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Inhibition of SND1 overcomes chemoresistance
in bladder cancer cells by promoting ferroptosis
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Abstract. Chemotherapy remains one of the most important
adjuvant treatments for bladder cancer (BC). However, similar
to other malignancies, BC is prone to chemotherapy resistance
and only approximately half of muscle-invasive patients with
BC respond to chemotherapy. The present study aimed to reveal
the mechanisms underlying chemoresistance in BC cells. Cell
viabilities were assessed by CCK-8 assay. The differentiated
expression of genes in chemoresistant and their parental BC
cells were examined by RNA sequencing. Cell death was deter-
mined by flow cytometry. Different cell death inhibitors were
used to determine the types of cell death. Levels of reactive
oxygen species, iron, glutathione and malondialdehyde were
assessed using the corresponding commercial kits. ChIP and
dual luciferase activity assays were performed to investigate
the interaction between staphylococcal nuclease and tumour
domain containing 1 (SND1) and glutathione peroxidase 4
(GPX4) mRNA.RNAIi was used to knockdown SND1 or GPX4.
The results revealed that SNDI in BC cells were insensitive
to cisplatin, and inhibition of SNDI overcame this resistance.
Silencing of SNDI1 enhanced cell death induced by cisplatin
by promoting ferroptosis in BC cells. Mechanistically, SND1
was revealed to bind to the 3'UTR region of GPX4 mRNA and
stabilise it. Knockdown of GPX4 could also overcome chemo-
resistance, and overexpressing GPX4 reversed the effects of
silencing of GPX4 on the chemosensitivity of BC cells. Thus,
targeting the SNDI1-GPX4 axis may be a potential strategy to
overcome chemoresistance in BC cells.

Introduction

Bladder cancer (BC) is one of the most common malignan-
cies of the urinary tract, accounting for over 70,000 new cases

Correspondence to: Dr Changhua Hu, Department of
Urology, Ningbo No. 7 Hospital, 718 Nan Er Xi Road, Ningbo,
Zhejiang 315202, P.R. China

E-mail: huchanghuaurology@163.com

Key words: bladder cancer, chemoresistance, staphylococcal
nuclease and tumour domain containing 1, glutathione peroxidase 4,
ferroptosis

and 16,000 cancer-related deaths in the USA each year (1).
Furthermore, based on the formation pathway, BC can
be divided into two groups: Non-muscle-invasive BC and
muscle-invasive BC (2). Currently, radical cystectomy
combined with chemotherapy is the mainstream treatment for
muscle-invasive BC. However, patients with BC often respond
poorly to standard chemotherapeutic agents (3). Thus, it is
necessary to identify the mechanisms underlying chemoresis-
tance in BC.

Ferroptosis is a novel form of cell death that is featured by
iron-dependent peroxidation of the lipid membrane induced by
the accumulation of massive amounts of reactive oxygen species
(ROS) (4). Glutathione peroxidase 4 (GPX4) is an antioxidant
that can reduce peroxide, such as hydrogen peroxide and organic
hydroperoxides, by cooperating with the antioxidant glutathione
(GSH) (5). Therefore, during the process of ferroptosis, inhibi-
tion of GPX4 is one of the key events (5). Since ferroptosis is
biochemically different from other forms of cell death, induc-
tion of ferroptosis may be a promising strategy for overcoming
chemoresistance in various cancer cells.

Staphylococcal nuclease and tudor domain containing 1
(SND1) is recognized as a novel oncoprotein that is upregulated
in numerous types of cancer cells (6). SNDI was identified
as a transcription factor that is involved in diverse post-tran-
scriptional regulation activities, such as mRNA splicing, RNA
stability and editing (7). Furthermore, SNDI is ubiquitously
expressed and highly conserved in mammals and plays essential
physiological roles in various biological activities, such as cell
proliferation, differentiation and death (6). SNDI has also been
revealed to be correlated with chemoresistance to cisplatin in
non-small cell lung cancer (NSCLC) cells (8). At present, there
is little knowledge concerning the role of SNDI in BC.

The present study aimed to identify the factors that
contribute to the resistance of cisplatin in BC cells. The
results demonstrated that the inhibition of SNDI could over-
come chemoresistance in BC cells by promoting ferroptosis.
Mechanistically, SND1 was revealed to bind to the 3'UTR
region of GPX4 mRNA and stabilise it. The findings of the
present study suggest that targeting SND1 may be a promising
strategy to overcome chemoresistance in BC.

Materials and methods

Cell culture and chemicals. Human bladder cancer cells
T24 (ATTC no. HTB-4), 5637 (ATTC no. HTB-9) and RT-4
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(ATTC no. HTB-2) were obtained from American Type
Culture Collection (ATCC). RT-112 (product no. 300324) and
CLS-439 (product no. 300150) were obtained from Cell Lines
Service GmbH. The cisplatin-resistant T24/R and 5637/R cells
were created by stepwise escalation method: Parental T24 and
5637 cells were cultured with gradually increasing concentra-
tions of cisplatin from 2 nM to 1 M over 8 months. All cells
were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin and strepto-
mycin in humidified air with 5% CO, at 37°C. All cells were
authenticated by STR profiling and tested for Mycoplasma
contamination by Shanghai Biowing Applied Biotechnology
Co., Ltd. The following reagents were used in the present
study: Pan-capase inhibitor [Z-VAD-FMK (z-VAD); cat.
no. S7023; Selleck Chemicals], necrostatin-1 (Nec-1; cat.
no. S8037; Selleck Chemicals), Liproxstatin-1 (Lip-1;
product no. 950455-15-9; Sigma-Aldrich; Merck KGaA),
ferrostatin-1 (Fer-1; cat. no. S7243; Selleck Chemicals),
deferoxamine (DFO; cat. no. HY-B0988; MedChemExpress),
L-y-glutamyl-p-nitroanilide (GPNA; cat. no. S6670; Selleck
Chemicals), N-acetylcysteine (cat. no. S1623; Selleck
Chemicals), actinomycin D (ActD; cat. no. S8964; Selleck
Chemicals). The concentrations of the various inhibitors
used were as follows: z-VAD, 20 mM; Nec-1, 10 mM; Lip-1,
10 mM; Fer-1, 10 mM; DFO, 10 mM; and GPNA, 10 mM. The
inhibitors were added into the culture medium and incubated
with cells at 37°C. Cisplatin (product no. 15663-27-1) and all
other routine chemicals were purchased from Sigma-Aldrich;
Merck KGaA.

Assessment of ROS. The levels of ROS were assessed using the
C11-BODIPY staining kit (cat. no. D3861; Life Technologies;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. Briefly, the T24/R and 5637/R cells were seeded
into a 24-well plate at a density of 10,000 cells/well. Following
various treatments (transfected with shNC/shSNDI1 or
vector/GPX4 OV for 24 h; then treated with or without cispl-
atin), the cells were collected and stained with C11-BODIPY
(5 uM) at 37°C for 0.5 h. The FACSCanto II flow cytometer
(BD Biosciences) was used to assess the results. The results
were analyzed using the FlowJo 2.0 software (Tree Star, Inc.).

Assessment of cell death. T24/R and 5637/R cells were seeded
onto a 6-well plate at a density of 1x10° cells/well. Following
various treatments (transfected with shNC/shSNDI1 or
vector/GPX4 OV for 24 h; then treated with or without cisplatin),
cells were collected and resuspended with PBS and stained
with Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) solution (BD Biosciences) at room temperature for
30 min. The Annexin V-FITC/PI positive cells were analysed
by flow cytometry on BD FACSCalibur (BD Biosciences). The
results were analyzed using the FlowJo 2.0 software.

Assessment of ferrous ions (Fe2*), GSH and lipid peroxidation
marker, malondialdehyde (MDA). The levels of Fe2*, GSH
and MDA were assessed using the Iron Assay Kit (product
code ab83366, colorimetric), GSH assay kit (product code
ab239727, colorimetric) and MDA assay kit (product code
ab118970, colorimetric), according to the manufacturer's guide
respectively. All kits were obtained from Abcam.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from the cells using
TRIzol reagent (Beijing Solarbio Science & Technology Co.,
Ltd.) according to the manufacturer's instructions. The mRNA
levels of various genes were assessed using a first-strand
cDNA synthesis kit (cat. no. K1612) and SYBR Green Master
Mix kit (cat. no. A25741; both from Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. The
quantitative real-time PCR reaction was performed using an
ABI 7500 Fast real-time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The following thermocycling
conditions were used: Initial denaturation at 95°C for 10 min
followed by 35 cycles at 95°C for 15 sec, 55°C for 30 sec, 72°C
for 30 sec and a final extension at 72°C for 5 min. The expres-
sion of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal control. The following primers were
used in the present study: SNDI1 forward, 5'-GTGGACAGC
GTAGTTCGGGA-3' and reverse, 5'-CCCACGAGACATTTC
CACACAC-3'; SLC7AL11 forward, 5-GGGCAGCGTGGG
CATGTCTCT-3' and reverse 5-GGACCAAAGACTTCC
AAAATA-3"; ACSL4 forward, 5'-GCCCACTTCAGACAA
ACCTGG-3" and reverse, 5S'-"ACAGCTTCTCTGCCAAGT
GTGG-3'; SLC3A1 forward, 5-GGGTGTTGATGGTTTTAG
TTTGGAT-3' and reverse, 5'-GCATTCCCACCTGCGAGG
TGGAGAAG-3'; GPX4 forward, 5-GGGACGACTGGCGCT
GTGCGCGCTCC-3'and reverse, 5'-CTCACTGGGAGGCCA
CGTTG-3" GSS forward, 5'-CTTCAACCTGCTAGTGGA
TGCTGT-3' and reverse, 5-TGGAACATGTAGTCTGAG
CGATTC-3"; GCL forward, 5-"TTGCCTCCTGCTGTGTGA
TG-3" and reverse, 5-ATCATTGTGAGTCAACAGCTGTAT
GTC-3'; GAPDH forward, 5“TGAAGGTCGGAGTCAACG
GATTTGGT-3" and reverse, 5-CATGTGGGCCATGAGGTC
CACCAC-3'". The gene expression levels were calculated using
the 244 method (9).

Luciferase assay. The wild-type and truncated mutant 3'UTR
of GPX4 were inserted into the pGL3-basic vector (Life
Technologies; Thermo Fisher Scientific, Inc.). The empty vector
(EV) and SNDI expressing vector (SND1 OV) and pGL3 vector
were co-transfected into the cells using Lipofectamine 2000
reagent (Life Technologies; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. The cells were
collected 48 h after transfection and then assayed by the
Dual-luciferase reporter assay system (Promega Corporation).
The relative firefly activity was normalized to Renilla luciferase
activity according to the manufacturer's instructions.

Chromatin IP (ChIP) analysis. ChIP analysis was carried out
using a Millipore EZ-Magna ChIP kit (cat. no. 17-295; EMD
Millipore) according to the manufacturer's protocol. Briefly,
the T24/R and 5637/R cells were seeded into a 6-well plate
at a density of 5x10° cells/well. The cells were collected after
24 h of treatment and fixed with 1% formaldehyde for 10 min
at room temperature. After rehydrating in 0.125 M glycine,
the cells were washed in phosphate-buffered saline (PBS) and
resuspended in ChIP lysis buffer. The cell lysate was centri-
fuged at 10,000 x g for 10 min at 4°C. Anti-immunoglobulin G
(IgG) (product code ab131368; Abcam) or anti-SNDI1 anti-
body (product code ab65078; Abcam) were incubated with
Dynabeads protein G (cat. no. 10003D; Life Technologies;
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Thermo Fisher Scientific, Inc.) for 2 h at 4°C, followed by
incubation with precleared chromatin overnight at 4°C. The
precipitated RNA samples and inputs were subjected to
RT-qPCR.

Short hairpin RNA (shRNA) transfection. shRNA against
SND1 (shSNDI1#1, 5-~AAGGCATGAGAGCTAATAATC-3"
and shSND1#2, 5'-GCCACAACCAGAACATTCTG-3');
GPX4 (shGPX4#1, 5-CATCGTCACCAACGTGGCC-3"; and
shGPX4#2 5"TCAAATTCGATATGTTCAGCAAGA-3') and
negative control shRNA (shNC; 5'-CCATCGCATTCACTA
TGCTAAG-3") were purchased from Shanghai GenePharm
Co., Ltd.

shRNAs were subcloned into the pSilencer 4.1-CMV
FANCF shRNA vector (Life Technologies; Thermo Fisher
Scientific, Inc.). The transfection was performed using
Lipofectamine 2000 (Life Technologies; Thermo Fisher
Scientific, Inc.) according to the manufacturer's guide. Briefly,
the T24/R and 5637/R cells were seeded into 6-well plates at a
density of 2.5x10° cells/well in full RPMI-1640 medium. When
the cells reached ~70% confluence, the culture medium was
replaced with 2 ml fresh complete medium. A total of 2.5 ug
of plasmid was then diluted in 100 1 of Opti-MEM medium
(Life Technologies; Thermo Fisher Scientific, Inc.) with 5 ul
of Lipofectamine 2000. The solution was incubated at room
temperature for 30 min and added into the cells. Subsequently,
24 h later, western blotting was used to assess the efficiency of
the transfection.

Overexpression of SNDI and GPX4. To overexpressing SNDI
and GPX4, full-length cDNAs were subcloned into pcDNA3.1
vector (Life Technologies; Thermo Fisher Scientific, Inc.) and a
blank vector was used as a negative control. Vectors were trans-
fected into cells using Lipofectamine 2000 (Life Technologies;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. Briefly, 10 g of plasmids were diluted into 250 pl
Opti-MEM medium (Life Technologies; Thermo Fisher
Scientific, Inc.), and gently mixed at room temperature for
5 min. Subsequently, 5 1 of Lipofectamine 2000 was added into
the mixed Opti-MEM medium and incubated at room tempera-
ture for 20 min. The Opti-MEM medium was added into cells
and supplemented with 750 pl of RPMI-1640 medium. A total
of 6 h later, the medium was changed with fresh RPMI-1640
medium. The transfection efficiency was evaluated 48 h later
using western blotting.

Western blotting. Cells were lysed using the radioimmu-
noprecipitation assay (RIPA) buffer (Beyotime Institute of
Biotechnology), and the Bradford assay kit was used to measure
the protein concentrations. An equal amount of protein (20 pg)
was resolved on a 10% SDS-polyacrylamide gel electropho-
resis (PAGE) and transferred to a polyvinylidene fluoride
(PVDF; BD Biosciences) membrane. The PVDF membranes
were then blocked with 5% skimmed milk at room tempera-
ture for 1 h. Subsequently, the membranes were incubated with
primary antibodies at following dilutions: Caspase-3 (product
no. 14220; dilution 1:1,000; Cell Signaling Technology, Inc.),
SNDI (product code ab65078; dilution 1:1,000; Abcam),
GPX4 (product no. 52455; dilution 1:1,000; Cell Signaling
Technology, Inc.), GAPDH (product no. HPA040067,

1:10,000; Sigma-Aldrich; Merck KGaA) overnight at 4°C. The
membranes were then incubated with secondary horseradish
peroxidase-conjugated antibodies (sheep-anti-rabbit; product
no. AP510; 1:5,000; Sigma-Aldrich; Merck KGaA). The results
were visualized using the Chemiluminescent Imaging System
(Tanon Science and Technology Co., Ltd.).

RNA sequencing (RNA-seq). The total cellular RNA was
extracted using TRIzol (cat. no. 15596018; Life Technologies;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Inc.) was used to determine the
quality of RNA. The RNA samples that met the following
criteria were used in the following investigations: RNA
integrity number >7.0 and 28S:18S ratio >1.5. Messenger
RNA templates were then isolated with oligo-dT Dynabeads
(cat. no. 61005; Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions and fragmented to an average
size of 200 nucleotides by incubation in fragmentation buffer
(cat. no. B0330, Enzymatics; Qiagen, Inc.) for 2 min at 70°C.
Sequencing libraries and data analysis were constructed
and performed by BioMarker Technologies Corporation.
Briefly, mRNA sequencing libraries were created using
the Illumina TruSeq Stranded mRNA library Prep Kit (cat.
no. RS-122-2101; Illumina, Inc.) according to the manufac-
turer's instructions. The quality of the libraries was verified
using Caliper LabChip GX/HT DNA High sensitivity Kit
(cat. no. 50674626; PerkinElmer Inc.). The quantitation of
libraries was verified by Qubit dSDNA HS (cat. no. Q32851;
Thermo Fisher Scientific, Inc.). The paired-end sequencing
was performed using the NovaSeq 6000 sequencing system
(Illumina, Inc.) with a final library concentration of 6 pM
as determined by qPCR. The heat map was designed to
visualize the results using ggplots v3.0 (https://cran.r-project.
org/web/packages/ggsignif/ggsignif.pdf), which is a package
based on the R language. RNA sequencing data was uploaded
at NCBI Sequence Read Archive (SRA) database (accession
no. PRINAS835161; https://www.ncbi.nlm.nih.gov/biopro-
ject/PRINA835161).

Enrichment analysis using kyoto encyclopedia of genes
and genomes (KEGG). KEGG pathway analysis (10) was
conducted to analyze the overlapping differentially expressed
genes (DEGs). KEGG pathway analysis revealed biological
pathways associated with DEGs. A P-value <0.05 was used as
the cutoff standard.

Statistical analysis. All statistical analyses were performed
using SPSS12.0 (SPSS, Inc.). Data are presented as the
mean + standard error. All experiments were repeated at least
three times. Statistical differences between two groups were
determined using the unpaired Student's t-test or one-way
analysis of variance followed by post hoc Tukey's test for
multiple comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

SNDI regulates the sensitivity of BC cells to cisplatin. First,
the IC,, values of the response of different BC cells to cisplatin
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Figure 1. Silencing of SNDI increases the sensitivity of BC cells to cisplatin. (A) The ICs, values of the response of BC cells to cisplatin. (B) Treatment of
T24/R, T24,5637/R and 5637 cells with various concentrations of cisplatin for 24 h, and assessment of their cellular viabilities. (C) RNA sequencing analysis
of gene expression in T24/R and T24 cells. (D) mRNA levels of SND1 were assessed by reverse transcription-quantitative polymerase chain reaction in T24,
T24/R, 5637 and 5637/R cells. (E) Western blotting was used to assess the protein levels of SNDI. (F) mRNA levels of SNDI1 in various BC cells. (G) Protein
levels of SNDI in various BC cells. (H) T24/R and 5637/R cells were transfected as indicated, and the mRNA levels of SNDI were assessed. (I) T24/R and
5637/R cells were transfected as indicated, and protein levels of SNDI1 were determined. (J) T24/R and 5637/R cells were transfected as indicated, and treated
with various concentrations of cisplatin for 24 h, and their cellular viabilities were assessed. Data are presented as the mean + standard deviation. “P<0.01.
SNDI, staphylococcal nuclease and tudor domain containing 1; BC, bladder cancer; sh, short hairpin RNA; NC, negative control.

were determined (Fig. 1A). Because T24 and 5637 cells were
more sensitive than other BC cells, they were selected to create
cisplatin-insensitive BC cells. Cell viability assays revealed
that T24/R and 5637/R cells were markedly less sensitive to
cisplatin than the parental T24 and 5637 cells (Fig. 1B). To
reveal the potential mechanisms underlying the resistance

to cisplatin in BC cells, RNA seq was conducted in T24 and
T24/R cells. It was determined that SND1 was significantly
upregulated in T24/R cells compared with T24 cells (Fig. 1C).
RT-qPCR confirmed that SNDI mRNA was significantly
increased in T24/R and 5637/R cells compared with T24 and
5637 cells (Fig. 1D). Western blotting also revealed that the
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protein levels of SNDI1 were upregulated in cisplatin-insensi-
tive T24/R and 5637/R cells compared with cisplatin-normal
T24 and 5637 cells (Fig. 1E). Furthermore, the expression of
SNDI1 was assessed in various cancer cells. It was found that
the mRNA and protein levels of SNDI1 were negatively associ-
ated with the sensitivity to cisplatin in BC cells (Fig. 1F and G).
To evaluate whether SNDI could affect the sensitivity of BC
cells to cisplatin, two shRNAs were introduced into T24/R
and 5637/R cells to knockdown SNDI1 (Fig. 1H and I). Cell
viability assays demonstrated that silencing of SNDI signifi-
cantly inhibited the cell viability of T24/R and 5637/R cells
when treated with cisplatin (Fig. 1J). Collectively, these data
indicated that silencing of SNDI1 overcame resistance to
cisplatin in BC cells.

Silencing of SNDI promotes ferroptosis induced by cisplatin
in BC cells. Next, it was verified whether silencing of SNDI1
could affect cell death induced by cisplatin in BC cells. Flow
cytometry revealed that knockdown of SNDI significantly
promoted cell death caused by cisplatin in T24/R and 5637/R
cells (Fig. 2A). To confirm the cell death caused by cisplatin and
inhibition of SNDI, various cell death inhibitors were applied.
Notably, it was found that apoptosis inhibitor (z-VAD) and
necrosis inhibitor (Nec-1) had little effect on cell death caused
by cisplatin in T24/R and 5637/R cells following knockdown
of SNDI (Fig. 2B). In addition, ferroptosis inhibitors Lip-1 and
Fer-1 significantly attenuated cell death induced by cisplatin in
T24/R and 5637/R cells after knockdown of SNDI1 (Fig. 2B).
To further confirm that the form of cell death was ferroptosis
and not any other form, several markers of ferroptosis were
used. It was revealed that cisplatin induced a significant
increase of Fe2" in T24/R and 5637/R cells after knockdown
of SNDI1 (Fig. 2C), and this effect could be reversed by the
iron chelator DFO and glutamine transporter inhibitor GPNA
(Fig. 2C). Additionally, cisplatin treatment combined with the
knockdown of SNDI induced accumulation of ROS which
could be terminated by the ROS scavenger N-acetylcysteine
in T24/R and 5637/R cells (Fig. 2D). Assessment of GSH
indicated that knockdown of SND1 combined with cisplatin
significantly reduced the levels of GSH in T24/R and 5637/R
cells (Fig. 2E). In addition, MDA assays showed that the
knockdown of SNDI combined with cisplatin significantly
promoted the levels of MDA in T24/R and 5637/R cells
(Fig. 2F). These findings indicated that knockdown of SNDI1
overcame the resistance to cisplatin by promoting ferroptosis
in cisplatin-resistant BC cells.

SNDI physically binds the 3'UTR of GPX4 mRNA and
promotes its stability. To better understand the mechanism
of the regulatory effects of SNDI on ferroptosis in BC cells
treated with cisplatin, an attempt was made to identify the
downstream targets of SND1. According to the KEGG database
(http://www.genome.ad jp/kegg/), several ferroptosis-related
genes (SLC7A11, ACSL4, SLC3A1, GSS, GPX4 and GCL)
were selected as candidates (Fig. 3A). The mRNA levels of the
aforementioned candidate genes were assessed after the knock-
down of SNDI. Compared with the control group (shNC), the
relative expression of GPX4 was significantly decreased while
other genes were less affected (Fig. 3A). Western blotting also
revealed that the protein levels of GPX4 in cisplatin-insensitive

cells were increased compared with their parental cells
(Fig. 3B). Knockdown of SND1 also led to the downregulation
of GPX4 in T24/R and 5637/R cells (Fig. 3C). SNDI has been
reported as a transcription factor that was able to bind with
mRNAs (11). It was hypothesized that SNDI may bind with
the mRNA of GPX4 and stabilise it. To verify this, first, an
RNA immunoprecipitation ChIP assay was performed and
high enrichment of GPX4 mRNA in the SNDI-RNA binding
complex, was determined using anti-IgG as a negative control
(Fig.3D). Furthermore, a vector that successfully overexpressed
SNDI1 (SNDI OV) was constructed in BC cells (Fig. 3E). The
sequences of the 5'-UTR, coding sequence (CDS) and 3'-UTR
were cloned into the pGL3 vectors and transfected into the BC
cells along with EV or SNDI OV to perform dual-luciferase
activity assay. It was observed that the overexpression of SND1
markedly increased the relative luciferase activity in BC cells
bearing the 3'-UTR but no other sequences (Fig. 3F). To
further confirm the interaction between SNDI and the 3-UTR
of GPX4 mRNA, vectors expressing the wild-type 3'UTR
(WT) and two truncated mutant forms (Mut 1; Mut 2) were
constructed (Fig. 3G). Notably, it was found that SND1 OV
increased the luciferase activity in BC cells transfected with
the WT and Mut 1 but not the Mut 2 (Fig. 3G). These findings
further demonstrated that SNDI binds to the 3'UTR region of
GPX4 at the position from nucleotide 765 to nucleotide 865.
ActD (2.5 ug/ml) was also used to inhibit the synthesis of
new RNAs in either shNC- or shSNDI-transfected cells and
the mRNA decay at various time-points was assessed. It was
determined that ~10 h after ActD treatment, the abundance of
GPX4 mRNA was markedly decreased in shSNDI-transfected
BC cells compared with shNC-transfected cells (Fig. 3H).
Collectively these findings indicated that SNDI1 positively
regulated the mRNA stability of GPX4.

Knockdown of GPX4 overcomes chemoresistance of BC cells to
cisplatin by promoting ferroptosis. The role of GPX4 in over-
coming chemosensitivity in BC cells was investigated. First, two
shRNAs were used to knockdown both the mRNA and protein
levels of GPX4 in T24/R and 5637/R cells (Fig. 4A and B).
As expected, silencing of GPX4 significantly decreased the
viabilities of both T24/R and 5637/R cells under the treatment
of various concentrations of cisplatin for 24 h (Fig. 4C). Flow
cytometric analysis also demonstrated that silencing of GPX4
significantly increased cell death induced by cisplatin in T24/R
and 5637/R cells (Fig. 4D). Additionally, it was also observed
that silencing of GPX4 led to the significant upregulation of
ROS, Fe2* and MDA and downregulation of GSH compared
with the shNC group in T24/R and 5637/R cells (Fig. 4E-H).
These data indicated that the SND1-GPX4 axis regulated the
sensitivity of BC cells to cisplatin and knockdown of GPX4
overcame resistance to cisplatin in BC cells.

Overexpression of GPX4 attenuates ferroptosis caused by
cisplatin and knockdown of SNDI in BC cells. Furthermore,
the role of the SNDI1-GPX4 axis in regulating the sensitivity
of BC cells to cisplatin was investigated. T24/R and 5637/R
cells were transfected with a vector expressing GPX4 that
successfully overexpressed the mRNA and protein levels of
GPX4 (Fig. 5A and B). Cell viability assays revealed that
overexpression of GPX4 significantly promoted cellular
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Figure 2. Silencing of SND1 overcomes the resistance to cisplatin by promoting ferroptosis. (A) T24/R and 5637/R cells were transfected as indicated, and
treated with or without cisplatin for 24 h, and cellular death was then assessed. (B) T24/R and 5637/R cells were treated as indicated for 24 h, and the cellular
death was assessed. (C) T24/R and 5637/R cells were treated as indicated for 24 h, and the iron levels were determined. (D) T24/R and 5637/R cells were
treated as indicated for 12 h, and the reactive oxygen species levels were assessed. (E) T24/R and 5637/R cells were treated as indicated for 24 h, and the
glutathione levels were determined. (F) T24/R and 5637/R cells were treated as indicated for 24 h, and the MDA levels were assessed. Data are presented as
the mean + standard deviation. "P<0.05 and “P<0.01. SNDI, staphylococcal nuclease and tudor domain containing 1; sh, short hairpin RNA; NC, negative

control; ROS, reactive oxygen species; GSH, glutathione; MDA, malondialdehyde.
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Figure 3. SNDI directly binds to the 3'UTR of GPX4 mRNA and stabilises it. (A) T24/R and 5637/R cells were transfected as indicated, and the mRNA
levels of indicated genes were determined. (B) The protein levels of GPX4 were assessed in T24, T24/R, 5637 and 5637/R cells. (C) T24/R and 5637R cells
were transfected as indicated, and the protein levels of GPX4 were assessed. (D) T24/R and 5637/R cells were subjected to immunoprecipitation with SND1
antibody or control IgG and GAPDH followed by immunoblotting analysis (left). Reverse transcription-quantitative polymerase chain reaction analysis of the
relative enrichment of GPX4 mRNA in SND1-RNA binding complexes, using anti-IgG as a negative control (right). (E) T24 and 5637 cells were transfected as
indicated, and the protein levels of SNDI were measured. (F) 5'UTR, 3'UTR and CDS of GPX4 were cloned into a luciferase reporter vector and co-transfected
with a vector that expressed SNDI in the T24 and 5637 cells, and the relative luciferase activities were measured. (G) Wild-type or truncated 3'UTR sequences
(Mut 1, Mut 2) of GPX4 3'UTR were co-transfected with SND1-expressing vector into T24 and 5637 cells, and the relative luciferase activities were measured.
(H) GPX4 mRNA abundance in shNC or shSND1_1 or shSNDI_2 transfected cells after actinomycin D (2.5 yg/ml) administration at different time-points
(10 and 24 h). Data are presented as the mean + standard deviation. “P<0.01. SNDI1, staphylococcal nuclease and tudor domain containing 1; GPX4, glutathione
peroxidase 4; CDS, coding sequence; sh, short hairpin RNA; NC, negative control; Ctrl, control; EV, empty vector; OV, overexpression.

viabilities under the treatment of cisplatin and knockdown of  levels of ROS, Fe2*, GSH and MDA could also be abrogated
SND1 (Fig. 5C). Flow cytometry also indicated that overex- by forced expression of GPX4 in T24/R and 5637/R cells
pression of GPX4 protected cells from cell death induced by  (Fig. SE-H). These data confirmed that inhibition of SNDI1
cisplatin and knockdown of SNDI (Fig. 5D). Furthermore,the = promoted ferroptosis induced by cisplatin and the knockdown
combined effects of cisplatin and knockdown of SNDI1 on the  of GPX4.
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Figure 4. Knockdown of GPX4 overcomes the resistance to cisplatin in BC cells. (A) T24/R and 5637/R cells were transfected as indicated, and the GPX4
mRNA levels were assessed. (B) T24/R and 5637/R cells were transfected as indicated, and the protein levels of GPX4 were determined. (C) T24/R and 5637/R
cells were transfected as indicated, and the cells were treated with the indicated concentrations of cisplatin for 24 h, and the cellular viabilities were assessed.
(D) T24/R and 5637/R cells were treated as indicated, and cellular death was detected. (E) T24/R and 5637/R cells were treated as indicated, and the reactive
oxygen species levels were assessed. (F) T24/R and 5637/R cells were treated as indicated, and the iron levels were determined. (G) T24/R and 5637/R cells
were treated as indicated, and the glutathione levels were detected. (H) T24/R and 5637/R cells were treated as indicated, and lipid peroxidation levels were
assessed. Data are presented as the mean + standard deviation. "P<0.05 and “P<0.01. GPX4, glutathione peroxidase 4; BC, bladder cancer; sh, short hairpin
RNA; NC, negative control; ROS, reactive oxygen species; GSH, glutathione; MDA, malondialdehyde.

Discussion evidence has revealed that induction of ferroptosis is a

promising strategy to overcome chemoresistance (14). In
Although great progress has been made in the treat- the present study, it was determined that upregulation of
ment of BC, chemoresistance often hinders the clinical =~ SNDI confered resistance to cisplatin, whereas knockdown
outcomes (12). Furthermore, only half the patients with BC  of SNDI overcame resistance to cisplatin by promoting
respond to cisplatin-based chemotherapy (13). Recently, ferroptosis.
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Figure 5. Overexpression of GPX4 reverses the effects of silencing of SNDI on the sensitivity of BC cells to cisplatin. (A) T24/R and 5637/R cells were trans-
fected as indicated for 24 h, and the mRNA levels of GPX4 were determined. (B) The protein levels of GPX4 were assessed. (C) T24/R and 5637/R cells were
treated as indicated, and the cellular viabilities were detected. (D) Cellular death was assessed. (E) The reactive oxygen species levels were determined. (F) Th
iron levels were detected. (G) The glutathione levels were assessed. (H) Malondialdehyde levels were determined. Data are presented as the mean + standard
deviation. "P<0.05 and “'P<0.01. GPX4, glutathione peroxidase 4; SNDI, staphylococcal nuclease and tudor domain containing 1; BC, bladder cancer; sh, short
hairpin RNA; NC, negative control; EV, empty vector; OV, overexpression; ROS, reactive oxygen species; GSH, glutathione; MDA, malondialdehyde.

SNDI gene is located on chromosome 7q31.3 and encodes
an evolutionarily conserved protein with five highly conserved
domains (15). SNDI was initially identified as a transcription
co-factor that interacts with Epstein-Barr nuclear antigen 2 in
lymphocytes (16). SNDI has also been reported to be able to
form a complex with the splicing factor SAM68 and regulate its
splicing activity (11). SNDI has been identified as an oncogene
in various cancers such as liver carcinoma, cervical cancer and
breast cancer (17-19). However, there is still little knowledge
concerning the role of SNDI in BC. A study based on The
Cancer Genome Atlas and Gene Expression Omnibus data
revealed that high expression of SND1 was correlated with poor
prognosis of BC (20). SNDI contributes to the development of
cancer through multiple mechanisms, such as transcriptional
activation of oncogenes, degradation of tumour suppressor
proteins and post-transcriptional inhibition of the mRNA of
tumour suppressors (21). SNDI has also been demonstrated
to be involved in the chemoresistance of various cancers. For

instance, upregulation of SNDI resulted in blocking of apop-
tosis and conferring resistance to cisplatin, oxaliplatin and
5-fluorouracil (5-FU) in NSCLC (8). Downregulation of SND1
enhanced apoptosis induced by 5-FU in hepatocellular carci-
noma cells (22). In line with the previous studies, the present
study also revealed that overexpression of SNDI conferred
resistance to cisplatin and inhibition of SNDI1 overcame
this resistance in BC cells. Notably, it was found that SND1
affected cell death caused by cisplatin mainly by regulating
ferroptosis and not apoptosis.

Ferroptosis is different from other forms of cell death such
as apoptosis, necrosis and autophagy, and has a characteristic
accumulation of ROS caused by iron accumulation and lipid
peroxidation (4). Strategies to trigger ferroptosis have been
demonstrated as a promising anticancer strategy and can
mitigate the chemoresistance of tumour cells that escape
apoptosis (23). Interestingly, cisplatin-resistant tumour cells are
prone to ferroptosis (24). In the present study, it was determined
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that cisplatin combined with the silencing of SND1 induced cell
death mainly by ferroptosis, as evidenced by the upregulation of
ROS, Fe2*, MDA and downregulation of GSH. Mechanistically,
it was demonstrated that SNDI positively regulated the expres-
sion of GPX4 by binding and stabilising its mRNA. GPX4
belongs to the GPX family and was initially identified to protect
liposomes and cellular membranes against iron-catalysed lipid
peroxidation (25). Although the role of GPX4 in tumorigenesis
is still largely elusive, numerous studies have determined that
inhibition of GPX4 can overcome chemoresistance in various
cancer cells. For instance, inhibition of GPX4 promoted sensi-
tivity to gefitinib in breast cancer cells (26). Inhibition of GPX4
was also revealed to overcome resistance to various chemo-
therapeutic agents, such as lapatinib, palbociclib, cisplatin and
topotecan in lung cancer cells (27). Another key finding of the
present study is that GPX4 mRNA stabilised itself by binding
to SNDI. Previous studies have revealed that the translation of
GPX4 mRNA is under the regulation of various RNA binding
proteins, such as guanine-rich sequence-binding factor 1,
deleted in azoospermia-associated protein 1 and SECIS binding
protein 2 (28-30). Moreover, GPX4 mRNA was also revealed
to be directly subjected to the regulation of miRNAs such as
miR-214-3p, miR-1224, miR-324-3p and miR-541-3p (31-34).
These findings revealed the complexity of the post-transcrip-
tional regulation of GPX4.

Nevertheless, there are still some unresolved issues. First,
the upstream events that cause the upregulation of SNDI1 are
still not fully understood. A previous study suggested that
nuclear factor-kB, specific protein 1 and nuclear factor Y can
act as transcriptional regulators of SND1 (35). Notably, activa-
tion of these transcription factors has also been demonstrated
to be correlated with the resistance to cisplatin (36). In a future
study, it would be of value to assess whether these factors also
affect the process of ferroptosis. Second, the findings of the
present study were only confirmed in cell lines. It would be of
interest to confirm the findings in vivo.

In conclusion, the present study indicated that silencing
of SNDI overcame the resistance to cisplatin in BC cells by
promoting ferroptosis. Mechanistically, investigations revealed
that SND1 binds to the 3'UTR of GPX4 and stabilises it.
Therefore, targeting the SND1-GPX4 axis may be a potential
strategy to overcome chemoresistance in BC cells.
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