5 A Medium (Pro-
cell, China) supplemented with 10% FBS. All the
medium contains 100 U/ml penicillin, and 100 mg/
ml streptomycin. All cell lines were cultured at 37
°C in 5% CO2 incubator.

Construction of plasmids

For expression of GSTM2, we amplified from cDNA
using primers GSTM2 —R1-5.1 and GSTM2-BamH 1-
3.1 (Table 1) and then cloned into pCDH-MSCV-
MCS-EF1a-GFP +Puro expression vector (SBI
system Bioscience, USA) by 2X MultiF Seamless
Assembly Mix Kit (Abclonal, China). All DNA frag-
ments for cloning purpose were amplified by chain
polymerase reaction (PCR) with the high-fidelity
Phusion enzyme (New England Biolabs, USA).
All constructive plasmids were verified by DNA
sequencing.

Lentivirus package and infection

Lentivirus was packaged in 293 T cells as previously
described. Briefly, the lentiviral vector containing
inserts of interest and three packaging system plas-
mid (Rev,Gag and VSVG) were mixed and trans-
fected into 293 T cells with EndoFectin-Lenti reagent
(GeneCopoeia, USA), and then the virus containing
culture medium was collected 48 h after transfection
and spun for 10 min at 3000 r.p.m. Lentivirus infec-
tion was carried out in 6-well plates by mixing 500 pl
virus supernatant and 500 pl regular culture medium
containing 0.8 pl polybrene (10 mg/ml).

YTHDF1 KO by CRISPR/Cas9 approach

DF1 KO in G401 cells was performed as previously
described (Peng et al. 2023). Briefly, the lentiviral
vector carrying Cas9 and dual gRNAs were intro-
duced into G401 cells by infection. At 3 days after
infection, cells were subject to puromycin selection.

Table 1 Primers used in this study

GSTM2-RT-5.3 TGTGCGGGGAATCAGAAAAGG
GSTM2-RT-3.3 GCTGGGCTCAAATACTTGGTTT
SLC7 A11-RT-5.1 ATGCAGTGGCAGTGACCTTT
SLC7 A11-RT-3.1 GGCAACAAAGATCGGAACTG
PRDX1-RT-5.1 TGGTTGAACCCCAAGCTGATA
PRDX1-RT-3.1 GTGGGGCACACAAAGGTGAA
GAPDH-5.1 GAGTCAACGGATTTGGTCGT
GAPDH-3.1 TTGATTTTGGAGGGATCTCG
U6-RT-5.1 TGCTCGCTTCGGCAGCACAT
U6-RT-3.1 ATATGGAACGCTTCACGAAT
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Then 2 weeks later, individual colonies were manu-
ally collected and expanded in 24-well plates. KO
clones were characterized by western blot.

Cell growth assay by CCK-8

CCK-8 assay was conducted to check the effect
of DF1 KO or GSTM2 expression on cell growth.
Briefly, G401 cells were seeded into 96-well plates
at a density of 1Xx 10* cells/well, and the measure-
ment was performed at 24, 48, 72 h after seeding.
The absorbance at 450 nm was determined using a
microplate reader (TECAN, Spark, Switzerland).

Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated by Direct-zol RNA Mini-
prep Kits (Zymo, USA). Real-time PCR was per-
formed using SYBR Green kit (Vazyme, Q221) and
specific primers on a Bio-Rad CFX Opus96 plat-
form (Bio-Rad, Hercules, USA). All primers used
are listed in Table 1. Delta-delta Ct values were
used to determine their relative expression.

Cell migration and invasion assay

Cell migration and invasion assays were determined
using 24-well transwell inserts or Matrigel tran-
swell inserts from BD Biosciences (San Jose, CA,
USA), respectively as previously described with
modification. Briefly, 3x 10* cells in 100 pl serum-
free medium were added to the upper compart-
ment of the chamber, while the lower compartment
was filled with 600 pL of regular culture medium,
then the cells were incubated at 37 °C for 36 h.
Cells remaining on inside membrane surface in the
upper chambers were removed with a cotton swab,
whereas the cells on the lower surface were fixed in
methanol for 10 min at room temperature, washed
with PBS and stained with 0.5% crystal violet and
counted as described previously (Gupta et al. 2014).
The invasion assay was done by the same proce-
dure with transwell inserts pre-coated with matrigel
(Corning® BioCoat™, CLS354480, USA), and 5 X
10* tumor cells were added to the upper chamber.

@ Springer

Colony formation assay

For the colony formation assay, cells were seeded
in 6-well plates. After 14 days, the cells were fixed
with 4% PFA (Solarbio, Bejing) and then stained
with 0.5% crystal violet. The number of colonies was
countered for five representative fields. The experi-
ments were repeated for three times.

Western blot

Cells were harvested, and proteins were extracted and
quantified as previously described with some modifi-
cation (Sachdeva et al. 2011). Briefly, cells were har-
vested and the cell pellets were washed with ice-cold
phosphate buffered saline (PBS). Next, the cells were
lysed with RIPA buffer (Fdbio, China) and dena-
tured with 5xSDS sample buffer or directly lysed by
home-made 2xSDS sample buffer. Protein samples
were separated using 10% or 12% SDS-PAGE before
transferring to PVDF membrane. Membrane was then
blocked by 5% BS in TBST at room temperature for
1 h and then incubated with primary antibodies over-
night at 4 °C. After washed six times with TBST, the
membrane was incubated with a secondary antibody
labeled with either IRDye 800 CW or IRDye 680.
Finally, signal intensity was determined using the
Amersham Typhoon NIR System.

Quantitative proteomics analysis

The 4D-label-free-based quantitative proteomic analy-
sis of G401 DF1 KO cells and vector controls cells was
carried out by Jingjie PTM Biolabs Inc. (Hangzhou,
China). Cell samples were sonicated, lysed, and cen-
trifuged to obtain the supernatant and its protein con-
centration was measured. The tryptic peptides were dis-
solved in solvent A (0.1% formic acid, 2% acetonitrile/
in water), directly loaded onto a home-made reversed-
phase analytical column (25-cm length, 75/100 pum
i.d.). Peptides were separated with a gradient from
6 to 24% solvent B (0.1% formic acid in acetonitrile)
over 70 min, 24% to 35% in 14 min and climbing to
80% in 3 min then holding at 80% for the last 3 min,
all at a constant flow rate of 450 nL/min on a nanoE-
lute UHPLC system (Bruker Daltonics). The peptides
were subjected to capillary source followed by the tim-
STOF Pro (Bruker Daltonics) mass spectrometry. The
electrospray voltage applied was 1.60 kV. Precursors
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and fragments were analyzed at the TOF detector, with
a MS/MS scan range from 100 to 1700 m/z. The tim-
STOF Pro was operated in parallel accumulation serial
fragmentation (PASEF) mode. Precursors with charge
states 0 to 5 were selected for fragmentation, and 10
PASEF-MS/MS scans were acquired per cycle. The
dynamic exclusion was set to 30 s.

The MS/MS data were analyzed using the Max-
Quant search engine (version 1.6.15.0). Tandem mass
spectra were matched against the human SwissProt
database (20,422 entries), combined with a reverse
decoy database. Trypsin/P was selected as the cleav-
age enzyme, allowing for up to two missed cleavages.
The precursor ion mass tolerance was set to 20 ppm
for the initial search and 5 ppm for the main search,
while the fragment ion mass tolerance was set to 0.02
Da. Carbamidomethylation of cysteine was specified
as a fixed modification, and acetylation at the pro-
tein N-terminus and oxidation of methionine were
set as variable modifications. The false discovery rate
(FDR) for protein and peptide identification was set
to 1%.Then, Pearson’s correlation coefficient, princi-
pal component analysis (PCA), and relative standard
deviation were used to evaluate the repeatability of
samples from each group. Differential proteins were
obtained after the qualification of samples, whose
differences in relative quantification in two groups
were compared by T-test, and the corresponding
p-value was calculated. In addition, with a criterion
of p-value <0.05, the protein ratio > 1.5 was regarded
as up-regulation, while the protein ratio <1/1.5 as
down-regulation.

Assessment of cytosolic ROS

Cells were seeded at 3x 10° cells per well in
6-well plates. Next day, cells were incubated with
2’,7’-dichlorofluorescin diacetate (DCFH-DA; 10
mM; Beyotime, S0033S) for 30 min at 37 °C in the
dark. The fluorescence-labeled cells were visual-
ized by an inverted fluorescence microscopy (Leica,
DMi8, Germany), and number of fluorescent cells
were analyzed by Imagel] software (11.27.42).

In silico analysis of the binding of YTHDF1 to
GSTM2 m6 A site

The potential m6 A sites were predicted using the
online tools SRAMP (http://www.cuilab.cn/sramp).

CLIP-seq data of GSTM2 were extracted from the
POSTAR3 database (http://postar.ncrnalab.org) (Zhao
et al. 2022).

RNA immunoprecipitation (RIP) assay

G401 cells were grown in 10 cm dish to 90% conflu-
ency, and then washed twice with ice-cold PBS and
scraped off in 1 mL PBS. Next the cells were centri-
fuged and re-suspended in 1 mL RIP lysis buffer (150
mM KCl, 25 mM Tris-HCI (pH 7.4), 5 mM EDTA,
0.5% NP-40, with 100 U/ml RNase inhibitor and pro-
tease inhibitor cocktail). After that, 5 pg DF1 anti-
body or negative control rabbit IgG (Boytime, China)
was added to the cell lysates and incubated overnight
at 4°C with rotation. Next day, protein A/G PLUS-
Agarose Beads (Santa Cruz, USA) were added to IP
reaction and continued for another 2 h incubation.
Beads were washed 4 times with NP-40 lysis buffer
and then treated with proteinase K to remove pro-
teins. Then interested RNAs were purified by TRIzol
methods (ThermoFisher Scientific) and detected by
qRT-PCR.

m6 A RNA immunoprecipitation (MeRIP) assay

The MeRIP assay was performed as previously
described. Total RNA was isolated from a 10 cm
dish G401 cells and dissolved in 50 pl RNase-free
water, of which 5 pl was saved as RNA input and the
remaining 45 pl RNA was added to 500 ul pulldown
lysis buffer containing RNase inhibitor. The total
RNA was mixed with mouse IgG or m6 A antibody.
The tubes were then rotated overnight at 4 °C, fol-
lowed by incubation with protein A/G beads under
the same condition overnight. Finally, m6 A bound
RNA was extracted with TRIzol, followed by RT-
PCR as described above.

RNA stability assay

To measure the stability of GSTM2 mRNA, 2 pg/mL
of actinomycin D (Selleck, USA) was used to treat
G401 cells. The procedure of isolating total RNA for
gPCR analysis was as described above. Finally, the
mRNA level at the indicated time points was calcu-
lated and normalized using U6.
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Statistical analysis

All data are expressed as the mean + SD. Statistical
analyses were performed with GraphPad Prism 10.1
software. The differences between two groups of data
were analyzed by unpaired Student’s t test, and differ-
ences among three or more groups were analyzed by
one-way analysis of variance (ANOVA) or two-way
ANOVA followed by a post hoc Tukey test. A value
of P < 0.05 was considered statistically significant.

Results

YTHDFT1 is highly expressed in MRTK cells and loss
of YTHDF1 suppresses RTK cell progression

During screening for potential m6 A reader pro-
teins in MRTK cells, we found that YTHDF1 was
upregulated. Although YTHDF1 is a well-known
m6 A reader protein that has been extensively stud-
ied and implicated in tumorigenesis regulation in
adult cancers, it has not been adequately studied in
childhood tumors, including MRTK. In this regard,
we compared the protein expression of YTHDF1
among HK-2 (normal adult human kidney proxi-
mal tubule epithelial cell), 293 T (human embry-
onic kidney cell), and G401 (MRTK cells). West-
ern blot revealed that YTHDFI1 level was higher in
G401 cells than in HK-2 and 293 T cells (Fig. 1A).
To determine whether YTHDF1 plays a role in
MRTK progression, we employed the CRISPR/
Cas9 approach to knock out YTHDF1 in G401 cells.
We obtained a number of single KO clones and
chose three KO clones for further characterization
(Fig. 1B). CCK-8 assays revealed that YTHDF1 KO
decreased cell proliferation (Fig. 1C) and colony for-
mation assays showed YTHDF1 KO suppressed cell
survival (Fig. 1D and E). Furthermore, YTHDF1
KO suppressed cell migration and invasion in G401
cells (Figs. 1F-H). Taken together, these results sug-
gest that YTHDF1 could play an important role in
MRTK progression.

Knockout of YTHDF1 sensitizes MRTK cells to
chemotherapy

To date, preoperative high-dose chemotherapy is still
the first-line treatment for MRTK patients. The most

@ Springer

commonly used regimen is the alternating use of vin-
cristine, doxorubicin, carboplatin and actinomycin
D. In order to explore whether YTHDF1 expression
level impacts chemotherapy tolerance of MRTK cells,
we treated YTHDF1 KO and vector control cells
with doxorubicin at different concentrations (0.1,
0.25 and 0.5 pM). The cell survival rate was detected
by CCK-8 assay after 48 h treatment. As shown in
Fig. 1I, YTHDF1 KO significantly enhanced the
sensitivity of G401 cells to doxorubicin, even at a
relatively low concentration (0.1 pM). At 0.25 pM,
~50% of YTHDF1 KO cells survived after 48 h of
treatment, as compared with vector control having
more than 70% of the cells alive. Furthermore, we
found that YTHDF1 KO sensitized the G401 cells
to carboplatin and vincristine as well. At 20 pg/ml
carboplatin, about 40% of vector control cells were
alive, but only about 20% of cells were alive in the
YTHDF1 KO group (Fig. 1J). Similarly, YTHDF1
KO G401 cells were also more sensitive to vincris-
tine. At 10 nM of vincristine, about half of YTHDF1
KO cells were alive, but more than 70% of control
cells remained alive (Fig. 1K). In summary, these
results suggest that YTHDF1 could mediate response
to chemotherapeutic drugs in MRTK cells.

Loss of YTHDF1 impairs glutathione metabolism
associated signaling pathway and promotes
ferroptosis of MRTK cells

YTHDF1 is a well-documented m6 A “reader” which
actively promotes protein synthesis by interacting
with translation machinery. We therefore examined
the repertoire of protein expression change after
YTHDF1 KO in G401 cells by 4D-Label-free quan-
titative proteomics (4D-LFQ). Depletion of YTHDF1
resulted in 88 up-regulated and 73 down-regulated
proteins in KO clone #3, and 74 up-regulated and 60
down-regulated proteins in KO clone #27, compared
with vector control cells (Fig. 2A). Among the differ-
entially expressed genes, 32 were commonly altered
in both KO clone #3 and KO clone #27 (Fig. 2B).
Among the differentially expressed genes, 32 genes
were altered both in KO clone #3 and #27. (Fig. 2B).
Gene ontology (GO) molecular function analysis
showed that several downregulated functions such as
glutathione peroxidase activity, glutathione binding,
and glutathione transferase activity in YTHDF1 KO
group (Fig. 2C). A comprehensive heatmap showing
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Fig.1 YTHDF1 is upregulated in MRTKs and loss of
YTHDF1 suppresses cell growth migration and chmeoresist-
ance. (A) YTHDF1 expression levels in normal kidney cells
and MRTK cells were assessed through western blot analysis.
(B) YTHDF1 was knocked out in MRTK cells using CRISPR/
Cas9, and YTHDF1 expression was confirmed by western blot.
(C) CCK-8 assays were performed to determine cell growth
after YTHDF1 KO in G401cells. (D) Colony formation assays
of G401. (E) Quantification of colony formation assay results.
(F) Knockout of YTHDF]1 decreased the abilities of migration

significantly enriched molecular functions across the
KO and Vector control. Several glutathione-related
activities are consistently regulated (Fig. 2D). A bar
graph displaying enriched protein domains based
on PFAM analysis showed that Glutathione S-trans-
ferase N- and C-terminal domains were preferentially
affected by YTHDF]1 loss (Fig. 2E). The Kyoto Ency-
clopedia of Genes and Genomes (KEGG) and Protein
domain analysis results also indicated that YTHDF1
deletion resulted in the disruption of glutathione
(GSH) metabolism (Fig. 2F, G). GSH is an abundant
antioxidant that maintains a redox balance in cells.
Thus, tumor cells may develop various mechanism to
protect them from oxidative stress, such as reactive
oxygen species (ROS). Therefore, we explored the

0 20 40

Carboplatin (ug/mL) Vineristine (nM)

and invasion of MRTK cells. Scale bar, 100 pm. (G) Quantifi-
cation of migration cells. (H) Quantification of invasion cells.
CCK-8 assays were performed to examine the cell survival
after different anticancer drug treatment at indicated concen-
trations. (I) YTHDF1 KO sensitizes MRTK cells to Doxorubi-
cine. (J) YTHDF1 KO sensitizes MRTK cells to Carboplatin.
(K) YTHDF1 KO sensitizes MRTK cells to Vincristine. Data
are presented as Mean +SD, n= 3. ***P< 0.001, ****P <
0.0001

effects of YTHDF1 KO on ROS generation in MRTK
cells. Deletion of YTHDF1 significantly increased
lipid ROS generation (Fig. 2H and I). Since ferropto-
sis is linked to ROS and GSH regulation, we sought
to determine whether YTHDF1 KO influence the fer-
roptosis of G401 cells. We treated YTHDF1 KO or
vector control cells with ferroptosis inducer erastin at
1, 5 and 10 pM for 24 h, and then evaluated the cell
viability by CCK-8 assay. We found that cell viabil-
ity was significantly decreased by erastin treatment in
YTHDF1 KO cells (Fig. 2J). Together, these findings
suggest that deletion of YTHDF1 may impair glu-
tathione metabolism and then exacerbate ferroptosis
in MRTK cells.
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Fig. 2 Identification of the YTHDFI targets in MRTK
cells. (A) Chart of differentially expressed proteins identi-
fied by 4D-LFQ. (B) Venn diagram showing the differentially
expressed proteins in two YTHDF1 KO clones. (C) KEGG
enrichment analysis of differentially expressed proteins. (D)
Cluster analysis results of GO annotations of the differentially
expressed proteins. PO, protein from vector control cells; P1,
protein from YTHDF1 KO#3; P2, protein from YTHDFI
KO#27. (E) Barplot map of downregulated protein domain
by PFAM analysis. (F) Barplot map of KEGG enrichment

GSTM2 is the target for YTHDF1

To investigate the downstream effectors through
which YTHDF1 modulates glutathione metabolism,
we conducted a comparative analysis of differen-
tially expressed proteins shared between YTHDF1
KO#3 and KO#27 clones. As revealed by pathway
enrichment analysis based on KEGG (Fig. 3A) and
Reactome (Fig. 3B) databases, GSTM2 was identi-
fied as promising targets of YTHDFI. Indeed, the
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analysis of the differentially expressed proteins. (G) Bulb map
of KEGG enrichment analysis of overlapping differentially
expressed proteins. (H) ROS positive cells as assessed by
DCFH-DA fluorescence in YTHDF1 KO and vector control
MRTK cells. The representative images obtained by a fluo-
rescence microscope, scale bar, 100 pm. (I) Quantification of
ROS positive cells. (J) CCK-8 assays were performed to detect
the cell survival after erastin treatment. Data are presented as
Mean +SD, *P< 0.05, **P< 0.01, ***P< 0.001, ****P <
0.0001

downregulation of GSTM2 (Fig. 3C) was further
verified in YTHDF1-deficient G401 cells. Since
YTHDF1 regulates target gene by recognizing mb6
A modified sites, we next explored m6 A modifica-
tion on GSTM2 mRNA through SRAMP ((Tom-
linson et al. 2005). As shown in Fig. 3D, one m6 A
modification site with high confidence were uncov-
ered. Meanwhile, CLIP-seq data from the POSTAR3
(http://postar.ncrnalab.org) database also indicated
the binding of GSTM2 to YTHDF1 (Fig. 3E). To
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Fig. 3 mo6a-modified GSTM2 is the target of YTHDFI1 in
MRTK cells. Circular chord diagrams illustrating the asso-
ciations of GSTM2 with related genes and enriched pathways.
(A) KEGG-based pathway enrichment analysis showing the
involvement of GSTM2 and associated genes in metabolic and
signaling pathways related to drug metabolism, detoxification,
and carcinogenesis. (B) Reactome-based analysis further sup-
porting the role of GSTM2 in redox regulation and xenobiotic
response. (C) The protein level of GSTM2 in YTHDF1 KO

further verify that the m6 A modification of GSTM?2
was recognized by YTHDF1, we performed m6 A
RNA immunoprecipitation (MeRIP) assay and RNA
immunoprecipitation (RIP), respectively. The MeRIP
results showed that GSTM2 was obviously enriched
by m6 A antibody (Fig. 3F, left panel). There was a
about fourfold enrichment of GSTM2 by YTHDF1
antibody as compared to control IgG group (Fig. 3F,
right panel). These results indicated that GSTM?2
was subjected to m6 A modification, which was rec-
ognized by YTHDFI. It has been previously demon-
strated that YTHDF1 not only directly initiates cap-
independent translation but also enhances target RNA
stability. We next checked the mRNA level of GSTM?2
in YTHDF1 KO cells. Interestingly, we found the
mRNA level of GSTM2 was downregulated upon
YTHDF1 deletion as well (Fig. 3G), suggesting that
YTHDF1 could regulate GSTM2 mRNA stability. To
test this hypothesis, we treated YTHDF1 KO and vec-
tor control cells with RNA de nove synthesis inhibitor
actinomycin D at various time points. Evidently, the
mRNA of GSTM2 was less stable in YTHDF1 KO
cells (Fig. 3H), suggesting that YTHDFI1 could bind
to m6 A-modified GSTM?2 and enhance its stability.
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and vector control cells. (D) Prediction of m6 A modification
site on GSTM2 mRNA. (E) CLIP-seq data from POSTAR3
database indicates the binding of GSTM2 mRNA to YTHDF]I.
(F) RIP-gPCR detected the m6 A modification of GSTM2
mRNA,and the interaction between YTHDFI1 and GSTM2.
(G) GSTM2 mRNA level is downregulated in YTHDFI1
KO cells. (H) YTHDF1 KO impairs the stability of GSTM2
mRNA. Data are presented as Mean +SD,**P < 0.01, ***P <
0.001

GSTM2 is critical for YTHDF1-mediated cell growth

It has been reported that GSTM2 not only plays an
important role in anticancer drug resistance in adult
cancers, but also regulates the apoptotic pathway to
prevent non-alcoholic steatohepatitis (NASH)(Peng
et al. 2021; Lan et al. 2022). However, the role of
GSTM2 in MRTK remains elusive. To determine the
effect of GSTM2 on cell growth in G401 cells, we
established stable GSTM2 knockdown cell by spe-
cific ShRNA (OriGene, USA). Western blot results
indicated GSTM2 expression was successfully down-
regulated in shGSTM?2 cells as compared to vector
control (Fig. 4A). Next, we further characterized two
stable lines of shGSTM?2 cells. GSTM2 knockdown
significantly suppressed cell viability, as measured by
CCK-8 (Fig. 4B). To further confirm that GSTM2 is
a downstream target for YTHDF1, we overexpressed
GSTM2 in YTHDF1 KO cells (Fig. 4C). As expected,
overexpression of GSTM2 obviously restored growth
rate of YTHDF1 KO cells (Fig. 4D-F), suggesting
that GSTM2 is an important target for YTHDFI1-
mediated signaling to maintain the cell viability of
MRTK cells.
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Fig. 4 GSTM2 contributes to the YTHDFI1-mediated
cell growth of MRTK cells. (A) GSTM2 was depleted in
MRTK cells by shRNA. (B) The suppression of cell viabil-
ity by GSTM2 knockdown was examined by CCK-8 assays.

YTHDF1/GSTM?2 axis sensitizes MRTK cells to
ferroptosis in a GPX4-indpendent manner

As shown above, YTHDF1 knockdown sensitized
G401 cells to erastin-induced ferroptosis, and GSTM?2
was identified as a critical target of YTHDF1. There-
fore, we investigated whether GSTM2 knockdown
could similarly increase sensitivity to erastin in G401
cells. As expected, GSTM2 knockdown increased the
sensitivity to erastin-induced ferroptosis (Fig. 5A).
Given the role of glutathione peroxidase 4 (GPX4)
as a key regulator against ferroptosis, we next exam-
ined GPX4 expression in GSTM2 knockdown cells.
Interestingly, GSTM2 knockdown did not alter GPX4
expression (Fig. 5B). Similarly, YTHDF1 KO had no
effect on GPX4 expression (Fig. 5C). Additionally,
neither GSTM2 knockdown nor YTHDF1 KO had
any significant impact on the expression of the cys-
tine/glutamate transporter SLC7 All (Fig. 5D, E).
However, we found that peroxiredoxin 1 (PRDX1),
a GPX-like antioxidant enzyme involved in peroxide
reduction, was reduced in GSTM?2 knockdown cells
(Fig. 5F, G). Together these results suggest that the
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(C) Overexpression of GSTM2 in YTHDF1 KO cells. (D-
F) CCK-8 results indicated overexpression of GSTM2 in
YTHDF1 KO cells increases cell growth rate. Data are pre-
sented as Mean +SD,*P < 0.05, **P < 0.01

YTHDF1/GSTM2 axis plays a crucial role in regu-
lating ferroptosis in MRTK cells. Although GPX4
is the main defense mechanism against ferroptosis,
GSTM2 could function in parallel or complementary
pathways.

Discussion

Malignant rhabdoid tumor of the kidney is the most
aggressive childhood renal tumor with overall sur-
vival (OS) rates ranging from 22 to 42%, however,
the underlying mechanisms of MRTK development
are still elusive (Tomlinson et al. 2005). In this study,
we identified that YTHDF1 upregulated in MRTK
cells. Using KO approach in MRTK cell lines, we
demonstrated that YTHDF1 plays an important role
in MRTK progression, where YTHDF1 KO sup-
presses tumor cell growth, migration, invasion, and
chemo-resistance, and furthermore, it increases sus-
ceptibility to ferroptosis. 4D label-free proteomics
analysis revealed the glutathione metabolism pathway
as a critical axis disrupted by YTHDF]1 depletion. In
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Fig. 5 GSTM2 is involved in YTHDF1-mediated ferroptosis.
(A) Knockdown of GSTM2 sensitized MRTK cells to erastin
treatment. (B) Knockdown of GSTM2 has no obvious effect on
GPX4 expression. (C) Deletion of YTHDF1 has no effect on
GPX4 expression. (D) Knockdown of GSTM2 does not affect
the mRNA levels of SLC7 All. (E) The KO of YTHDF1 does

particular, GSTM2 could serve as a key downstream
target of YTHDF1 in MRTK cells. These findings
suggest that GSTM2 could mediate the pro-tum-
origenic functions of YTHDF1 in MRTK cells by
enhancing cell survival and resistance to ferroptosis
through modulation of the glutathione metabolism
pathway.

As the most abundant chemically modification in
mRNA, N6-methyladenosine (m6 A), plays a critical
role in various biological functions, and large num-
bers of studies have provided links between dysregu-
lated m6 A modification and cancer development,
including pediatric cancer (Liu et al. 2022; Chen et al.
2022). The functions of m6 A are primarily executed
by reader proteins, which recognize and bind to m6
A-modified RNA to mediate various downstream
effects on RNA metabolism. YTHDFI1, a member
of the YTH domain family, has been implicated in
many aspects of adult cancer development. The pri-
mary role of YTHDF1 is to promote translation effi-
ciency of m6 A-modified mRNAs. After recognizing
and binding to m6 A sites on mRNA, especially on
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not alter the mRNA levels of SLC7 All. (F) Knockdown of
GSTM2 results in decreased the expression of PRDX1. (G)
The KO of YTHDF1 similarly leads to a reduction in PRDX1
expression. Data are presented as Mean +SD, ns, no signifi-
cant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001

3’-UTR, YTHDFI1 recruits the translation initiation
machinery to the mRNA, thereby facilitating its effi-
cient translation into proteins. While YTHDF1 pri-
marily promotes translation, its role in RNA stabil-
ity is more complex. In this study, we observed that
YTHDEF]1 binds to m6 A-modified GSTM2 mRNA,
and YTHDF1 KO impairs GSTM2 mRNA stability,
leading to a decrease in its levels. A possible mecha-
nism may involve shielding of GSTM2 mRNA from
degradation while facilitating its translation.
Ferroptosis is a distinct form of programmed cell
death characterized by iron (Fe?*)-dependent lipid
peroxidation. Unlike apoptosis and necroptosis, fer-
roptosis is triggered by the accumulation of iron
and the subsequent peroxidation of lipids, particu-
larly within cellular membranes. Glutathione (GSH)
is a tripeptide consisting of glutamate, cysteine,
and glycine, and serves as a key antioxidant within
cells. GSH is also essential for several detoxifica-
tion processes and serves as a cofactor for various
enzymes, including glutathione peroxidases (GPXs)
(Boysen 2017). As the only enzyme capable of
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reducing esterified oxidized fatty acids and choles-
terol hydroperoxides, GPX4 has been identified as a
major defense mechanism against ferroptosis. Never-
theless, GPX4-independent defense mechanisms have
also been identified, including ferroptosis suppressor
protein 1 (FSP1) and dihydroorotate dehydrogenase
(DHODH)-regulated ferroptosis (Ma et al. 2022).
These findings emphasize the intricate complexity
of ferroptosis regulatory networks. The glutathione
S-transferase (GST) family is a group of enzymes that
play a key role in cellular detoxification. By catalyz-
ing the conjugation of the antioxidant GSH to vari-
ous electrophilic compounds, the GSTs protects cells
from oxidative stress and damage caused by ROS
and toxic chemicals. It has been demonstrated that
GSTP1, a member of the GST family, protects cells
from ferroptosis by catalyzing the conjugation of
GSH to 4-hydroxynonenal (4-HNE) through its sele-
nium-independent GSH peroxidase activity (Zhang,
et al. 2023). GSTM2 plays a central role in phase II
detoxification by catalyzing the conjugation of GSH
to harmful substances such as drugs, carcinogens, and
products of lipid peroxidation. Beyond detoxification,
GSTM2 has been implicated in regulating cell signal-
ing pathways related to stress response, inflammation,
and apoptosis. It may act as a modulator in pathways
triggered by oxidative damage and other stresses, con-
tributing to cell survival and adaptation (Peng et al.
2021; Lan et al. 2022; Li et al. 2022). In the present
study, GSTM?2 was identified as a target of YTHDF1
through m6 A modification on its mRNA. The down-
regulation of GSTM?2 resulting from YTHDF1 dele-
tion inhibits MRTK progression in vitro. Thus, the
YTHDF1/GSTM2 axis protects MRTK cells against
ferroptosis. We speculate that this protective mecha-
nism may operate independently of the canonical
SLC7 A11/GPX4 pathway, suggesting the involve-
ment of alternative regulatory processes in ferroptosis
resistance.

Conclusions

We identified that YTHDF1 plays oncogenic role in
MRTK cells that regulates glutathione metabolism by
regulating GSTM2 expression. Specifically, GSTM2
is likely to function through detoxification and anti-
oxidant defense, protecting MRTK cells from chem-
otherapy and drug-induced ferroptosis. Therefore,
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targeting the YTHDF1/GSTM2 axis could represent
a promising therapeutic strategy for the treatment of
MRTK.
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