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Tumor suppressor syntaxin binding protein 1 regulates
alternative splicing of DNA repair genes related to
radiation sensitivity in breast cancer cells
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Abstract. As the most aggressive subtype of breast cancer,
triple-negative breast cancer (TNBC) is frequently treated
with radiotherapy. Downregulation of syntaxin binding
protein 1 (STXBPI1) gene expression is notably associated
with poor prognosis in patients with breast cancer and its
protein expression level is associated with tumor radiore-
sistance. However, the precise molecular mechanisms by
which STXBPI regulates breast cancer pathogenesis and
radiotherapy resistance remain to be elucidated. In the present
study, STXBP1 was overexpressed in MDA-MB-231 cells
to investigate its effects on cell proliferation and apoptosis.
Transcriptomic sequencing (RNA-sequencing; RNA-seq)
was performed to identify differentially expressed genes and
alternative splicing events regulated by STXBP1. Additionally,
a publicly available RNA-seq dataset (GSE189495) associated
with breast cancer radiotherapy, including three fractionally
irradiated 20 Gy and three age-matched control MCF-7 cell
samples were analyzed to identify radiotherapy-associated
alternative splicing alterations. Integrated analysis of these two
datasets was conducted to explore the potential mechanisms
underlying STXBPI-mediated radiotherapy response in breast
cancer. Key gene expression changes and alternative splicing
events were validated using reverse transcription-quantitative
(RT-q) PCR. In MDA-MB-231 cells, the overexpression of
STXBP1 notably inhibited cell proliferation and enhanced
levels of apoptosis. Through an analysis of RNA-seq data, the
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present study discovered that STXBP1 regulates global gene
expression and alternative splicing profiles in MDA-MB-231
cells by modulating 111 differentially expressed genes and
1,161 regulated alternative splicing events. STXBP1 plays a
key role in regulating the splicing patterns of numerous DNA
repair-related genes, including USP48 and PLEC. In addi-
tion, the present study conducted an overlap analysis on the
transcriptome data from radiotherapy-treated MCF-7 cells
alongside the dataset generated in the present study, which
revealed 21 alternative splicing events associated with radio-
therapy. Notably, these include the DNA repair-related gene
UBE2I, and its expression pattern has been confirmed through
RT-qPCR. The present study systematically delineated the
downstream targets and functional mechanisms of STXBP1
in breast cancer cells, revealing its antitumor molecular role.
Moreover, STXBP1 may be associated with radiation sensi-
tivity by regulating the alternative splicing of genes associated
with DNA repair. These molecular targets, such as UBE2I,
hold potential as novel therapeutic avenues for breast cancer
treatment, particularly for TNBC.

Introduction

Breast cancer is the most prevalent malignant tumor among
women (1). In 2020, it emerged as the most common malig-
nant tumor globally, exhibiting the highest incidence rate
and ranking fifth among the leading causes of cancer-related
mortality worldwide (2). This disease poses a considerable
threat to human health. Triple-negative breast cancer (TNBC)
is a subtype of breast cancer characterized by the worst
prognosis (3). This type of cancer is particularly susceptible
to distant metastasis, notably affecting the lungs and brain.
TNBC exhibits aggressive invasion and metastatic capabili-
ties, along with a high recurrence rate and mortality (4). TNBC
predominantly affects premenopausal women <40 years,
representing 15-20% of all breast cancer cases (5). Compared
with other subtypes, patients with TNBC experience a shorter
survival periods, with a mortality rate of 40% within 5 years
following diagnosis (6). Due to the unique characteristics of
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TNBC, the absence of estrogen receptors, progesterone recep-
tors and HER?2 benefits from conventional hormone therapies
and targeted treatments (7). This may represent a notable
factor contributing to the poor prognosis observed in patients
with TNBC. Consequently, the identification and application
of new molecular markers and therapeutic targets are essential
for enhancing the therapeutic efficacy of TNBC treatment.

In the management of TNBC, radiotherapy serves as a key
treatment modality that can yield optimal long-term outcomes
for patients (8). Radiation exerts its effects by directly
damaging DNA or inducing single-strand and double-strand
breaks (DSBs) through the generation of free radicals (9). In
response to radiation exposure, cancer cells activate various
signaling pathways, including kinase, survival and metabolic
pathways; concurrently, repair enzymes endeavor to mend
the damaged DNA. If DNA repair mechanisms fail, this
can trigger an apoptosis cascade, ultimately resulting in the
death of cancer cells. This process may enhance the survival
rate of patients with TNBC (10). Adjuvant radiotherapy
following radical surgery for breast cancer offers substantial
survival advantages for patients diagnosed with TNBC (11).
Furthermore, resistance to radiotherapy is frequently encoun-
tered in TNBC (12). Nevertheless, the underlying mechanisms
that regulate radiotherapy sensitivity in TNBC remain poorly
understood.

Syntaxin binding protein 1 (STXBP1), also referred to as
Muncl8-1 or SM protein, is a presynaptic membrane-asso-
ciated protein primarily expressed in the brain, where it
regulates soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor complex-mediated synaptic vesicle
docking and fusion (13). Additionally, it plays a vital role in
regulating neurotransmitter release. There are also studies
suggesting that STXBP1 plays a role in the onset and
progression of various types of cancer (14,15). Furthermore,
the downregulation of STXBP1 expression is associated
with a poor prognosis across various types of cancer (16).
Knocking out STXBP1 in human NK cells can substantially
impair the cytotoxic activity of NK cells against target cells.
The STXBP1/STXI1 axis plays a key role in mediating the
toxicity of both NK and CD8+ T cells (17). When HOXAT11
is inhibited in glioma cells, the efficacy of radiation therapy
diminishes. Furthermore, following the knockdown of
HOXAT1, there is a notable alteration in the expression of
STXBPI1. This suggests that STXBP1 may be associated
with resistance to radiation therapy in glioma (18). However,
the precise role and molecular mechanism of STXBP1 in
conferring resistance to radiotherapy in TNBC remain
unclear.

The present study analyzed the expression and prognostic
significance of STXBP1 in breast cancer using public datasets
and observed its downregulation in radiation-resistant breast
cancer cells. By establishing an STXBP1-overexpressing cell
model, cytological experiments and transcriptome sequencing
analysis were conducted to investigate its cytological func-
tions and underlying mechanisms. The findings revealed that
STXBPI acts as a potential tumor suppressor gene in breast
cancer, likely influencing radiosensitivity of breast cancer
cells through regulation of alternative splicing (AS) of DNA
damage-related genes. These results provided promising
insights for developing future therapeutic strategies for breast

cancer, particularly highlighting STXBP1 as a potential
target for enhancing radiosensitivity in TNBC radiotherapy.

Materials and methods

Molecular cloning and plasmid preparation. The coding
sequence of STXBP1 was cloned into a pcDNA3.1 vector
backbone to generate the pcDNA3.1-3xFlag-STXBP1 plasmid,
which was procured from Changsha Zeqiong Biotechnology
Co., Ltd (RefSeq: NM_001032221). Briefly, the pcDNA3.1
vector was digested with BamHI (cat. no. R0O136S; New
England Biolabs, Inc.) and Xhol (cat. no. RO146V; New
England Biolabs, Inc.) at 37°C for 2-3 h, and the linearized
vector was purified using the MinElute PCR Purification
Kit (cat. no. 28004; Qiagen, Inc.). The STXBPI insert was
amplified by PCR and assembled into the vector using the
ClonExpress® II One Step Cloning Kit (cat. no. C112; Vazyme
Biotech Co., Ltd.) with T4 DNA ligase (cat. no. M0202V; New
England Biolabs, Inc.). The ligation products were transformed
into competent Escherichia coli cells, and positive clones were
selected on LB agar plates containing 100 pxg/ml ampicillin
(cat. no. 7177-48-2; MilliporeSigma). Positive clones were
identified by colony PCR and the insert sequence was verified
by Sanger sequencing.

Cell culture and transfections. The human breast cancer cell
line MDA-MB-231 (cat. no. CL-0150B; Procell Life Science
& Technology Co., Ltd.) was maintained in DMEM medium
(cat. no. PM150210; Procell Life Science & Technology Co.,
Ltd.), supplemented with 10% FBS (FBS; cat. no. 10091148;
Gibco; Thermo Fisher Scientific, Inc.), 100 pg/ml strepto-
mycin, 100 U/ml penicillin (cat. no. SV30010; HyClone™;
Cytiva). Cells were incubated at 37°C in a humidified atmo-
sphere containing 5% CO,. For transient overexpression,
transfections were performed with 1 ug of pcDNA3.1-STXBP1
plasmid (Changsha Zeqiong Biotechnology Co., Ltd.) or the
empty pcDNA3.1 vector per well in 12-well plates using
Lipofectamine® 3000 reagent (cat. no. L3000015; Invitrogen;
Thermo Fisher Scientific, Inc.), strictly adhering to the manu-
facturer's instructions. MDA-MB-231 cells transfected with
the empty pcDNA3.1 vector served as the negative control
(NC) group. Cells were harvested 48 h post-transfection for
subsequent reverse transcription-quantitative (RT-q) PCR and
western blotting.

RT-gPCR. Total RNA was extracted from cells seeded
at 2x10° per well in 12-well plates and harvested 48 h
post-transfection using TRIzol® reagent (cat. no. 15596-018;
Ambion; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Total RNA was reverse-transcribed
into cDNA using a commercial reverse transcription kit
(cat. no. R323-01; Vazyme Biotech Co., Ltd.) according to
the manufacturer's instructions. The reaction conditions were
set as follows: 42°C for 5 min, 37°C for 15 min and 85°C for
5 sec using a Bio-Rad T100 thermal cycler. gPCR was then
performed on the ABI QuantStudio 5 system using SYBR
Green Master Mix (cat. no. 11202ES08; Vazyme Biotech
Co., Ltd.) according to the manufacturer's protocol with the
following cycling parameters: Initial denaturation at 95°C for
10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for
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1 min. All samples were run in technical triplicates. The 2-44¢4
method was applied to calculate relative mRNA expression
levels, using GAPDH as the endogenous control for normal-
ization (19). Primer sequences used for qPCR analysis are
listed in Table SI. All qPCR assays were performed with three
independent biological replicates and each biological replicate
was run in three technical replicates.

Western blot analysis. To prepare protein lysates,
MDA-MB-231 cells were resuspended in ice-cold RIPA
lysis buffer (cat. no. PR20001; Proteintech Group, Inc.)
containing a protease inhibitor cocktail (cat. no. 4693116001,
MilliporeSigma) and incubated on ice for 30 min. Protein
concentrations were determined using a BCA protein assay,
and equal amounts of protein (25 ug per lane) were loaded.
Lysates were then mixed with protein loading buffer
(cat. no. P1040; Beijing Solarbio Science & Technology Co.,
Ltd.), boiled for 10 min and subjected to electrophoresis on
10% SDS-PAGE gels. Subsequently, proteins were trans-
ferred onto 0.45 ym PVDF membranes (cat. no. ISEQ00010;
MilliporeSigma). After blocking with 5% non-fat milk for
1 h at room temperature, the membranes were incubated
overnight at 4°C with primary antibody against the STXBP1
(cat. no. 67137-1-Ig; 1:1,000; Proteintech Group, Inc.) and
GAPDH (Mouse anti-GAPDH; cat. no. 60004-1-AP 1:5,000;
Proteintech Group, Inc.). Following primary antibody incu-
bation, membranes were probed with an HRP-conjugated
anti-mouse secondary antibody (cat. no. AS003; 1:10,000;
ABclonal Biotech Co., Ltd.) for 45 min at room temperature.
Protein bands were visualized using the enhanced chemilu-
minescence detection reagent (cat. no. POO18FM; Beyotime
Biotechnology). Densitometric analysis was performed using
Imagel] software (v1.53; National Institutes of Health).

Cell proliferation assay. Cell proliferation was assessed
using a Cell Counting kit-8 (CCK-8; cat. no. HY-K0301;
MedChemExpress). Briefly, MDA-MB-231 cells were
seeded in 24-well plates at a density of 35,000 cells per well.
Control wells received an equal volume of PBS and blank
wells contained culture medium only. After 24 h of culture,
10 pul of CCK-8 solution was added to each well, followed
by a 3-h incubation period. Absorbance was then measured
at 450 nm using a microplate reader (cat. no. ELX800;
Biotek; Agilent Technologies, Inc.). The cell proliferation
rate was calculated using the formula: Proliferation rate
(%)=[(OD_experimental - OD_blank)/(OD_control - OD_
blank)] x100%.

Apoptosis detection by flow cytometry. The level of apop-
tosis was evaluated using an Annexin V-Alexa Fluor647/PI
apoptosis detection kit (cat. no. 40304ES60; Shanghai Yeasen
Biotechnology Co., Ltd.), following the supplier's protocol.
MDA-MB-231 cells were plated in six-well plates, transfected
with the STXBP1 plasmid after 48 h of culture at 37°C and
compared with PBS-treated control cells. Cells were then
harvested, resuspended in binding buffer, and stained with
5 pl Annexin V and 10 pl propidium iodide (PI, 20 ug/ml).
After incubating for 10-15 min at room temperature in the
dark, samples were immediately analyzed by flow cytom-
etry (FACSCanto; BD Biosciences). The apoptotic rate was
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calculated as the percentage of early (Annexin V*/PT’) plus late
(Annexin V*/PI*) apoptotic cells. Data were analyzed using
CytExpert software (v2.0; Beckman Coulter, Inc.).

RNA extraction and sequencing (RNA-seq). Total RNA was
isolated from cells using TRIzol® reagent (cat. no. 15596-018;
Ambion; Thermo Fisher Scientific, Inc.). To ensure high
purity, the RNA underwent two rounds of phenol-chloroform
extraction and was subsequently treated with RQ1 DNase
(cat. no. M6101; Promega Corporation) to eliminate genomic
DNA contamination. RNA concentration and purity were
assessed by measuring the A260/A280 ratio on an Implen
N50 Touch spectrophotometer. RNA integrity was further
confirmed by 1.0% agarose gel electrophoresis.

RNA-seq library construction and sequencing were
conducted by Wuhan Ruixing Biotechnology Co., Ltd. Briefly,
1 ug of DNase-treated total RNA was used for directional
library preparation with the VAHTS® Universal V8 RNA-seq
Library Prep Kit for Illumina (cat. no. NR605; Vazyme
Biotech Co., Ltd.). nRNA was enriched using VAHTS mRNA
capture beads (cat. no. N401; Vazyme Biotech Co., Ltd.). The
purified mRNA was fragmented and reverse-transcribed into
double-stranded cDNA. Following end repair, A-tailing and
adapter ligation (using VAHTS RNA Multiplex Oligos Set 1
for Illumina; cat. no. N323; Vazyme Biotech Co., Ltd.), the
libraries were amplified by PCR, purified, quantified and
stored at -80°C until sequencing. The use of dUTP during
second-strand synthesis enabled strand-specific sequencing.
Library quality was verified by agarose gel electrophoresis,
showing main fragments between 300-500 bp. Final libraries
were quantified by Qubit fluorometry and diluted to a loading
concentration of 5.76 pM on an [llumina Novaseq 6000 plat-
form (Illumina Inc.) for 150 bp paired-end reads.

Public sequencing data analysis. Breast cancer gene-level
expression data (comprising 1,118 tumor and 103 normal
samples) were downloaded from Genomic Data Commons
(GDC; https://portal.gdc.cancer.gov). Raw sequencing data
related to breast cancer radiotherapy were downloaded from
the Gene Expression Omnibus (GEO) under accession number
GSE189495 (20). This dataset included three fractionally irra-
diated 20 Gy (FIR20) and three age-matched control (AMC)
MCF-7 cell samples.

RNA-seq raw data cleaning and alignment. Raw sequencing
reads were subjected to quality control. Reads containing >2
ambiguous (N) bases were discarded. Adapter sequences and
low-quality bases were then trimmed using the FASTX-Toolkit
(v.0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/). Reads
<16 nt after trimming were also excluded. The resulting
high-quality clean reads were aligned to the human reference
genome (GRCh38) using HISAT2 (v.2.2.1; https://daehwan-
kimlab.github.io/hisat2), permitting up to four mismatches (21).
Uniquely mapped reads were retained for subsequent gene-level
quantification and fragments per kilobase of transcript per
million fragments mapped calculation (22).

Differentially expressed genes (DEGs) analysis. DEGs
analysis between experimental groups was performed
using the DESeq?2 (23) package in R/Bioconductor (v.4.3.4;
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https:/bioconductor.org/). Genes with an adjusted P-value
(Benjamini-Hochberg) (24) of <0.05 and an absolute fold
change >2 (llog,FoldChangel>1) were classified as statistically
significant DEGs.

AS analysis. The AS events (ASEs) and regulated ASEs
(RASEs) were identified and quantified using the ABLas
pipeline (25,26). The tool detects 10 types of ASEs based on
splice junction reads, including exon skipping (ES), alternative
5' splice site (AS5SS), alternative 3' splice site (A3SS), mutually
exclusive exons (MXE), mutually exclusive 5' UTRs (SpMXE),
mutually exclusive 3' UTRs (3pMXE), cassette exon, A3SS
and ES and A5SS and ES.

To define STXBP1-regulated ASEs, a Student's t-test was
applied to compare the ratio of AS events between groups
(unpaired two-tailed t-test). Events passing a false discovery
rate (FDR) cut-off of 5% were considered markedly
regulated.

Functional enrichment analysis. Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes pathway enrichment
analyses for DEGs and genes harboring RASEs (RASGs)
were conducted using the KOBAS 2.0 server (27). Significance
of enrichment was determined via a hypergeometric test, with
the Benjamini-Hochberg procedure applied to control the
FDR.

PPI network and module analysis of DEGs. The Search
Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database (https://string-db.org/) was used to
assess the interacting partners of the DEGs. Visualization of
the network was performed with Cytoscape (version 3.6.1;
https://cytoscape.org/) software. After constructing the
PPI network, topology characteristics of the network were
analyzed using the Network Analyzer plug-in of Cytoscape
software, and degree distribution, distribution of the
shortest path, average clustering coefficient and closeness
centrality were examined. Subsequently, the top 10 signifi-
cant hub genes or key nodes were identified according to
their connectivity degrees by using the CytoHubba tool, a
plug-in for Cytoscape. The MCODE plug-in (version 2.0.3;
https://apps.cytoscape.org/apps/mcode) was used to analyze
the highly interconnected clusters of this network with
default parameters.

Prognostic analysis. Prognostic information for genes of
interest in TNBC was retrieved from the Kaplan-Meier Plotter
online database (http://kmplot.com/analysis).

Expression of STXBPI in The Cancer Genome Atlas (TCGA).
The STXBP1 expression data (1,085 tumor samples and 291
normal samples) was downloaded from GEPIA (http://GEPIA
2. cancer-pku.cn/).

Statistical analysis. Student's t-test was performed to
evaluate the differences between the STXBP1-overexpression
(OE-STXBP1) and control (OE-NC) groups (unpaired
two-tailed t-test). For comparisons involving three or more
groups, one-way analysis of variance (ANOVA) followed by
Tukey's Honestly Significant Difference post hoc test was

performed to correct for multiple comparisons. The results
from each experiment were presented as mean + SEM based
on three independent replicates. Data analysis was carried out
using SPSS 23.0 software (IBM Corp.). P<0.05 was considered
to indicate a statistically significant difference.

Results

STXBPI downregulation in breast cancer and post-radio-
therapy is associated with improved prognosis. To investigate
the expression changes of STXBPI1 in breast cancer cells
following radiotherapy, RNA-seq data (GSE189495) from
MCEF-7 breast cancer cells without (AMC; n=3) or with frac-
tional irradiation (FIR20; n=3) were downloaded and analyzed.
The fractionally irradiated MCF-7 cells (FIR20) exhibited a
profile of radioresistance, whereas the AMC group was radio-
sensitive (20). The results demonstrated that STXBP1 mRNA
levels were markedly elevated in radiation-sensitive breast
cancer cells (AMC) compared with radiation-resistant cells
(FIR20; Fig. 1A), suggesting that STXBP1 may be involved
in regulating radiosensitivity in breast cancer. Furthermore,
the expression profile of STXBP1 in patients with TNBC
was analyzed using the online tool GEPIA 2 (http://gepia.
cancer-pku.cn/). By categorizing TCGA samples into normal
(n=291) and primary tumor (n=1,085) groups, the present study
observed that STXBP1 was significantly downregulated in
tumor tissues compared with normal tissues (P<0.05; Fig. 1B).
Subgroup analysis of primary tumors based on clinical stages
revealed consistently lower STXBP1 expression across all
stages of breast cancer when compared with normal samples
(Fig. 1C). To validate these findings at the protein level, data
from the Clinical Proteomic Tumor Analysis Consortium
(https://ualcan.path.uab.edu/index.html) was incorporated.
Analysis revealed a significant reduction in STXBP1 protein
expression in patients with breast cancer (Fig. 1D and E), with
a more pronounced downregulation observed in the TNBC
subtype (Fig. 1F). Integrative analysis of RNA and protein
data demonstrated a concordant trend of STXBP1 suppression
in breast cancer. Additionally, Kaplan-Meier (https://kmplot.
com/analysis/) survival analysis using relapse-free survival as
the endpoint revealed a significant association between higher
STXBP1 expression and improved patient prognosis (Fig. 1G).
Collectively, STXBPI1 exhibited significant downregulation
in breast cancer tissues, with its expression level showing a
positive correlation with patient prognosis. Furthermore,
this molecule is highly expressed in radiation-sensitive cells,
indicating its potential as a candidate target for enhancing
radiosensitivity in radiotherapy.

STXBPI overexpression reprograms the global transcriptome
in MDA-MB-231 cells. Given the low expression of STXBP1
observed in both breast cancer tissues and radiation-treated
breast cancer cells, as well as its reduced expression across
various types of cancer that are associated with poor prog-
nosis (28), it was hypothesized that STXBP1 may modulate
malignant phenotypes and regulate downstream effector
molecules. To test this, an STXBP1-overexpressing model
(OE STXBP1) in MDA-MB-231 cells was established by
transfection with the pIRES-hrGFP-1a-STXBP1 recombinant
plasmid, while the control group (NC) was transfected with
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Figure 1. Suppressed STXBPI expression in breast cancer and irradiated breast cancer cells. (A) Bar plot illustrating the expression pattern and statistical
difference of STXBPI. (B) The expression level of STXBP1 in TCGA-BRCA data set. (C) Violin plot showing the expression level of STXBPI in different
tumor stage samples (data downloaded from TCGA). (D) Box plot showing the decreased protein level of STXBP1 in breast cancer samples. (E) Box plot
showing the decreased protein level of STXBPI in breast cancer samples separated by different stages. (F) Box plot showing the decreased protein level of
STXBPI in breast cancer samples separated by breast cancer subtype. (G) Line plot showing the significant association between recurrence free survival time
and STXBP1 expression in patients with breast cancer with high/low expression. Error bars represent mean + SEM. "P<0.05, ““P<0.001. STXBP1, syntaxin
binding protein 1; TCGA, The Cancer Genome Atlas.

the empty vector. RT-qPCR confirmed a significant increase ~ with controls (P<0.001; Fig. 2A), while western blot analysis
in STXBP1 mRNA levels in the transfected group compared  validated synchronous upregulation of STXBPI1 protein
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Figure 2. STXBPI regulates gene expression in MDA-MB-231 cells. (A) Histogram displaying RT-qPCR results for NC and OE samples. (B) Western blot
analysis confirmed successful STXBP1 overexpression. (C) Bar plot depicting STXBP1 expression levels based on RNA-seq data. (D) PCA performed using
FPKM values of all detected genes in NC and OE STXBPI samples. (E) Volcano plot illustrating all DEGs identified between OE STXBP1 and NC groups.
(F) Pie chart exploring the ratio of gene type in DEGs. (G) Scatter plot highlighting the most markedly enriched KEGG pathways for upregulated DEGs.
(H) Scatter plot highlighting the most markedly enriched KEGG pathways for downregulated DEGs. (I) Left: Bar plot presenting the expression pattern and
statistical difference of DEGs. Right: RT-qPCR validation of corresponding gene expression levels. Error bars represent mean = SEM. "P<0.05, *“P<0.001,
""P<0.0001. STXBPI-overexpression group vs. NC group. STXBPI, syntaxin binding protein 1; RT-qPCR, reverse transcription-quantitative PCR; NC,
negative control; OE, overexpressed; RNA-seq, RNA-sequencing; PCA, principal component analysis; FPKM, fragments per kilobase million; DEGs, differ-

entially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

(Fig. 2B). These results confirmed the successful establish-
ment of an STXBP1-OE MDA-MB-231 model.

Functional assays revealed that while STXBP1 overex-
pression did not markedly induce apoptosis, it demonstrated a
pro-apoptotic tendency (Fig. S1A and B). The proliferation rate
of OE STXBP1 samples was markedly inhibited (Fig. S1C).
Concurrently, these findings suggested that STXBP1 may
exert tumor-suppressive effects through both anti-proliferative
and pro-apoptotic mechanisms.

To elucidate molecular mechanisms, transcriptomic
sequencing on OE STXBP1 (n=3) and NC (n=3) samples
was performed. Following the acquisition of high-quality

sequencing reads and their comparison with the human
genome, the present study confirmed robust STXBP1 upregu-
lation in the OE group (Fig. 2C). Principal component analysis
conducted on the total expressed genes revealed distinct sepa-
ration of transcriptional profiles between groups (Fig. 2D),
indicating STXBP1-mediated reprogramming of the cellular
transcriptome. Differential expression analysis identified 111
markedly altered genes (58 upregulated; 53 downregulated),
with volcanic plots visualizing their distribution (Fig. 2E;
Table SII). Gene type analysis revealed predominant enrich-
ment of protein-coding genes and long non-coding RNAs
(IncRNAs), suggesting STXBP1 may regulate disease



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

progression through coordinated IncRNA and mRNA modula-
tion (Fig. 2F). Functional enrichment analysis of DEGs showed
significant enrichment of upregulated genes in metabolic
pathways and disease-related processes, while downregulated
genes clustered in cytokine-cytokine receptor interaction and
viral protein interaction with cytokine and cytokine receptor
(Fig. 2G and H). Validation via RT-qPCR confirmed that
the expression patterns of three breast cancer-related genes
(EGR1, RPPHI1 and IL1A) were downregulated following
STXBP1 overexpression, consistent with the sequencing
data (Fig. 2I). Survival analysis revealed a strong association
between IL1A overexpression and poor prognosis in patients
with TNBC (Fig. S2), further supporting the tumor-suppressive
role of STXBPI through regulation of key effector molecules.
Collectively, these findings demonstrated a significant asso-
ciation between STXBPI1 dysfunction and altered expression
of tumor-suppressive genes in MDA-MB-231 cells. The data
suggested that STXBPI1 plays a pivotal role in suppressing
cancer progression through transcriptional reprogramming,
positioning it as a potential therapeutic target for breast cancer
intervention.

STXBPI modulates AS of DNA damage repair genes in
MDA-MB-231 cells. To further elucidate the function of
STXBPI1, the present study systematically investigated its
regulatory role in AS events in MDA-MB-231 cells. A total
of 59,645 known AS events and 78,172 novel AS events were
identified. Statistical analysis revealed significantly different
splicing patterns between OE STXBP1 and NC groups
(P<0.05), indicating that STXBP1 overexpression induces
global disruption of the AS landscape (Tables SIII and IV).
These AS events encompassed 88 cassette exons, 26 mutually
exclusive exons (MXE), 403 intron retentions (Intron R), 78 ES,
34 alternative 5' splice site events with ES (A5SS and ES), 197
alternative 5' splicing sites (A5SS), 25 alternative 3' splice site
events with ES (A3SS and ES), 208 alternative 3' splicing sites
(A3SS), 44 alternative 5' mutually exclusive UTRs (5SpMXE)
and 58 alternative 3' mutually exclusive UTRs (3pMXE,;
Fig. 3A). Among these, Intron R, A5SS and A3SS constituted
the predominant splicing types (Fig. 3A; Tables SV and SVI),
highlighting the distinctive regulatory feature of STXBP1 on
the AS profile. Functional enrichment analysis demonstrated
that genes harboring STXBP1-regulated AS events were
predominantly enriched in biological processes associated
with DNA repair, negative regulation of DNA template tran-
scription, cellular responses to DNA damage stimulus and
double-strand break repair (Fig. 3B). These pathway altera-
tions may underlie the observed proliferation inhibition in
OE STXBP1 group. Notably, negative regulation of apoptosis
was also markedly enriched in RASGs (Fig. 3B), potentially
explaining the elevated apoptosis levels in OE STXBP1
samples. To further validate the regulatory role of STXBPI
in the AS patterns of DNA damage repair genes, the present
study designed specific primers capable of distinguishing
between canonical splice sites and alternative splice sites
and performed RT-qPCR validation for USP48 and PLEC.
Experimental results confirmed that STXBP1 overexpres-
sion markedly upregulated PLEC A3SS splicing ratio while
downregulating USP48 A3SS splicing ratio, consistent with
RNA-seq data (Fig. 3C and D). Collectively, these findings
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demonstrated that STXBPI critically modulates the AS land-
scape, particularly in DNA damage repair genes, potentially
contributing to its tumor-suppressive functions.

STXBPI regulated AS genes for DNA repair are also markedly
enriched in breast cancer radiation cells. Hierarchical clus-
tering analysis was performed using the radiotherapy-related
RNA-seq dataset (GSE189495) from the GEO database. The
results indicated high intra-group consistency among the three
replicates of radiation-exposed breast cancer cell samples
(FIR20) and control cell samples (AMC; Fig. 4A). Subsequent
investigation of AS regulation in irradiated cells identified
1,628 significant radiotherapy-associated RASEs, comprising
26 3pMXEs, 38 5SpMXEs, 108 A3SS, 8 A3SS and ES, 16 A5SS
and ES, 167 ASSS, 62 ES, 23 MXEs, 93 cassette Exons and
1,087 intronR events (Fig. 4B). Among these, Intron R, A5SS
and A3SS were the predominant regulatory types (Fig 4B).
Further functional enrichment analysis revealed that genes
associated with these differentially spliced events were mark-
edly enriched in DNA repair and cellular responses to DNA
damage stimuli (Fig. 4C and D), a finding consistent with
the AS events influenced by STXBP1 overexpression. These
findings suggest that RASEs may modulate radiotherapy
sensitivity in breast cancer cells by regulating DNA damage
repair mechanisms.

To elucidate the specific mechanism of STXBPI in
radiotherapy, an overlap analysis between OE STXBP1
and radiotherapy-induced splicing events in breast cancer
was conducted, identifying 21 co-regulated genes (Fig. 4E).
Further employing protein-protein interaction (PPI) network
analysis, DLG1, GOLGA3, HDLBP, EED, ORC3, RNF34,
CHFR, SAMDA4B, PLD3 and UBE2I as core genes from the
21 candidates were identified (Fig. 4F). This indicates that
STXBP1 may function by coordinately regulating AS levels of
key genes. Notably, the ASSS event of UBE2I, a gene closely
involved in DNA damage repair, was downregulated following
STXBP1 overexpression, with RT-qPCR validation results
consistent with RNA-seq data. In irradiated breast cancer
cells, overexpression of STXBPI resulted in a decreased ratio
of UBE2I AS5SS splicing events (Fig. 4G). Survival analysis
using Kaplan-Meier Plotter revealed a significant positive
correlation between UBE2I expression and prognosis in
patients with TNBC patients who exhibited increased UBE2I
expression was associated with improved survival outcomes
(Fig. S2).

To summarize, these findings suggested that STXBP1
may participate in radiotherapy resistance mechanisms in
TNBC by reshaping the AS spectrum of breast cancer cells
post-radiotherapy, particularly through modulating splicing
patterns of DNA damage repair-related genes. Targeting
splicing regulation of key genes such as UBE2I could provide
a novel therapeutic strategy to improve prognosis in patients
with TNBC.

Discussion

Previous research has demonstrated that reduced expression of
STXBP1 is associated with cancer progression across various
solid tumors in humans (16). Nevertheless, the molecular mech-
anisms by which STXBP1 contributes to TNBC progression
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Figure 3. STXBPI influences the AS of genes in MDA-MB-231 cells. (A) Bar plot illustrating STXBP1-regulated AS events. Y-axis: Distinct AS event types.
(B) Scatter plot displaying the most enriched GO biological process terms among the regulated AS genes. (C) STXBP1 modulates USP48 AS. Left panel:
IGV-sashimi plot depicting regulated AS events and binding sites along the mRNA. Upper subpanel: Read distribution of RASEs; lower subpanel: Gene
transcript structures. Right panel: Schematic diagrams showing ASE architectures. Bottom of right panel: RNA-seq quantification and RT-qPCR validation
of ASEs. (D) STXBP1 modulates PLEC AS. Left panel: IGV-sashimi plot depicting regulated AS events and binding sites along the mRNA. Upper subpanel:
Read distribution of RASEs; lower subpanel: gene transcript structures. Right panel: Schematic diagrams showing ASE architectures. Bottom of right panel:
RNA-seq quantification and RT-qPCR validation of ASEs. Error bars represent mean + SEM. "P<0.05, “P<0.01, “*P<0.0001. STXBPI-overexpression group
vs. NC group. STXBPI, syntaxin binding protein 1; AS, alternative splicing; ASE, AS events; RASE, regulated ASEs; RNA-seq, RNA-sequencing RT-qgPCR,

reverse transcription-quantitative PCR.

remain poorly understood. The present study systematically
investigated the regulatory effects of STXBP1 on intracellular
DEGs and RASEs within MDA-MB-231 cells, as well as its
potential regulatory functions in the context of breast cancer

radiotherapy. The present findings indicated that STXBP1
expression levels were decreased in patients with breast cancer
and in radiation-resistant breast cancer cells and that STXBP1
overexpression inhibited cell proliferation. RNA-seq analysis
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Figure 4. Verification of key target genes of STXBPI. (A) Correlation plot showing the relativity of all samples in GSE189495. (B) Bar plot showing the RASE
in GSE189495. (C) The scatter plot exhibiting the most enriched GO biological process results of the RASG in GSE189495. (D) The scatter plot exhibiting the
most enriched KEGG results of the RASG in GSE189495. (E) Venn diagram showing the overlapped RASE between OE STXBP1 vs. NC and FIR20 vs. AMC
(data from GSE189495). (F) Hub genes identified by PPI analysis. (G) STXBP1 modulates UBE2I AS. Left panel: IGV-sashimi plot depicting regulated AS
events and binding sites along the mRNA. Upper subpanel: Read distribution of RASEs; lower subpanel: Gene transcript structures. Right panel: Schematic
diagrams showing ASE architectures. Bottom of right panel: RNA-seq quantification and RT-qPCR validation of ASEs. Error bars represent mean + SEM.
“P<0.05, "P<0.01. STXBP1, syntaxin binding protein 1; RASE, regulated alternative splicing events; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of
Genes and Genomes; RASG, genes harboring RASEs; OE, overexpressed; NC, negative control; FIR20, fractionally irradiated 20 Gy; PPI, protein-protein
interaction; AS, alternative splicing.

confirmed that STXBP1 overexpression influenced the expres-  are both involved in DNA damage and repair pathways. The
sion of multiple genes and AS patterns. Functional analysis  present study proposed that STXBP1 may exert an important
indicated that STXBP1 and radiotherapy-affected RASGs function in breast cancer through regulating DNA repair
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processes and the expression of AS-related genes, thus poten-
tially representing a key target for radiotherapy. The present
study underscores the potential regulatory value of STXBPI
in breast cancer and identifies downstream RNA molecules
that may serve as novel therapeutic targets for future breast
cancer treatments.

Literature reviews indicate that low expression of STXBP1
is associated with poor prognosis in multiple malignant
tumors (28,29). However, its biological functions and molec-
ular regulatory mechanisms in breast cancer, particularly in
TNBC, remain under-investigated. Through clinical sample
analysis, the present study revealed that STXBPI1 exhibits
markedly reduced expression in breast cancer tissues, with
more pronounced downregulation observed in the TNBC
subtype. Functional experiments demonstrated that STXBP1
overexpression markedly suppresses the proliferative capacity
of MDA-MB-231 cells without markedly inducing apoptosis.
These findings suggested that STXBP1 may primarily exert its
tumor-suppressive effects by modulating proliferation-related
pathways rather than apoptotic pathways.

Transcriptome sequencing revealed that STXBP1 over-
expression led to differential expression of 111 genes (58
upregulated; 53 downregulated). Notably, downregulated
genes showed significant enrichment in pathways such as
cytokine-cytokine receptor interactions and virus protein-cyto-
kine/cytokine receptor interactions. Previous studies have
established that cytokines and their receptors interactions criti-
cally influence survival of patients with cancer, while potential
functional genetic variations within the genes associated with
these pathways may impact the survival rates of patients with
TNBC (30,31). As a key regulatory mechanism for tumor cell
proliferation and metastasis, cytokine and cytokine receptor
signaling pathways were previously confirmed as core media-
tors of migration, invasion and metastasis in MDA-MB-231
cells (32). Among the downregulated genes under OE STXBP1
conditions, EGR1, RPPH1 and IL1A exhibited significant
expression changes. Early growth response 1 (EGR1) is often
dysregulated in various types of cancer, exhibiting both tumor
inhibitory and promoter activities. In breast cancer tissues, the
expression of EGR1 is downregulated and this downregula-
tion associated positively with a lower survival rate among
patients with breast cancer (33). RPPHI, identified as a tumor
promoter in breast cancer cells, enhances the proliferation of
breast cancer cells and facilitates cell cycle progression by
downregulating micro RNA (miR)-122 (34). IL1A is a key
inflammatory cytokine that plays a considerable role in tumor
invasion, angiogenesis and metastasis by inducing the expres-
sion of VEGF, TNF-a, and TGF-f (35). In addition, the present
findings indicated that high IL1A expression in patients with
breast cancer associates with worse survival outcomes. The
aforementioned results suggested that STXBP1 may influence
breast cancer progression by modulating the expression of
these cytokines. However, due to the current lack of systematic
exploration regarding the interactions between STXBPI and
cytokines/their receptors, further experimental validation is
still required to support the conclusions of the present study.

Previous studies have confirmed that dysregulation of AS
is involved in the occurrence and development of breast cancer,
affecting multiple biological processes such as cell prolifera-
tion, apoptosis, invasion and metastasis (36-38). The present

study found that STXBP1 overexpression markedly altered
1,161 AS events. The functionally enriched spliced genes were
involved in biological processes including apoptotic process,
DNA repair, cellular response to DNA damage stimulus and
double-strand break repair. These results suggest that STXBP1
may inhibit breast cancer progression by regulating the DNA
damage response. The accumulation of DNA damage serves
as a core driver of carcinogenesis, manifesting through
induction of key gene mutations (for example, activation of
proto-oncogenes such as RAS and MYC or inactivation of
tumor suppressor genes including TP53, BRCA1 and BRCA2)
and chromosomal instability arising from unresolved DSBs,
such as chromosomal translocations, telomere shortening
and epigenetic dysregulation (for example, aberrant DNA
methylation) (39-41). These processes collectively fuel tumor
heterogeneity and malignant progression. Further analysis
revealed significant alterations in splicing events of USP48
(A3SS) and PLEC (A3SS) upon STXBP1 overexpression.
USP48, a deubiquitinating enzyme that regulates homologous
recombination repair, inhibits BRCAl-mediated DNA repair
by deubiquitinating histone H2A (42). Furthermore, SNRPA1
regulates the AS of exon 31 of PLEC, resulting in alterations in
the proportion of expressed lectin isoforms and subsequently
influencing the metastatic potential of breast cancer cells (43).
Collectively, these findings indicated that STXBP1 may play
a regulatory role in the progression of TNBC by influencing
these key AS events. Future studies should further explore the
regulatory mechanisms of AS in genes involved in signaling
pathways such as DNA damage and repair. Such research may
provide an important theoretical foundation for the develop-
ment of novel therapeutic strategies for malignant tumors.
The initial step in radiation response involves DNA
damage (44). Radiotherapy-induced DNA damage types
include base damage, single-strand breaks, DSBs and inter-
strand crosslinks. Among these, unrepaired or improperly
repaired DSBs represent the key lesion type mediating ionizing
radiation-induced cell death (45-47). Notably, a previous study
has indicated that STXBP1 may play a role in the development
of resistance to radiation therapy in glioma (18). In the field of
breast cancer, the mechanisms underlying STXBP1-mediated
radioresistance remain to be fully elucidated. The present
study analyzed GEO breast cancer radiation cell samples and
discovered that STXBP1 exhibits low expression levels in these
samples. Furthermore, 1,628 significant RASEs with signifi-
cant regulatory features were identified in post-radiotherapy
breast cancer cell samples. Functional enrichment analysis
revealed these RASEs were predominantly enriched in path-
ways related to DNA repair, p53 signal transduction, RNA
splicing regulation and cellular responses to DNA damage.
This result showed substantial overlap with the pathways
enriched by splicing events regulated by STXBP1 overexpres-
sion, suggesting that STXBP1 may influence radioresistant
phenotypes by modulating AS of DNA damage-related genes.
Cross-referencing analysis identified 21 AS genes
commonly involved in both datasets. PPI network analysis
screened 10 core genes: DLG1, GOLGA3, HDLBP, EED,
ORC3, RNF34, CHFR, SAMD4B, PLD3 and UBE2I. Among
these, UBE2I is associated with proliferation regulation and
apoptosis resistance in breast cancer cells following radio-
therapy exposure. As a member of the E2 enzyme family,
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dysregulated UBE2I has been associated with unfavorable
prognosis in hepatocellular carcinoma, glioblastoma and
prostate cancer (48-50). A previous study confirmed that
the splicing factor SF3B1 plays a key role in myelodys-
plastic syndromes by mediating AS of UBE2I. Additionally,
miR-10a-5p-mediated post-transcriptional regulation of
UBE2I is involved in cervical cancer initiation, invasion and
metastasis (51). Clinical data analysis demonstrated a positive
association between high UBE2I expression and improved
prognosis in patients with TNBC. Notably, the ratio of UBE2I
AS increased markedly in post-radiotherapy breast cancer
cells, while STXBP1 overexpression reversed this phenom-
enon. These findings suggested that STXBP1 may participate
in mediating radiotherapy resistance in TNBC by regulating
AS of UBE2I. These discoveries provide potential interven-
tion targets for enhancing radiotherapy sensitivity in TNBC.
Therefore, future studies could be conducted to validate these
findings using MDA-MB-231 radiotherapy cell models and
TNBC radiotherapy tissue samples, and extend the investiga-
tions to other breast cancer cell lines. Concurrently, gain- and
loss-of-function experiments should be planned to systemati-
cally dissect the specific mechanisms of STXBP1-related AS
in the development of radiotherapy resistance in TNBC.

Several limitations of the present study should be
acknowledged. First, all functional experiments and splicing
analyses were performed exclusively in the MDA-MB-231
triple-negative breast cancer cell line. Whether STXBP1
regulates AS in a similar manner in other TNBC lines (for
example, BT-549 and MDA-MB-468) or in non-TNBC
subtypes (for example, luminal A/B and HER2-positive)
remains unknown and requires further investigation. Second,
the radiotherapy-associated transcriptomic data (GSE189495)
were derived from MCF-7 cells, which are ER-positive and
HER2-low, whereas the STXBP1 overexpression experi-
ments were conducted in MDA-MB-231 (TNBC) cells. These
distinct cellular contexts limit the direct comparability of the
two datasets. The cross-analysis is therefore exploratory and
hypothesis-generating, rather than confirmatory. The over-
lapping genes identified (such as UBE2I) represent potential
molecular nodes of interest, but the underlying regulatory
mechanisms may differ across breast cancer subtypes. Third,
the present study did not directly manipulate STXBP1 expres-
sion in irradiated cells or perform radiosensitivity assays
(for example, clonogenic survival after irradiation) in the
STXBP1-overexpressing model. Future studies should address
these gaps by using isogenic cell lines, conducting gain- and
loss-of-function experiments under radiation conditions and
validating findings in patients with TNBC-derived samples or
clinical cohorts.

In summary, the present study systematically analyzed the
regulatory role of STXBP1 in breast cancer cells and radiation
resistance. The findings indicated that STXBP1 regulates the
enrichment pathways of DEGs and AS genes that are associ-
ated with the inhibition of tumor-promoting characteristics in
STXBPI1-overexpressing samples. These pathways primarily
involve DNA repair signaling and cellular responses to DNA
damage stimuli. Therefore, it was hypothesized that STXBP1
may play a role in the progression of TNBC by regulating
the AS of genes associated with the DNA damage repair
pathway. Furthermore, the present study concluded that it is
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implicated in the biological mechanisms underlying radiation
therapy for TNBC. The present study proposes that STXBP1
may play a key role in regulating breast cancer progression
by modulating the expression and AS patterns of specific
genes. This regulation could unveil new molecular targets
and therapeutic strategies for future breast cancer treatments,
particularly aimed at enhancing the sensitivity of TNBC to
radiation therapy, based on the regulatory network associated
with STXBPI.
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