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Abstract 

Background  Alternative splicing (AS) is consistently linked to tumor progression. SRSF1, the first identified proto-
oncogene in the serine/arginine-rich splicing factor (SRSF) protein family, plays a crucial role. However, the specific 
functions and potential mechanisms of SRSF1 in advancing bladder cancer (BCa) progression and influencing chemo-
sensitivity remain largely unexplored.

Methods  The expression of SRSF1 in BCa tissues and cell lines was investigated using quantitative real-time PCR 
(RT-qPCR) and western blotting. Survival analysis was employed to examine the association between SRSF1 expres-
sion and prognosis of BCa. The functions of SRSF1 were evaluated through proliferation assays, migration assays, IC50 
determination assays, and tumorigenesis assays in nude mice. Subsequent RNA sequencing validated the relation-
ship between SRSF1 alternative splicing and the mitophagy pathway. Mitochondrial membrane potential (MMP) 
was assessed using JC-1 staining. Mitophagy and autophagic flux were quantified using transmission electron micros-
copy and fluorescence imaging. RNA immunoprecipitation, CUT & RUN assays, and luciferase reporter assays were 
performed to validate the SRSF1/HIF1A/BNIP3 axis.

Results  High expression of SRSF1 in BCa was significantly associated with poor prognosis. SRSF1 promoted the pro-
gression of BCa cells and conferred resistance to cisplatin both in vitro and in vivo. Mechanistically, SRSF1 interacted 
with pre-HIF1A via the RRM1/RRM2 domain, thereby enhancing the production of the transcription factor HIF1A 
through the alternative splicing pathway. This interaction subsequently activated the HIF1A/BNIP3 axis, which 
promoted mitophagy in BCa. Ultimately, this led to further progression of bladder cancer and a decrease in cisplatin 
sensitivity.
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Conclusions  SRSF1 indicated poor prognosis and promoted the progression and cisplatin resistance of BCa cells 
through the HIF1A/BNIP3/mitophagy axis. It holds significant potential as a novel biomarker for the diagnosis 
and treatment of BCa, particularly in chemotherapy.
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Introduction
Bladder cancer (BCa) is a commonly occurring malignant 
tumor of the urinary system, ranking ninth among all 
malignant tumors worldwide, posing a significant chal-
lenge due to its poor prognosis [1]. Systemic chemother-
apy represents a crucial treatment modality for advanced 
or metastatic urothelial carcinoma [2]. Cisplatin-based 
neoadjuvant or adjuvant chemotherapy could improve 
the 5-year bladder cancer-specific survival [3]. Neverthe-
less, the overall response rate to chemotherapy remains 
low, at approximately 30–40% [4]. Consequently, this 
underscores the urgent need to explore new strategies to 
boost chemotherapy sensitivity in BCa.

Alternative splicing (AS) of pre-mRNA, influenced by 
splicing factors, affects over 95% of human genes, pro-
ducing diverse proteins [5]. Among the five patterns 
mediated by these factors, skipped exon (SE), alterna-
tive 5′ or 3′ splice site selection (A5SS/A3SS), mutually 
exclusive exon (MXE), and intron retention (IR)-SE is the 
predominant form [6]. SE involves the splicing of exons 
along with flanking introns, leading to shorter protein 
isoforms. Recently, an increasing number of studies have 
demonstrated that SE is strongly linked to tumorigenesis 
and drug resistance [7].

SRSF1 (serine/arginine-rich splicing factor 1), char-
acterized by two RNA recognition motifs (RRMs) and 
an RS domain, plays a role in RNA binding and protein 
interactions, respectively [8, 9]. Research has shown that 
SRSF1 can act as a pro-oncogene, involved in tumorigen-
esis and metastasis in lung cancer [10], liver cancer [11], 
and glioma [12]. For example, SRSF1 upregulation has 
been linked to breast cancer progression via the alter-
native splicing of PTPMT1 [13] and to gliomagenesis by 
affecting MYO1B pre-mRNA splicing [14]. Additionally, 
inhibiting SRSF1 has been shown to enhance gemcit-
abine-induced apoptosis in pancreatic ductal adenocarci-
nomas [15]. The potential involvement of SRSF1 in BCa 
splicing and its correlation with cisplatin resistance, how-
ever, remains to be elucidated.

Recent studies have revealed that mitophagy contrib-
utes to tumor progression. Mitophagy, a selective form of 
autophagy, is crucial for eliminating damaged or outdated 
mitochondria, thus preserving mitochondrial integrity 
and physiological functions [16]. This process is primar-
ily orchestrated through two pathways: the ubiquitin-
dependent and the ubiquitin-independent pathways [17]. 

The latter has been increasingly studied and involves 
key receptors such as NIX, BNIP3, and FUNDC1 that 
facilitate the direct encapsulation of mitochondria into 
autophagosomes by binding to LC3-II [18]. Notably, 
mitophagy has been identified as a survival mechanism in 
cancer cells. Studies indicate that suppressing mitophagy 
can enhance the efficacy of cancer treatments [19]. For 
example, cisplatin-induced mitophagy, which can be 
augmented by autophagy activators, has been observed 
in various studies including those by Zhao et  al. [20]. 
Furthermore, Chen et al. [21] found that overexpressing 
galectin-1, thus promoting mitophagy, could increase cis-
platin resistance in epithelial ovarian cancer cells. Con-
versely, genetic inhibition of key mitophagy mediators 
like BNIP3 [22], NIX [23], and FUNDC1 [24] has been 
shown to make cancer cells more vulnerable to chemo-
therapy. For instance, research has shown that while acti-
vating mitophagy can help shield neuroblastoma cells 
from cisplatin-induced apoptosis, inhibiting mitophagy 
leads to increased apoptosis [25]. These findings suggest 
that targeting mitophagy could be a promising strategy to 
enhance the sensitivity of BCa cells to cisplatin chemo-
therapy, potentially improving therapeutic outcomes.

In this study, we demonstrated that SRSF1 promoted 
the proliferation, migration, and cisplatin resistance of 
BCa cells both in  vitro and in  vivo assays. Additionally, 
SRSF1 enhanced BNIP3 production by promoting the 
alternative splicing of HIF1A, ultimately activating the 
mitophagy pathway. As a result, SRSF1 may serve as a 
viable biomarker and therapeutic target for the treatment 
of in BCa.

Methods
Human tissue specimens and cell lines
All 36 pairs of BCa tissues and adjacent normal tissues 
were acquired from BCa patients who underwent opera-
tion at the First Affiliated Hospital of Nanjing Medi-
cal University from 2017 to 2021. The tissues from BCa 
patients that were used in this study were approved by the 
Ethics Committee of The First Affiliated Hospital of Nan-
jing Medical University. All patients signed the informed 
consent and the study methodologies conformed to the 
standards set by the Declaration of Helsinki. The BCa 
cell lines (T24, RT4, 5637, BIU87, UMUC3, 253J, and 
J82) and urothelial cell line (SV-HUC-1) were acquired 



Page 3 of 19Wu et al. Journal of Translational Medicine          (2025) 23:571 	

through the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China).

Cell culture and transfection
T24, UMUC3, and HEK 293T cells were cultured with 
Dulbecco’s modified eagle’s medium (DMEM) (Gibco, 
USA) containing 10% fetal bovine serum (FBS) (BI, Israel) 
in a 37 °C incubator with 5% CO2.

SRSF1 knockdown and overexpression lentivirus vec-
tors were obtained from HANBIO (HANBIO, China). At 
50 or 60% confluence in six-well plates, T24 or UMUC3 
cells were transfected with SRSF1 overexpression lentivi-
rus (SRSF1), negative control (vector), SRSF1 knockdown 
lentivirus (sh-SRSF1-1 and sh-SRSF1-2), and negative 
control (sh-NC). The transfected cells were selected using 
puromycin (4 and 8  μg/mL) on two occasions. Small 
interfering RNAs (siRNAs) targeting HIF1A and BNIP3 
were obtained from GenePharma (Shanghai, China). 
Wild-type and mutant-type dual-luciferase reporter plas-
mids of BNIP3 were synthesized by TsingKe (Nanjing, 
China). Plasmids expressing FLAG-tagged wild-type 
SRSF1 (SRSF1-wt) and SRSF1 domain deletion mutants 
(SRSF1-ΔRRM1, -ΔRRM2, -ΔRS) were constructed using 
the pCDNA3.0-HA vector (HANBIO, China). The mito-
Keima plasmid was synthesized by Genechem (Shanghai, 
China). T24 and UMUC3 cells were transfected with the 
mentioned plasmids and siRNAs using the Lipofectamine 
3000 kit (Invitrogen, USA), following the provided guide-
lines. The siRNAs/shRNAs used in this research were 
listed in Supplementary Table S1.

RNA isolation and quantitative real‑time PCR (RT‑qPCR)
Total RNA was extracted from cultured BCa cells and 
human tissues using Trizol Reagent (Invitrogen, USA). 
RNA was reverse transcribed into cDNA using HiScript 
II (Vazyme, China). RT-qPCR assays were conducted 
using the StepOne Plus Real-Time PCR System (Applied 
Biosystems, USA). β-actin served as the internal control. 
Primers were obtained from TsingKe (Nanjing, China) 
and are listed in Supplementary Table S2.

Protein extraction and western blotting
Protein was extracted from cultured BCa cells and 
human tissues using RIPA lysis buffer containing pro-
tease inhibitors (Sigma, USA) and quantified using a 
bicinchoninic acid (BCA) assay kit (Beyotime, China). 
Proteins were separated using 10% SDS-PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes 
(Millipore, USA). PVDF membranes were blocked with 
5% skim milk and incubated overnight at 4  °C with pri-
mary antibodies against SRSF1 (1:1000, Invitrogen, USA), 
HIF1A (1:1000, Proteintech, China), BNIP3 (1:5000, Pro-
teintech, China), Beclin-1(1:2000, Proteintech, China), 

P62 (1:1000, Proteintech, China), LC3A/B (1:1000, CST, 
USA), NIX (1:1000, Proteintech, China), FUNDC1 
(1:5000, Proteintech, China), PINK1 (1:1000, Proteintech, 
China), PARKIN (1:2000, Proteintech, China), FLAG 
(1:1000, CST, USA), or anti-β-tubulin (1:1000, Origene, 
USA). Membranes were then washed and incubated with 
secondary antibody (1:5000, FDbio, China). Protein levels 
were detected using chemiluminescence (Bio-Rad, USA) 
and analyzed with Image Lab Software.

Cell proliferation assay, cloning formation assay and EdU 
assay
For the cell proliferation assay, transfected cells were 
seeded into 96-well plates at densities of 1,000 T24 
cells and 1,500 UMUC3 cells per well. Cell viability was 
assessed every 24 h (24, 48, 72, and 96 h) using the Cell 
Counting Kit-8 (CCK-8, Dojindo, Japan). Absorbance at 
450 nm was measured using a microplate reader (Tecan, 
Switzerland).

For the colony formation assay, 800 T24 cells or 1,000 
UMUC3 cells were seeded in six-well plates. After two 
weeks, cell colonies were fixed and consecutively stained 
with 4% paraformaldehyde and 0.1% crystal violet. Cell 
colonies were quantified using ImageJ software.

For the EdU assay, approximately 2 × 104 T24 or 
UMUC3 cells were seeded in 12-well plates. After 24 h, 
the EdU assay (Beyotime, China) was performed accord-
ing to the manufacturer’s instructions.

Scratch wound healing and transwell assay
In the scratch wound healing assay, when T24 or UMUC3 
cells reached 90–100% confluence in six-well plates, 
monolayer cells were scraped using a 200  μl pipette tip 
and subsequently cultured in serum-free medium. After 
24 h, images of BCa cells were captured using an Olym-
pus microscope (Japan).

In the transwell migration assay, 2 × 104 T24 cells or 
3 × 104 UMUC3 cells were seeded in the upper chamber 
containing serum-free medium, and a medium with 20% 
FBS was added to the lower chamber (Corning, USA). 
BCa cells in the upper chambers were fixed and sequen-
tially stained with 4% paraformaldehyde and 0.5% crystal 
violet. Observations were made and documented using 
an Olympus microscope.

IC50 determination
Transfected T24 and UMUC3 BCa cells were collected 
and seeded in a 96-well plate at densities of 5,000 and 
4,000 cells per well, respectively. After overnight incu-
bation, various concentrations of cisplatin (128, 64, 32, 
16, 8, 4, and 2  µmol/L; TCI, Japan) were administered 
to the cells for a duration of 36 h. Cell viability was then 
assessed using the Cell Counting Kit-8 (CCK-8, Vazyme, 



Page 4 of 19Wu et al. Journal of Translational Medicine          (2025) 23:571 

China) following standard protocols. IC50 values were 
calculated using SPSS software. The suppression rate of 
cisplatin was calculated as 1- (OD value of x µM/ OD 
value of 0 µM) *100%.

Detection of mitochondrial membrane potential(MMP)
Mitochondrial membrane potential was assessed using 
JC-1 staining (Beyotime, China), with observations made 
using confocal microscopy (Leica, Germany).

Immunofluorescence
T24 and UMUC3 cells were transfected with mRFP-
GFP-LC3 adenovirus (KEYGEN BIOTECH CORP, LTD, 
China) as per the manufacturer’s instructions. At 24  h 
post-transfection, cells were treated with either CCCP 
(10  µmol/L, Beyotime, China) or cisplatin (4  µmol/L) 
for an additional 24  h. Cells were then stained with 
MitoTracker Red (Beyotime, China) for the MitoTracker 
Red assay. Subsequently, cells were imaged using a confo-
cal microscope (Leica, Germany). Mitophagosomes were 
identified by the merging of yellow spots from RFP and 
GFP puncta. For BNIP3 colocalization studies, treated 
cells were fixed with 4% paraformaldehyde for 30  min, 
washed with PBS, permeabilized with Triton X-100 (Bey-
otime, China), and blocked with QuickBlock (Beyotime, 
China) each for 30 min. Cells were incubated overnight 
at 4 °C with primary antibodies (BNIP3 1:5000, Protein-
tech, China) followed by a 1-h incubation with second-
ary antibodies (CoraLite 647-conjugated AffiniPure goat 
anti-mouse IgG (H + L), 37 °C). Further imaging was con-
ducted using confocal microscopy (Leica, Germany) to 
collect visual data.

Transmission Electron Microscopy (TEM)
T24 and UMUC3 cells were fixed with ice-cold glutar-
aldehyde (Servicebio, China), followed by processing in 
the Core Facility (Servicebio, China). Specimens were 
examined using a JEOL JEM-2100 transmission electron 
microscope.

RNA immunoprecipitation assay (RIP)
Cells were lysed using RIPA buffer, and RNA immu-
noprecipitation was performed using the Magna RIP 
Kit (Millipore, USA) according to the manufacturer’s 
instructions. RNA precipitation utilized antibodies spe-
cific to SRSF1 (Invitrogen, USA), FLAG (CST, USA), and 
control immunoglobulin G (IgG) (Millipore, USA). Input 
and coimmunoprecipitated RNAs were extracted using 
TRIzol reagent (Invitrogen, USA) for RT-qPCR analysis.

Dual‑luciferase reporter assay
293  T cells were transfected with plasmids containing 
either wild-type or mutant BNIP3 promoter fragments, 

and siRNA of HIF1A using Lipofectamine 3000 (Invitro-
gen, USA). After 24 h, luciferase activity was determined 
using the Dual Luciferase Assay Kit (GeneCopoeia, 
China).

CUT & RUN for qPCR
We performed the CUT & RUN assay using the Hyper-
active CUT & RUN Assay Kit (Vazyme, China), adher-
ing to the manufacturer’s guidelines. Briefly, BCa cells 
underwent 24-h hypoxia exposure prior to analysis. Cells 
were collected and incubated with activated ConA Beads 
Pro at room temperature for 10  min, and subsequently 
incubated overnight with antibodies against either HIF-
1A (Proteintech, USA) or IgG (Millipore, USA). After 
washing, cells were co-incubated with pA/G-Tnp Pro for 
60 min, followed by DNA Extract Beads Pro for 20 min 
to release DNA fragments. Primers used for qPCR in 
the CUT & RUN assay are detailed in Supplementary 
Table S2.

Xenograft experiments in nude mice
A total of 5 × 106 T24 cells transfected with sh-SRSF1 
or corresponding negative control were subcutaneously 
injected into the axilla of BALB/C nude mice (4  weeks 
old, female). Mice in the experimental group received a 
2.5 mg/kg dose of cisplatin intraperitoneally every three 
days for one week post-inoculation, while those in the 
control group were administered normal saline. Tumor 
volume (V) was calculated weekly using the formula 
V = (W2 × L)/2, where W is width and L is length, meas-
ured using calipers. After four weeks, all nude mice were 
euthanized, and tumor samples were excised for further 
analysis. Ethical approval for the animal experiments was 
obtained from the Animal Ethics Committee at Nanjing 
Medical University.

Immunohistochemistry
Paraffin-embedded tumors derived from female nude 
mice were sectioned into 4-μm slices and mounted onto 
slides. The sections were rehydrated through a series of 
ethanol solutions of varying concentrations. Antigen 
retrieval was conducted via microwave heating. The 
slides were then incubated in 3% hydrogen peroxide for 
10  min to quench endogenous peroxidase activity. Sub-
sequently, the sections were incubated with primary 
antibodies targeting SRSF1 (1:500, Abcam, USA) and 
BNIP3 (1:500, Protech, China) at 4  °C overnight. The 
following day, the slides were incubated with an HRP-
conjugated secondary antibody (1:5000, Abcam, USA) at 
room temperature for 30 min. Microscopic examination 
was employed to capture and document the resultant 
staining.
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Statistical analysis
Data were analyzed utilizing GraphPad Prism version 8.0 
(GraphPad Software, Inc., La Jolla, CA) and SPSS version 
22.0 (IBM Corp., Armonk, NY, USA). The results were 
presented as mean ± standard deviation (SD). Differences 
between groups were assessed using Student’s t-test and 
one-way ANOVA. Overall survival (OS) rates were calcu-
lated using the Kaplan–Meier method. Statistical signifi-
cance was established at P values less than 0.05.

Results
SRSF1 was upregulated in BCa tissues, cell lines and associ‑
ated with poor prognosis
Pan-cancer analysis demonstrated that SRSF1 was highly 
expressed in 15 tumor types, including bladder cancer 
(BLCA), when compared to normal tissues (Fig.  1A). 
Utilizing the BEST database (https://​rooki​eutop​ia.​hip-
lot.​com.​cn/), we explored the expression and prognostic 
implications of SRSF1 in bladder cancer. GSE154261 data 
revealed that elevated SRSF1 expression was strongly cor-
related with poor prognosis (Fig. 1B). Analysis of TCGA-
BLCA data showed that SRSF1 levels were significantly 
higher in BCa tissues than in normal tissues and posi-
tively associated with advanced pathological grades in 
BCa patients (Fig. 1C–D). Data from GSE37815 indicated 
that high SRSF1 expression correlated with an increased 
recurrence rate (Fig. 1E). Moreover, high SRSF1 expres-
sion was linked to reduced sensitivity to cisplatin in BCa 
patients, as per IMvigor 210 data (Fig. 1F). We analyzed 
36 pairs of BCa and adjacent normal tissues, confirming 
higher SRSF1 expression at both RNA (Fig. 1G) and pro-
tein levels (Fig.  1H) in BCa tissues. Additionally, SRSF1 
expression was significantly elevated in seven BCa cell 
lines compared to SV-HUC-1 cells (Fig. 1I–J). There was 
a positive correlation between SRSF1 expression and 
both the stage and grade of the tumor in BCa patients 
(Table 1). Kaplan–Meier analysis indicated that patients 
with higher SRSF1 expression had poorer overall survival 
(Fig. 1K). Therefore, we speculated that SRSF1 may act as 
stimulator in BCa.

SRSF1 promoted the progression and cisplatin‑resistance 
of BCa cells in vitro and in vivo
To elucidate the role of SRSF1 in BCa, we employed 
SRSF1 overexpression and knockdown lentiviruses in 
T24 and UMUC3 cells, with the transfection efficiency 
confirmed by RT-qPCR and western blotting (Fig.  2A–
B). SRSF1 knockdown in T24 cells was found to inhibit 
proliferation as evidenced by the CCK8 assay (Fig.  2C), 
colony formation assay (Fig. 2D), and EdU assay (Fig. 2E). 
Conversely, overexpression of SRSF1 in UMUC3 cells 
demonstrated the opposite effect. In scratch wound heal-
ing and transwell migration assays, SRSF1 promoted the 
migratory capabilities of T24 and UMUC3 cells (Fig. S1). 
To evaluate the impact of SRSF1 on cisplatin sensitiv-
ity, CCK-8 assays revealed decreased cell viability with 
increasing cisplatin concentrations. Interestingly, SRSF1 
knockdown enhanced the inhibitory effect of cisplatin, 
evidenced by a significant drop in IC50 values, indicat-
ing increased drug sensitivity (Fig.  2F). Conversely, 
SRSF1 overexpression reduced cisplatin sensitivity 
(Fig.  2G). In  vivo experiments involving subcutaneous 
injection of SRSF1 knockdown T24 cells into nude mice 
demonstrated reduced tumor growth when compared 
to controls (Fig.  2H). Additionally, treatment with cis-
platin resulted in significantly smaller tumor volumes 
and weights, especially in the SRSF1 knockdown group 
treated with cisplatin (Fig.  2I–J). Thus, the in  vivo data 
confirmed that SRSF1 knockdown not only impeded 
tumor proliferation but also enhanced the therapeutic 
efficacy of cisplatin in treating BCa.

SRSF1 may promote BCa cells progression and cispl‑
atin‑resistance through mitophagy pathway
RNA sequencing analysis was conducted on three 
pairs of SRSF1 knockdown and corresponding control 
T24 cells. This was followed by the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analyses to eluci-
date the pathways and genes influenced by the altered 
expression of SRSF1. The results revealed significant 
enrichment of the mitophagy pathway upon knock-
down of SRSF1 (Fig.  3A). Analysis of the volcano plot 

Fig. 1  SRSF1 was upregulated in BCa tissues, cell lines and associated with poor prognosis. A The expression of SRSF1 in TCGA pan-cancers 
and relative normal tissues (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). B The high expression of SRSF1 was highly associated with worse 
prognosis in GSE154261 data. C–D TCGA-BLCA data indicated that SRSF1 was highly expressed in bladder cancer compared with normal 
tissues and positively correlated with higher pathological grades in BCa patients. E–F GSE37815 data indicated that high expression of SRSF1 
was associated with a higher recurrence rate, and patients with high SRSF1 expression exhibited reduced sensitivity to cisplatin in the IMvigor 
210 data. G The expression of SRSF1 in 36 pairs of BCa tissues was validated by RT-qPCR (***P < 0.001, Student’s t-test). H The expression of SRSF1 
in 8 pairs of BCa tissues was validated by western blotting. I–J The expression of SRSF1 in seven BCa cell lines and SV-HUC cell line was confirmed 
by RT-qPCR and western blotting (***P < 0.001, Student’s t-test). K The correlation between SRSF1 and overall survival in BCa patients was confirmed 
through Kaplan–Meier analysis (The average RNA expression value of SRSF1 in 36 patient tissues using RT-qPCR was calculated, with samples 
above the average classified as “high SRSF1 expression” and those below the average classified as “low SRSF1 expression.”)

(See figure on next page.)

https://rookieutopia.hiplot.com.cn/
https://rookieutopia.hiplot.com.cn/
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Fig. 1  (See legend on previous page.)
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and heatmap indicated a substantial downregulation 
of genes associated with the mitophagy pathway in 
the SRSF1 knockdown group (Fig.  3B–C), suggesting 
that the change of SRSF1 in BCa cells may affect the 
mitophagy pathway. In SRSF1 knockdown BCa cells, 
a decrease was observed in Beclin-1 and the LC3B 
II/LC3B I ratio, while an increase in p62 was noted, 
underscoring the positive regulatory role of SRSF1 in 
the autophagy pathway. In contrast, in SRSF1 overex-
pression cells, the expression levels of these markers 
demonstrated the opposite trend (Fig.  3D). The green 
fluorescence of shRNA compromises subsequent exper-
imental observations; consequently, small interfering 
RNA of SRSF1 was selected for partial experimental. 

RNA interference efficacy was confirmed through 
RT-qPCR and western blotting analysis of SRSF1 
knockdown (si-SRSF1) (Fig. S2A–B), with si-SRSF1-2 
identified as the most effective siRNA for further stud-
ies. Mitochondrial membrane potential (MMP) was 
assessed using JC-1 dye uptake, revealing an increase in 
MMP in the SRSF1 knockdown cells compared to the 
control (si-NC) group (Fig.  3E–F). We employed the 
commonly used mitophagy agonist, CCCP, to facilitate 
clearer observations. Results indicated a decrease in 
MMP, promoting mitophagy in BCa cells. Furthermore, 
after co-culturing with cisplatin, we observed that cis-
platin could also reduce the MMP in BCa cells, thereby 
enhancing mitophagy (Fig. 3E–F). Further transfection 
with the mito-Keima plasmid in SRSF1 knockdown 
cell lines confirmed a reduction in mitophagy follow-
ing SRSF1 knockdown (Fig. S2C–D). Moreover, the 
colocalization of mitochondria with autophagosomes, 
evidenced through merged fluorescence imaging of 
MitoTracker and GFP-LC3 markers, was significantly 
decreased in SRSF1 knockdown cells, but enhanced 
upon treatment with CCCP and cisplatin in T24 and 
UMUC3 cells, respectively (Fig. 3G–H). These findings 
preliminarily suggested that SRSF1-dependent regula-
tion of the mitophagy pathway may play an active role 
in modulating the progression and cisplatin resistance 
in BCa.

SRSF1 affected BNIP3 mediated mitophagy in BCa cells
To investigate the role of SRSF1 in mitophagy in BCa 
cells, transmission electron microscopy (TEM) was used 
to observe mitochondrial structures. After knocking 
down SRSF1, there was a notable decrease in the num-
ber of mitophagosomes (Figs.  4A, S3A–B). Conversely, 
treatment with CCCP or cisplatin for 36  h may lead to 
a significant production in mitophagosomes in T24 and 
UMUC3 cells (Figs.  4A, S3A–B). We further examined 
the expression of key mitophagy-related proteins in 
BCa cells with either overexpressed or knocked down 
SRSF1. The findings demonstrated that BNIP3 expres-
sion decreased significantly following the knockdown of 
SRSF1, whereas the levels of PINK1, Parkin, NIX, and 

Table 1  Associations between the expression level of SRSF1 and 
clinicopathological features in BCa patients

Bold values often represent data points that meet predefined thresholds for 
statistical significance (e.g., P < 0.05)

Characteristics Case SRSF1 P value

Low High

All cases 36 12 24

Age (years) 0.473

  <65 15 4 11

  ≥65 21 8 13

Gender 0.777

  Female 8 3 5

  Male 28 9 19

TNM stage 0.007
  pTa-pT1 13 8 5

  pT2-pT4 23 4 19

Histological grade 0.013
  Low 14 9 5

  High 22 5 17

Tumor Size (cm) 0.236

  <3 16 7 9

  ≥3 20 5 15

Lymph metastasis 0.102

  No 9 5 4

  Yes 27 7 20

(See figure on next page.)
Fig. 2  SRSF1 promoted the progression and cisplatin-resistance of BCa cells in vitro and in vivo. A–B SRSF1 knockdown and overexpression 
efficiency in T24 and UMUC3 cells was confirmed by RT-qPCR and western blotting. (***P < 0.001, Student’s t-test). C–E SRSF1 knockdown 
could inhibit the proliferation while SRSF1 overexpression could promote the proliferation of T24 and UMUC3 cells through CCK8 assay, colony 
formation assay, and EdU assay (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). F–G Knockdown of SRSF1 expression increased the suppression 
rate of cisplatin and decreased IC50 to cisplatin in T24 cells by CCK8 assays. SRSF1 overexpression decreased the suppression rate of cisplatin 
and increased IC50 to cisplatin in UMUC3 cells by CCK8 assays (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). H Picture of the nude mice 
xenograft tumor model with SRSF1 knockdown or negative control T24 cells, which injected with cisplatin or normal saline. I Nude mice tumor 
volumes were measured weekly in four groups (**P < 0.01, ***P < 0.001, Student’s t-test). J Tumor weights of the four groups were measured 
after tumors were dissected (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test)
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Fig. 2  (See legend on previous page.)
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Fig. 3  SRSF1 may promote BCa cells progression and cisplatin-resistance through mitophagy pathway. A KEGG analysis of RNA sequencing. B 
Volcano plot of RNA sequencing that indicated the differentially expressed genes in mitophagy pathway, including HIF1A and BNIP3. C Heat 
map of RNA sequencing in three pairs of SRSF1 knockdown and relative control T24 cells. D Western blotting analysis of autophagy-related 
proteins in T24 and UMUC3 cells with SRSF1 knockdown or overexpression. E–F After treatment with cisplatin or CCCP, mitochondrial damage 
levels in SRSF1 knockdown or relative control BCa cells were assessed using the mitochondrial membrane potential detection kit (JC-1). When 
the mitochondrial membrane potential (MMP) is low, JC-1 exists in monomer form and cannot aggregate in the mitochondria in the matrix, which 
produces green fluorescence. When the MMP is high, JC-1 aggregates in the mitochondrial matrix to form polymers and produces red fluorescence. 
G–H The colocalization of mitochondria and autophagosomes was determined by staining with MitoTracker Red. In brief, after transfection 
with mRFP-GFP-LC3 adenovirus for 24 h, SRSF1 was transfected with small interference for 24 h and then stained with MitoTracker Red for 30 min 
before observation
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FUNDC1 remained relatively unchanged. Conversely, 
with SRSF1 overexpression, there was a marked increase 
in BNIP3 expression (Fig.  4B). Subsequent analysis tar-
geted the top ten genes implicated in the mitophagy 
pathway (NRAS, BECN1, JUN, CSNK2A1, FUNDC1, 
TBC1D15, FIS1, HIF1A, HRAS, BNIP3), revealing that 
BNIP3 exhibited considerable expression changes follow-
ing SRSF1 modulation (Fig. S2E–F). RT-qPCR analysis 
confirmed that the downregulation of SRSF1 resulted in 
decreased BNIP3 expression, whereas its upregulation 
led to increased BNIP3 expression (Fig.  4C). TCGA-
BLCA data analysis confirmed a positive correlation 
between SRSF1 and BNIP3 expression levels (Fig.  4D). 
BNIP3 was found to be highly expressed in BCa tis-
sues compared to adjacent normal tissues (Fig. 4E), and 
Pearson’s correlation analysis further supported a posi-
tive relationship between BNIP3 and SRSF1 expression 
(Fig.  4F). Immunohistochemistry experiments further 
demonstrated that BNIP3 levels positively correlated 
with SRSF1 levels (Fig. 4G). Additionally, BNIP3 expres-
sion was significantly elevated in BCa tissues compared 
to normal tissues through western blotting experiments 
(Fig. S3C).

BNIP3 promoted the proliferation, migration, and cispl‑
atin‑resistance of BCa cells in vitro
To elucidate the functional impact of BNIP3, small inter-
ference RNA targeting BNIP3 (si-BNIP3) or control 
siRNA (si-NC) were transfected into T24 and UMUC3 
BCa cells. The efficiency of transfection was confirmed 
by RT-qPCR and western blotting (Fig. S4A–B). BNIP3 
was observed to promote the proliferation of T24 and 
UMUC3 cells, as evidenced by CCK-8 assays (Fig. S4C) 
and colony formation assays (Fig. S4D). Additionally, 
EdU assays indicated enhanced cellular proliferation 
mediated by BNIP3 (Fig. S4E–F). In scratch wound heal-
ing assays and transwell assays, a decrease in migratory 
rate was apparent in cells with knocking down BNIP3 
(Fig. S4G–J). Crucially, BNIP3 knockdown led to a signif-
icant increase in the inhibitory effect of cisplatin as well 

as a decrease in IC50 values, indicating heightened sensi-
tivity to cisplatin (Fig. 4H–I).

SRSF1 regulated the splicing of HIF1A in BCa cells
RNA sequencing disclosed significant impacts on AS 
in BCa cells following alterations in SRSF1 expression. 
Despite SRSF1 being a classical splicing factor, its spe-
cific roles and the implicated splicing pathways in BCa 
cells remained unclear. To investigate, we analyzed dif-
ferential AS events from the RNA sequencing data, 
which revealed that SE was the predominant AS event, 
accounting for 64.19% following SRSF1 knockdown 
(Fig.  5A). Initial studies focused on the potential regu-
lation of BNIP3 splicing by SRSF1. However, no signifi-
cant changes were observed. RIP assays demonstrated 
that the anti-SRSF1 antibody did not enrich BNIP3 pre-
mRNA compared to the anti-IgG antibody in BCa cells 
(Fig. 5B). Reverse transcriptase PCR (RT-PCR) supported 
these findings, showing no contribution of SRSF1 to 
BNIP3 isoform production (Fig.  5C). Subsequently, our 
attention shifted to HIF1A within the mitophagy path-
way, situated directly upstream of BNIP3 (Fig. S5A). 
We hypothesized that SRSF1 may indirectly influence 
BNIP3 production by modulating HIF1A splicing. RIP 
assays validated this hypothesis, confirming the bind-
ing of SRSF1 to HIF1A pre-mRNA (Fig.  5D). Analysis 
of TCGA-BLCA data portrayed a positive correlation 
between SRSF1 and HIF1A expression levels (Fig.  5E). 
HIF1A expression was significantly upregulated in BCa 
tissues compared to adjacent normal tissues (Fig.  5F), 
and Pearson’s correlation analysis further confirmed a 
positive relationship between HIF1A and SRSF1 expres-
sion (Fig.  5G). To further investigate SRSF1-influenced 
AS, various HIF1A transcripts were evaluated. Among 
the 15 exons in the human HIF1A gene, exon 14 regula-
tion by AS enables the generation of two distinct tran-
script variants (Fig. S5B). RT-PCR, using specific primers 
targeting all exon-skipping or exon-including isoforms, 
disclosed significant induction of exon 14 skipping, facili-
tating the expression of a truncated HIF1A isoform in 
SRSF1 knockdown cells (Fig. 5H–I). To characterize the 
interaction region between SRSF1 and HIF1A, plasmids 

(See figure on next page.)
Fig. 4  SRSF1 affected BNIP3 mediated mitophagy in BCa cells. A Representative TEM images of mitophagosomes (red arrow) were shown in SRSF1 
knockdown and relative control. Scale bars indicate 2, 5 μm CCCP or cisplatin increased the production of mitophagosomes in T24 and UMUC3 
cells. B Western blotting was used to verify the key proteins involved in two pathways in mitophagy. C RT-qPCR assay demonstrated downstream 
target BNIP3 in the mitophagy pathway was positively altered with SRSF1 knockdown or overexpression (**P < 0.01, ***P < 0.001, Student’s t-test). D 
Correlation analysis confirmed a positive association between SRSF1 and BNIP3 in the TCGA-BLCA cohort. E The expression of BNIP3 in BCa tissues 
was validated by RT-qPCR (*P < 0.05, Student’s t-test). F Pearson’s correlation analysis was applied to confirm the correlation of SRSF1and BNIP3. 
F The expression of BNIP3 in xenograft tumors is consistent with the expression of SRSF1 by immunohistochemistry. H–I Knockdown of BNIP3 
expression increased the suppression rate of cisplatin and decreased IC50 to cisplatin in T24 and UMUC3 cells by CCK8 assays (*P < 0.05, **P < 0.01, 
***P < 0.001, Student’s t-test)
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Fig. 4  (See legend on previous page.)
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with different SRSF1 fragments tagged with flag were 
constructed and transfected (Fig. 5J–K). Subsequent RIP 
analysis revealed that pre-HIF1A predominantly bound 
to the RRM1 and RRM2 regions of SRSF1 (Fig. 5L). Col-
lectively, these results demonstrated that SRSF1 facili-
tated AS by directly interacting with HIF1A.

HIF1A upregulated BNIP3 expression by binding directly 
to the promoter region of BNIP3 in BCa Cells
Bioinformatics tools from Jaspar (https://​jaspar.​elixir.​
no/) predicted the HIF1A binding site within the BNIP3 
promoter (Figs. 6A, S6A–B) and revealed potential sites 
around -495 to -490 bps and -131 to -126 bps from 
the transcription start site (Figs.  6B, S6C). Moreover, 
HIF1A’s capability to bind the BNIP3 promoter had been 
validated using predictive modeling from the Alpha-
Fold3 database (Fig. S6D). CUT & RUN analysis fur-
ther confirmed significant enrichment of BNIP3 DNA 
with the predicted binding site during hypoxia through 
anti-HIF1A antibodies compared to anti-IgG (Fig.  6C). 
Pearson correlation analysis corroborated the posi-
tive association between HIF1A and BNIP3 expression 
(Fig. 6D). Luciferase reporter assays with wild-type (ACG​
TGC​) and mutant (TGC​ACG​) promoters in 293T cells 
under hypoxic conditions showed that mutations in the 
binding domain significantly inhibited transcriptional 
activation of the BNIP3 promoter (Fig.  6E–F). Western 
blotting analysis under hypoxic conditions revealed that 
interference with HIF1A significantly reduced BNIP3 
expression (Fig. S6E–F); furthermore, when HIF1A was 
inhibited, this intervention also countered the SRSF1-
induced increase in BNIP3 protein levels observed in T24 
and UMUC3 cells (Fig. 6G–H).

BNIP3 knockdown rescued the SRSF1‑promoted prolif‑
eration, migration and cisplatin‑resistance of BCa cells 
through mitophagy pathway
To elucidate the role of SRSF1 in impeding the growth of 
BCa cells and mitigating cisplatin resistance via its regu-
latory effect on BNIP3, we selected si-BNIP3-2 based on 

its superior knockdown efficiency for subsequent rescue 
experiments (Fig. S4). We transfected either si-BNIP3 or 
si-NC into SRSF1-overexpressing T24 and UMUC3 cells. 
Western blotting analysis revealed that the upregulation 
of BNIP3, mediated by SRSF1, was partially reversed fol-
lowing BNIP3 knockdown (Fig. 7A). The suppression of 
BNIP3 substantially reinstated the proliferative capabili-
ties of T24 and UMUC3 cells, as evidenced by colony for-
mation assays (Fig. 7B), CCK-8 assays (Fig. 7C), and EdU 
assays (Fig.  7D). Additionally, the knockdown of BNIP3 
mitigated the SRSF1-induced increase in the migration 
rates of T24 and UMUC3 cells, as observed in scratch 
wound healing and transwell assays (Fig. S7). This BNIP3 
suppression notably diminished the inhibition rate of 
cisplatin induced by SRSF1 overexpression. Further-
more, the concurrent BNIP3 knockdown counteracted 
the reduced cisplatin sensitivity and elevated IC50 values 
facilitated by SRSF1 (Fig.  7E). To substantiate that the 
observed phenotypic changes related to mitophagy were 
governed by the aberrant regulation of the SRSF1-BNIP3 
axis under cisplatin treatment, we conducted a series of 
rescue experiments in cisplatin-treated BCa cells. The 
mitophagy flux notably activated by SRSF1 was inhibited 
by BNIP3 interference after transfection with mRFP-
GFP-LC3 adenovirus (Fig.  7F). Western blotting analy-
sis also indicated that the suppression of BNIP3 could 
revert the increased autophagy levels induced by SRSF1 
overexpression (Fig.  7G). Furthermore, TEM revealed 
that the SRSF1-induced augmentation in mitophago-
some numbers was reversible upon the interference of 
BNIP3 (Figs. 7H, S3D–E). Taken together, in the presence 
of cisplatin, SRSF1-mediated mitophagy was promoted, 
thereby inhibiting cisplatin sensitivity in BCa cells.

Discussion
Cisplatin-based chemotherapy regimens are currently the 
first-line treatment for bladder cancer [26]. Although cis-
platin demonstrates efficacy in certain instances, its over-
all sensitivity among BCa patients remains relatively low 

Fig. 5  SRSF1 regulated the splicing of HIF1A in BCa cells. A RNA sequencing on SRSF1 knockdown and control cells identified 5 kinds of splicing 
events, including 64.19% skipped exons (SE), 12.66% mutually exclusive exons (MXE), 8.47% alternative 3′splice sites (A3SS), 8.31% retained 
introns (RI), 6.37% alternative 5′splice sites (A5SS). B The RIP assay confirmed that SRSF1 was not able to bind to the pre-mRNA of BNIP3. C 
RT-PCR demonstrated that SRSF1 could not contribute to the production of BNIP3 isoforms. D The RIP assay confirmed that SRSF1 was able 
to bind to the pre-mRNA of HIF1A (**P < 0.01, Student’s t-test). E Correlation analysis confirmed a positive association between SRSF1 and HIF1A 
in the TCGA-BLCA cohort. F The expression of HIF1A in BCa tissues was validated by RT-qPCR (**P < 0.01, Student’s t-test). G Pearson’s correlation 
analysis was applied to confirm the correlation of SRSF1and HIF1A. H Diagram of the splicing variants of HIF1A RNA and RT-PCR detection of exon 
14 inclusion/exclusion (HIF1A-fl means exon 14 inclusion). I AS of exon 14 and expression of HIF1A isoforms were examined by RT-PCR. J Schematic 
diagram of SRSF1 domains and construction of 3 SRSF1 mutants: ΔRRM1 (deleted RRM1), ΔRRM2 (deleted RRM2), ΔRS (deleted RS). All mutants 
were flag tagged. K Western blotting of SRSF1 and its mutants using anti-flag tag antibody. L RIP assays were carried out by using fag antibodies 
to determine the region of SRSF1 that could bind to pre-HIF1A (*P < 0.05, ***P < 0.001, Student’s t-test)

(See figure on next page.)

https://jaspar.elixir.no/
https://jaspar.elixir.no/
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Fig. 5  (See legend on previous page.)
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Fig. 6  HIF1A upregulated BNIP3 expression by binding directly to the promoter region of BNIP3 in BCa Cells. A–B The predicted binding sites 
between HIF1A and BNIP3 promoter using Jaspar. C CUT & RUN analysis showed the significant enrichment of HIF1A in −131 to −126 bps of BNIP3 
promoter in hypoxia (*P < 0.05, Student’s t-test). D Pearson’s correlation analysis was applied to confirm the correlation of BNIP3 and HIF1A. E 
Wild-type (ACG​TGC​) and mutant (TGC​ACG​) luciferase reporters of the BNIP3 promoter region were constructed. F The relative activity of luciferase 
was measured in 293 T cells transfected with reporter plasmids containing fragments of the BNIP3 promoter. Then cells were exposed in hypoxia 
(1% O2) for 24 h. The ratio of firefly luciferase activity was determined and normalized against Renilla activity (**P < 0.01, Student’s t-test). G–H 
Western blotting indicated that interfering with HIF1A during hypoxia could reverse the increased BNIP3 protein levels caused by overexpression 
of SRSF1
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Fig. 7  BNIP3 knockdown rescued the SRSF1-promoted proliferation, migration and cisplatin-resistance of BCa cells through mitophagy pathway. 
A Western blotting assays revealed that the knockdown of BNIP3 reversed the enhancement of BNIP3 induced by SRSF1 overexpression in T24 
and UMUC3 cells. B–D The knockdown of BNIP3 significantly restored the proliferation of T24 and UMUC3 cells promoted by SRSF1 in colony 
formation assays, CCK-8 assays, and EdU assays (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). E The knockdown of BNIP3 could counteract 
the decreased cisplatin sensitivity and increased IC50 value induced by SRSF1 in T24 and UMUC3 cells (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s 
t-test). F The colocalization of mitochondria and autophagosomes demonstrated that mitophagy reflux activated by SRSF1 was also inhibited 
by the interference of BNIP3 under cisplatin conditions. G Western blotting results indicated that knocking down BNIP3 can reverse the increase 
of key proteins in autophagy levels caused by overexpression of SRSF1 under cisplatin conditions. H The transmission electron microscope analysis 
identified that SRSF1-induced increase in mitophagosome numbers could be reversed by interference with BNIP3 under cisplatin conditions
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[27]. Despite extensive research efforts aimed at enhanc-
ing cisplatin sensitivity, the underlying mechanisms in 
bladder cancer are still not fully understood.

SRSF1, initially identified as SF2/ASF in the early 
1990s, was characterized as an essential splicing factor 
for both constitutive and alternative pre-mRNA splic-
ing [28]. Subsequently, studies have demonstrated that 
SRSF1 is involved in additional critical cellular processes, 
such as mRNA export, translation, and nonsense-medi-
ated decay (NMD) [29–31]. Our current study indicates 
an upregulation of SRSF1 in BCa tissues and cell lines, 
with this overexpression correlating with poor prognosis 
and higher pathological grades. Presently, there is a pau-
city of reports regarding the direct role of SRSF1 in the 
malignant phenotype and specific chemoresistance asso-
ciated with BCa. This suggests that SRSF1 could poten-
tially serve as a prognostic marker for bladder cancer.

Previous research has elucidated the role of SRSF1 in 
the progression of various cancers, such as hepatocellu-
lar carcinoma [32], lung cancer [33], and osteosarcoma 
[34]. Results from our current study demonstrate that the 
downregulation of SRSF1 leads to decreased cell prolif-
eration and migration, as well as enhanced sensitivity to 
cisplatin in T24 and UMUC3 cells. In contrast, overex-
pression of SRSF1 shows opposing effects. Complemen-
tary in  vivo investigations reveal that silencing SRSF1 
in T24 cells substantially decreases tumor volume and 
augments cisplatin sensitivity in nude mice. These find-
ings suggest a contributory role for SRSF1 in both the 
advancement of BCa and the development of resistance 
to cisplatin. To investigate the mechanism of SRSF1 in 
BCa, further transcriptome sequencing was conducted.

RNA sequencing analysis revealed significant enrich-
ment in the mitophagy pathway following the knock-
down of SRSF1. Prior studies have indicated that 
autophagy facilitates the proliferation [35, 36] and 
chemoresistance to cisplatin [37, 38] of BCa cells. In 
our prior research, autophagy was shown to protect 
BCa cells and reduce drug sensitivity under the harsh 
conditions of chemotherapy [39]. Mitophagy, a special-
ized form of autophagy, selectively targets and degrades 
damaged mitochondria, preventing the accumulation 
of dysfunctional mitochondria and aiding in sustaining 
cellular homeostasis [16]. Various findings support that 
mitophagy propels tumor progression and augments cis-
platin resistance [23, 40, 41]. Studies like those by Song 
et  al. [42], which showed that lncRNA-RP11-498C9.13 
might enhancement bladder cancer tumorigenesis via 
ROS-induced mitophagy, and Sun et al. [43], which iden-
tified that METTL3-induced mitophagy contributes to 
chemoresistance in small cell lung cancer, align with our 
in vitro and in vivo outcomes. In profiling SRSF1’s down-
stream targets, BNIP3 emerged as significantly regulated 

in both the overexpression and knockdown contexts of 
SRSF1 due to its notable transcriptional changes. Fur-
ther validation by western blotting of two mitophagy 
pathways corroborated the consistent modifications in 
BNIP3, NIX, and FUNDC1 within the ubiquitin-inde-
pendent pathway, with BNIP3 showing the most pro-
nounced changes. BNIP3, a crucial component of the 
ubiquitin-independent mitophagy pathway, has been 
extensively researched. Lin et  al. [44] highlighted for its 
role in protecting against cisplatin-induced ferroptosis 
in renal tubular epithelial cells via mitophagy mediation. 
Additional research indicates that BNIP3-mediated mito-
chondrial clearance is vital for conferring cisplatin resist-
ance, where the absence of BNIP3 resensitizes resistant 
cells to cisplatin by altering mitochondrial autophagy 
levels [22]. Consequently, we conclude that BNIP3 could 
potentially serve as a crucial target for SRSF1 in con-
trolling the malignant phenotype of BCa. BCa cells with 
SRSF1 knockdown showed downregulated BNIP3, linked 
with reduced mitophagy rates and increased cisplatin 
sensitivity, emphasizing SRSF1’s potential involvement in 
the ubiquitin-independent mitophagy pathway. Our find-
ings also show that cisplatin, similar to CCCP, can induce 
mitophagy, aligning with studies that have reported mito-
chondrial damage-induced mitophagy by cisplatin [45]. 
Considering mitochondria as tumor cells’ energy sources, 
the role of mitophagy in promoting malignant tumor 
phenotypes is increasingly evident [7]. This highlights the 
potential of targeting BNIP3 and mitophagy to enhance 
sensitization in traditional comprehensive therapy for 
bladder cancer.

Previous studies have focused primary attention on 
SRSF1 as an RNA splicing factor that drives tumor pro-
gression through alternative splicing mechanisms [46, 
47]. Zhou et  al. [14] demonstrated that the splicing of 
MYO1B by SRSF1 significantly enhanced proliferation 
and metastasis in glioma cells. Furthermore, SRSF1 was 
shown to promote the expression of the antiapoptotic 
splice isoform caspase 9b in lung cancer [48]. A recent 
study revealed that reduced levels of SRSF1 led to the 
production of shorter isoforms of PTPMT1, thus mak-
ing cancer cells more susceptible to irradiation [49]. 
Additionally, evidence suggests that SRSF1 facilitates the 
splicing of MNK2b, thereby reducing the sensitivity of 
pancreatic ductal adenocarcinoma cells to chemotherapy, 
which is consistent with our research findings [15].

In our analysis of SRSF1-regulated AS events, we iden-
tified five distinct types of splicing events in the RNA 
sequencing data. SE events accounted for 64.19% of 
all events, confirming previous findings that SE events 
are predominant [13]. Consequently, our focus shifted 
to genes regulated by SE splicing among the validated 
SRSF1-affected AS events. Initially, it was hypothesized 
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that SRSF1 could potentially bind to BNIP3 pre-mRNA. 
However, subsequent experiments involving RIP and 
RT-PCR disproved this hypothesis. Subsequently, we 
discovered that BNIP3 is a target gene of the transcrip-
tion factor HIF1A in the mitophagy pathway. We dem-
onstrated the generation of HIF1A alternative splicing 
isoforms by RT-PCR experiments using AS primers, 
which corroborated the findings reported by Daniel 
et  al. [50]. Analysis of AS events in the transcriptome 
revealed that exon 14 of HIF1A is subject to alternative 
splicing. Observations indicated that SRSF1 knockdown 
significantly induced the skipping of exon 14, thereby 
promoting the expression of a truncated HIF1A iso-
form in knockdown cells. Meanwhile, RIP experiments 
further confirmed that SRSF1 binds through its RRM1/
RRM2 structural domains, rather than RS to pre-HIF1A, 
which perfected the mechanism of SRSF1 in alternative 
splicing in bladder cancer cells. Therefore, we concluded 
that SRSF1 has the potential to indirectly induce BNIP3 
production through the splicing of HIF1A. To further 
substantiate the hypothesis that SRSF1 modulates the 
sensitivity of bladder cancer cells to cisplatin through the 
HIF1A/BNIP3/mitophagy pathway, we employed both 
CUT&RUN and luciferase reporter assays. The imple-
mentation of these methods confirmed that HIF1A binds 
to the promoter region of BNIP3, further promoting 
transcriptional activation.

In our research, we have established that SRSF1 
enhances mitophagy by supporting the alternative splic-
ing of HIF1A and subsequent upregulation of BNIP3. 
This mechanism significantly enhances the survival and 

proliferation of BCa cells under cisplatin-based chemo-
therapy. The current study is limited by its sample size. 
Data from cisplatin-sensitive and insensitive patients is 
being categorized and collected. Explorations into the 
combination of SRSF1 inhibitors and mitochondrial 
autophagy inhibitors are planned for the subsequent 
phase of chemotherapy for sensitized bladder cancer.

Conclusion
SRSF1 is recognized as a crucial regulator of mitophagy 
in bladder cancer, promoting tumor progression and 
increasing resistance to chemotherapy via the HIF1A/
BNIP3 pathway. Our research provides substantial 
insights into the essential role of SRSF1 in the pathophys-
iology of BCa and highlights its potential as a therapeutic 
target. Targeting this pathway could potentially enhance 
treatment outcomes for BCa patients. The mechanistic 
network involving SRSF1 is detailed in Fig. 8.

Abbreviations
BCa	� Bladder cancer
SRSF1	� Serine-rich/arginine splicing factor 1
RT-qPCR	� Quantitative real-time PCR
CCK-8	� Cell counting kit-8
RIP	� RNA immunoprecipitation
HIF1A	� Hypoxia-inducible factor 1 alpha
BNIP3	� BCL2-interacting protein 3
CUT & RUN	� Cleavage Under Targets & Release Using Nuclease
JC-1	� Mitochondrial membrane potential detection kit
MMP	� Mitochondrial membrane potential
AS	� Alternative splicing
SE	� Skipped exon
CCCP	� Carbonyl cyanide 3- chlorophenylhydrazone
EdU	� 5-Ethynyl-2′-deoxyuridine
IC50	� Half maximal inhibitory concentration
TEM	� Transmission electron microscopy

Fig. 8  Mechanism pattern of the SRSF1/HIF1A/BNIP3 regulatory and function network
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Additional file 1. Figure S1: SRSF1 promoted the migration of BCa cells. 
A–B Transwell assays showed that SRSF1 knockdown could inhibit the 
migration rate while SRSF1 overexpression could promote the migration 
rate of T24 and UMUC3 cells. (**P < 0.01, Student’s t-test). C–D Scratch 
wound healing assays showed that SRSF1 knockdown could inhibit the 
migration rate while SRSF1 overexpression could promote the migration 
rate of T24 and UMUC3 cells (**P < 0.01, Student’s t-test)

Additional file 2. Figure S2: The efficiency of SRSF1 knockdown and screen-
ing of downstream targets of SRSF1 in BCa cells. A SRSF1 knockdown effi-
ciency in T24 and UMUC3 cells was confirmed by RT-qPCR. (***P < 0.001, 
Student’s t-test). B SRSF1 knockdown efficiency in T24 and UMUC3 cells 
was confirmed by western blotting. C–D The mito-Keima system for 
monitoring mitophagy. By transfecting mito-Keima plasmid into T24 or 
UMUC3 cells, we can observe the mitochondrial network (green signal) 
and mitochondria within acidic autolysosomes (red puncta). After adding 
CCCP or cisplatin, the number of red puncta increases. E–F RT-qPCR assay 
demonstrated downstream target BNIP3 in the mitophagy pathway was 
significantly altered with SRSF1 knockdown or overexpression compared 
with other potential targets (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s 
t-test)

Additional file  3. Figure S3: The statistical analysis of changes in the 
number of mitophagosomes from TEM assays and the protein expression 
of BNIP3 in BCa tissue. A–B The number of mitophagosomes was reduced 
in SRSF1 knockdown cells compared to the negative control group. 
Treatment with CCCP or cisplatin increased mitophagosomes produc-
tion in T24 and UMUC3 cells (*P < 0.05, **P < 0.01, Student’s t-test). C The 
expression of BNIP3 in 8 pairs of BCa tissues was validated by western 
blotting. D–E Analysis of mitophagosome numbers revealed that the 
SRSF1-induced increase in mitophagosome count could be reversed 
by BNIP3 interference under cisplatin treatment (*P < 0.05, **P < 0.01, 
Student’s t-test)

Additional file 4. Figure S4: BNIP3 promoted the proliferation and migra-
tion of BCa cells. A–B BNIP3 knockdown efficiency in T24 and UMUC3 cells 
was confirmed by RT-qPCR and western blotting (**P < 0.01, ***P < 0.001, 
Student’s t-test). C–F BNIP3 knockdown could inhibit the proliferation of 
T24 and UMUC3 cells through CCK8 assay, colony formation assay, and 
EdU assay (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). G–J BNIP3 
knockdown could inhibit the migration rate of T24 and UMUC3 cells 
through transwell assays and scratch wound assays (*P < 0.05, **P < 0.01, 
***P < 0.001, Student’s t-test)

Additional file 5. Figure S5: SRSF1 regulated the splicing of HIF1A in 
cells. A HIF1A was upstream of BNIP3 in the mitophagy pathway in the 
RNA sequencing. B The splicing site of exon 14 skips of HIF1A in RNA 
sequencing

Additional file 6. Figure S6: HIF1A bound to the promoter region of BNIP3 
in BCa Cells. A The Jaspar predicted several binding sites between the 
HIF1A and BNIP3 promoters. B The predicted binding motif between 
HIF1A and BNIP3 promoter regions. C The binding sites of HIF1A on BNIP3 
predicted by Jasper database were labeled in yellow. D HIF1A could 
bind to the promoter of BNIP3 in the AlphaFold3 database. E–F Western 
blotting analysis indicated that interfering with HIF1A during hypoxia 
decreased the levels of the BNIP3 protein

Additional file 7. Figure S7: BNIP3 rescued the SRSF1-promoted migration 
and proliferation of BCa cells. A–B The knockdown of BNIP3 significantly 
restored the migration rates of T24 and UMUC3 cells promoted by SRSF1 
by transwell assays (*P < 0.05, **P < 0.01, Student’s t-test). C–D The 
knockdown of BNIP3 significantly restored the migration rates of T24 and 
UMUC3 cells promoted by SRSF1 by scratch wound assays (*P < 0.05, 
**P < 0.01, ***P < 0.001, Student’s t-test)
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