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Abstract
Cervical cancer (CC) is a common cancer that causes considerable morbidity and mortality, especially in developing 
countries. Bone marrow stromal cell antigen 2 (BST2) is a transmembrane glycoprotein, and its promoter 
methylation has been extensively documented in numerous human cancers. Nevertheless, the specific role of 
BST2 in CC remains unclear. This research utilized methylation-specific PCR (MSP), Western blotting, and RT-qPCR to 
evaluate the expression and DNA methylation levels of BST2 in CC tissues and cells. The role of STAT1 in regulating 
BST2 transcription was confirmed through dual-luciferase reporter assays and chromatin immunoprecipitation 
(ChIP) assays. Furthermore, we conducted experiments on cell proliferation, apoptosis, epithelial-mesenchymal 
transition (EMT), and xenograft tumor models to investigate the functional role and regulatory mechanisms 
of BST2 in CC, both in vitro and in vivo. We found that BST2 was increased in CC tissues and cells, promoting 
cell proliferation and EMT while inhibiting apoptosis. Mechanistically, BST2 upregulation was associated with 
hypomethylation of its promoter, potentially regulated by DNMT3a and DNMT3b. Furthermore, the transcription 
factor STAT1 was found to bind to the BST2 promoter, positively regulating its expression and thereby accelerating 
tumorigenesis in CC. Silencing BST2 significantly reduced tumor growth in vivo. Our findings highlight BST2 as a 
potential biomarker and therapeutic target in CC, with its expression regulated by DNA methylation and STAT1 
binding.
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Introduction
Cervical cancer (CC) ranks as one of the most prevalent 
malignant tumors among women worldwide, exhibiting 
significant morbidity and mortality rates, particularly in 
developing countries [1]. In China, both the incidence 
and mortality rates of CC are increasing each year, par-
ticularly in rural regions and areas with lower economic 
development [2]. Persistent infection with high-risk 
human papillomavirus (HPV), particularly types HPV16 
and HPV18, is the primary factor contributing to the 
development of CC [3]. A range of genetic mutations, 
such as PIK3CA [4], along with various epigenetic modi-
fications [5], including DNA methylation and histone 
modifications [6], are found in CC cells. These changes 
significantly contribute to tumorigenesis, disease pro-
gression, and the overall phenotype of the condition. 
Currently, the primary strategies for preventing CC 
include organized cytology-based screening programs, 
HPV screening, and HPV vaccination [7]. CC is a highly 
preventable malignancy that can be effectively managed 
when identified in its early stages [8]. Surgery is the main 
treatment for early-stage CC, resulting in high survival 
rates [9]. Radiotherapy, chemotherapy, and immuno-
therapy are used for advanced or recurrent cases, with 
notable efficacy yet significant side effects and costs [10]. 
Therefore, investigating the pathogenesis of CC, iden-
tifying new biomarkers, therapeutic targets, and novel 
therapies are crucial for enhancing the survival rates and 
quality of life for CC patients.

Bone marrow stromal cell antigen 2 (BST2), com-
monly referred to as Tetherin or CD317, encodes a type 
II transmembrane glycoprotein that plays a significant 
role in various biological processes, especially in antivi-
ral defense and tumor development [11]. BST2 exhibits 
abnormal expression in multiple tumors and is strongly 
linked to tumor advancement and patient outcomes. 
For example, Kuang et al. indicated that the downregu-
lation of BST2 sensitized nasopharyngeal carcinoma 
cells to cisplatin and promoted apoptosis by inhibit-
ing the activation of the NF-κB pathway [12]. Xu et al. 
illustrated that BST2 expression was elevated in hepa-
tocellular carcinoma, correlating with larger tumor size, 
increased tumor multiplicity, and poorer overall survival 
[13]. Notably, Liu et al. showed that BST2 expression was 
markedly increased in CC cells, and silencing BST2 sup-
pressed cell proliferation, migration, invasion, and M2 
macrophage polarization, while promoting apoptosis 
[14]. In summary, the expression of BST2 was notably 
increased in CC; however, the molecular mechanisms by 
which its pro-carcinogenic effects are mediated require 
further investigation.

DNA methylation, as an epigenetic modification, 
involves the addition of methyl groups to the 5’ carbon 
position of cytosine within a DNA molecule, resulting 

in the formation of 5-methylcytosine (5-mC) through 
the action of DNA methyltransferases (DNMTs) [15]. 
This process primarily occurs in the CpG islands located 
in the promoter regions of genes [16]. While it does not 
change the DNA sequence itself, it can influence gene 
expression by altering chromatin structure and affecting 
the interaction of transcription factors [17–19]. In path-
ological conditions, abnormal patterns of DNA meth-
ylation may result in either gene silencing or activation, 
which can disrupt normal cellular functions [20]. Fur-
thermore, aberrant DNA methylation has been investi-
gated in CC, and is regarded as a significant mechanism 
contributing to the development and progression of the 
disease [21]. For example, Bo et al. uncovered that onco-
genic lncRNA AFAP1-AS1 was increased and hypometh-
ylated in CC, and depletion of AFAP1-AS1 repressed 
migration, invasion, and epithelial-mesenchymal transi-
tion (EMT) process [22]. Su et al. suggested that ZEB1 
expression was regulated by TET1-mediated DNA meth-
ylation modifications and histone interactions, and TET1 
promoted stemness and inhibited EMT by increasing 
5hmC and altering histone methylation at the ZEB1 pro-
moter, thereby suppressing ZEB1 expression and poten-
tially blocking CC development [23]. DNA methylation 
modification by BST2 has not yet been documented in 
CC; however, its involvement in other types of cancer 
has been investigated. For instance, the increased expres-
sion of BST2 was associated with its hypomethylation in 
breast cancer [24]. In our study, we aimed to investigate 
whether BST2 expression in CC is regulated by DNA 
methylation modifications.

Signal transducer and activator of transcription 1 
(STAT1) is a member of the STAT protein family of 
transcription factors, and plays an important role in cell 
signaling and the regulation of gene expression [25, 26]. 
In tumors, STAT1 serves a dual function. On one hand, 
the activation of STAT1 demonstrates tumor suppres-
sor functions in certain tumors by facilitating apoptosis 
and suppressing proliferation [27]. Conversely, in other 
tumors, STAT1 may be inappropriately activated, which 
can enhance tumor cell survival and facilitate immune 
evasion [28, 29]. In particular, Wu et al. indicated that 
STAT1 was increased in CC, and a positive correlation 
between STAT1 expression and HPV16 viral load in 
carcinogenesis of CC [30]. Besides, recent studies have 
demonstrated a significant interaction between STAT1 
and BST2. STAT1 can bind to the promoter region of 
the BST2 gene, directly affecting its transcriptional activ-
ity. For example, in oral squamous cell carcinoma cells, 
STAT1 was essential for regulating the BST2 promoter 
region, specifically, STAT1 influenced the transcrip-
tion of BST2, leading to an elevated expression of BST2 
[31]. Verma et al. demonstrated that STAT1 suppressed 
the invasion of HTR-8/SVneo cells by enhancing the 
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expression of BST2 in the presence of IFN-γ treatment 
[32]. Taken together, we hypothesized that STAT1 may 
play an important role in the tumorigenesis of CC by reg-
ulating the expression of BST2 and affecting the biologi-
cal behavior of CC cells.

The purpose of this research was to explore how DNA 
hypomethylation enhances BST2 expression through the 
binding of STAT1 to the BST2 promoter. This study may 
provide a theoretical basis and potential targets for the 
diagnosis and treatment of CC.

Materials and methods
Patients and samples
In our research, CC tissues and matched adjacent non-
cancerous tissues were collected from twenty patients at 
the People’s Hospital of the Xinjiang Uygur Autonomous 
Region. The study received approval from the Ethics 
Committee of the People’s Hospital of the Xinjiang Uygur 
Autonomous Region, and written informed consent was 
obtained from all participants. None of the patients had 
received chemotherapy or radiotherapy before their sur-
gical resection. Following excision, tissues were immedi-
ately snap-frozen in liquid nitrogen and stored at − 80 °C 
for subsequent analysis.

Cell culture and treatment
HeLa, SiHa, and normal cervical epithelial cells 
(HcerEpic) were obtained from Shanghai Yaji Biotechnol-
ogy Co., Ltd. The cells were maintained in high-glucose 
DMEM (Gibco, Carlsbad, USA) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS) (Gibco, Carls-
bad, USA) and cultured at 37 °C in a humidified incuba-
tor with 5% CO₂ and 95% air. For the experiments, HeLa 
and SiHa cells were seeded at a density of 1 × 105 cells 
per well in a 6-well plate. In addition, cells were treated 
with 5 µM 5-aza-CdR (Sigma-Aldrich, St. Louis, USA) for 
72 h, after which they were collected for further analysis.

Vectors and transfection
HeLa and SiHa cells were seeded at a density of 1 × 10⁵ 
cells per well in 6-well plates. Cells were transfected 
with either a negative control (NC) or siRNAs targeting 
BST2, DNMT1, DNMT3a, DNMT3b, and STAT1 using 

the siRNA Transmate reagent (Suzhou GenePharma Co., 
Ltd.). Transfection was performed at 37 °C for 6 h, after 
which the medium was replaced with fresh medium. For 
overexpression experiments, HeLa and SiHa cells were 
transfected with either the BST2 overexpression plasmid 
(oe-BST2; pcDNA3.1 vector, NM_004335.4, 1.5 µg/well) 
or a negative control plasmid (oe-NC; empty pcDNA3.1 
vector, 1.5  µg/well) using Lipofectamine™ 3000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37 °C. Cells 
were harvested for further experiments 24 h post-trans-
fection. The siRNA sequences and the plasmids were 
obtained from Suzhou GenePharma Co., Ltd.

Lentiviral vectors targeting BST2 were produced using 
a second-generation system in 293T cells. Cells were 
transfected with GV vector (20 µg), pHelper 1.0 (15 µg), 
and pHelper 2.0 (10 µg) using Lipofectamine 3000. After 
6  h, the medium was replaced, and supernatants were 
collected 48  h later, centrifuged, and concentrated by 
ultracentrifugation. The viral titer was 1 × 10⁸ TU/ml. 
SiHa cells were transduced at a multiplicity of infection 
(MOI) of 50 in the presence of polybrene (8 µg/ml), fol-
lowed by puromycin selection (2  µg/ml). Finally, viral 
titers and knockdown efficiency were validated.

RNA extraction and RT-qPCR
Total RNA was extracted from cells or tissues using the 
UNIQ-10 column Trizol total RNA extraction kit (San-
gon Biotech). Complementary DNA (cDNA) was syn-
thesized from 1  µg of total RNA using PrimeScript RT 
Master Mix (Takara Bio) according to the manufacturer’s 
instructions. The reverse transcription reaction was per-
formed at 37  °C for 15  min, followed by inactivation at 
85 °C for 5 s and cooling to 4 °C using a PCR Veriti ther-
mal cycler (Applied Biosystems).

Quantitative PCR (qPCR) was performed using the 
QuantStudio®5 Real-Time PCR System (Applied Bio-
systems) with iTaq Universal SYBR Green Supermix 
(Bio-Rad Laboratories). The thermal cycling conditions 
included an initial denaturation at 95  °C for 3  min, fol-
lowed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. 
Primer sequences are listed in Table  1. Relative gene 
expression was normalized to GAPDH and calculated 
using the 2−ΔΔCt method.

Table 1  Sequences of primers for RT-qPCR
Name Forward (5′-3′) Reverse (5′-3′)
BST2 CACACTGTGATGGCCCTAATG GTCCGCGATTCTCACGCTT
E-cadherin ATTGCTCACATTTCCCAACTC GTCACCTTCAGCCATCCT
Snail GGCTCCTTCGTCCTTCTCCTCTAC CCAGGCTGAGGTATTCCTTGTTGC
Vimentin GAGAACTTTGCCGTTGAAGC TCCAGCAGCTTCCTGTAGGTG
DNMT1 CGGCTTCAGCACCTCATTTG AGGTCGAGTCGGAATTGCTC
DNMT3a GCCTGAAGCCTCAAGAGCAGT TTTAGCCACGACCCAGACCAT
DNMT3b CCCAGCTCTTACCTTACCATCG GGTCCCCTATTCCAAACTCCT
STAT1 CAGCTTGACTCAAAATTCCTGGA TGAAGATTACGCTTGCTTTTCCT
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Western blot analysis
Tissues or cells were lysed in RIPA buffer containing 
PMSF (100:1) at 4 °C for 30 min. Subsequently, the lysate 
was subjected to centrifugation at 10,000×g for 10  min 
at 4  °C to obtain the supernatants. The protein concen-
tration was determined using a BCA protein assay kit 
(Beijing Solarbio Science & Technology Co., Ltd.). A 
total of 20 µg of protein per lane was separated by SDS-
PAGE and transferred to PVDF membranes (Invitrogen; 
Thermo Fisher Scientific, Inc.). Membranes were blocked 
with 5% non-fat milk for 2  h at room temperature and 
incubated overnight at 4  °C with primary antibodies, 
including anti-BST2 (1:1,000; cat. no. ab243230; Abcam), 
anti-DNMT1 (1:1,000; cat. no. sc-514784; Santa Cruz 
Biotechnology), anti-DNMT3a (1:1,000; cat. no. 3598; 
Cell Signaling Technology), anti-DNMT3b (1:1,000; cat. 
no. sc-393845; Santa Cruz Biotechnology), anti-STAT1 
(1:1,000; cat. no. ab234400; Abcam), anti-cleaved Cas-
pase-3 (1:1000, cat. no. 9661; Cell Signaling Technology), 
anti-γH2AX (1:1000, cat. no. 2577; Cell Signaling Tech-
nology), and anti-GAPDH (1:1,000; cat. no. sc-137179; 
Santa Cruz Biotechnology). Following washing with 
TBST, the membranes were incubated with HRP-conju-
gated secondary antibodies (1:10,000; Bioworld Technol-
ogy, Inc.) for 1 h at 25 °C. Protein bands were visualized 
using the Amersham Imager 680 (Cytiva) along with 
ECL reagent (MilliporeSigma), and the quantification 
of protein expression was performed using ImageJ soft-
ware (version 1.46; National Institutes of Health), with 
GAPDH serving as the loading control.

Cell proliferation assay
Cell proliferation was assessed using the Cell Count-
ing Kit-8 (CCK-8; Beyotime Institute of Biotechnology). 
After transfection, cells were seeded into 96-well plates at 
a density of 5 × 10³ cells per well and cultured at 37 °C in 
a humidified incubator with 5% CO₂. At 0, 24, 48, 72, and 
96 h post-seeding, 10 µl of CCK-8 solution was added to 
each well. The plates were incubated for 2 h at 37 °C, and 
the absorbance was measured at 450 nm using a micro-
plate reader (Thermo Fisher Scientific, Inc.).

Cell apoptosis assay
Cell apoptosis was evaluated 48 h post-transfection uti-
lizing the Annexin V-FITC/PI Apoptosis Detection Kit 
(Beyotime Biotechnology, Shanghai, China). Briefly, 
treated cells were collected and washed twice with cold 
phosphate-buffered saline (PBS). The resulting cell pel-
let was then resuspended in 1× Binding Buffer at a con-
centration of 1 × 10⁶ cells/ml. A volume of 100 µl of this 
cell suspension was placed into a flow cytometry tube 
and stained with 5  µl of Annexin V-FITC and 10  µl of 
propidium iodide (PI) for a duration of 15 min at room 
temperature in the absence of light. After staining, 400 µl 

of 1× Binding Buffer was added to the cells. Apoptosis 
was subsequently assessed using a flow cytometer (BD 
FACSCalibur), and the data were processed with FlowJo 
software (Tree Star, Inc.). Early apoptotic cells were char-
acterized as Annexin V-FITC-positive and PI-negative, 
whereas late apoptotic and necrotic cells were identified 
as Annexin V-FITC-positive and PI-positive.

Animal studies
Female BALB/c nude mice (6 to 8 weeks old) were uti-
lized for the xenograft experiment. SiHa cells, which had 
undergone stable BST2 knockdown (kd-BST2) or this 
controls (kd-NC), were collected and subcutaneously 
injected into the right flank (3 × 106 cells/100 µl). After 
a period of 28 days, the mice were euthanized, and the 
tumors were removed for subsequent analysis. Tumor 
volume was determined using the formula: volume = 
(length × width²)/2.

DNA methylation analysis
Genomic DNA was isolated from HeLa and SiHa cell 
lines and subsequently quantified utilizing a NanoDrop 
spectrophotometer (Thermo Fisher Scientific, USA). The 
bisulfite conversion of the genomic DNA was conducted 
using the EpiTect Bisulfite Kit (Qiagen, Germany), fol-
lowing the guidelines provided by the manufacturer. For 
methylation-specific PCR (MSP), the converted DNA 
was amplified with primers specifically designed to target 
the region of interest. The resulting PCR products were 
subjected to separation on a 2% agarose gel (Invitrogen, 
USA) and visualized through staining with GelRed (Bio-
tium, USA) under ultraviolet light. The methylation sta-
tus was assessed by analyzing the presence or absence of 
distinct bands that corresponded to either methylated or 
unmethylated alleles.

Dual-luciferase reporter assay
The promoter region of BST2 was amplified via PCR 
with specific primers and subsequently cloned into the 
pGL3-Basic luciferase reporter vector (Promega, USA). 
Bioinformatics analysis was employed to identify the 
STAT1-binding sites within the BST2 promoter, and 
mutations were introduced utilizing the QuikChange 
Site-Directed Mutagenesis Kit (Agilent, USA). The 
sequences of both the wild-type (WT) and mutant 
(MUT) promoters were verified through Sanger sequenc-
ing. Cells were plated at a density of 1 × 10⁴ cells per well 
in 96-well plates. Co-transfection of cells was performed 
with 100 ng of either BST2-WT or BST2-MUT pro-
moter constructs alongside 10 ng of the pRL-TK Renilla 
luciferase vector (Promega, USA), using Lipofectamine 
3000 reagent (Invitrogen, USA). The total amount of 
DNA was adjusted with an empty pGL3-Basic vector to 
maintain consistent transfection efficiency. After a 48-h 
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incubation, cells were lysed, and luciferase activity was 
assessed using the Dual-Luciferase Reporter Assay Sys-
tem (Promega, USA). Firefly luciferase activity was nor-
malized against Renilla luciferase activity to correct for 
variations in transfection efficiency and cell viability.

Chromatin Immunoprecipitation (ChIP)
Chromatin immunoprecipitation (ChIP) assays were 
conducted on HeLa and SiHa cell lines, as well as on 
clinical and nude mouse tissues, utilizing the Magna 
ChIP™ G Kit (MilliporeSigma, USA) in accordance with 
the manufacturer’s guidelines. In summary, the samples 
were subjected to crosslinking with 1% formaldehyde 
for 10 min at room temperature to ensure the stabiliza-
tion of protein-DNA interactions, followed by a quench-
ing step with 0.125 M glycine. Subsequently, the samples 
were lysed and sonicated with a Bioruptor® Plus sonica-
tion device (Diagenode, Belgium) to fragment the chro-
matin into pieces measuring approximately 200–500 bp. 
The resulting lysates were centrifuged, and the superna-
tants were retained for immunoprecipitation, which was 
carried out overnight at 4 °C using either an anti-STAT1 
antibody (Cell Signaling Technology, USA) or IgG as a 

negative control. Immune complexes were isolated using 
protein G magnetic beads, followed by washing and elu-
tion. The crosslinks were then reversed, and DNA was 
purified through a spin column. The enrichment of the 
BST2 promoter region was assessed via quantitative 
PCR (qPCR) employing specific primers designed for the 
BST2 promoter.

Statistical analysis
Data obtained from three separate experiments were 
evaluated utilizing GraphPad Prism 9 and SPSS 19.0. The 
results are presented as mean ± standard deviation (SD). 
For statistical comparisons, either Student’s t-test or one-
way ANOVA with Tukey’s test was employed, with non-
parametric tests applied when necessary. A p-value of 
less than 0.05 was considered statistically significant.

Results
BST2 is highly expressed in cervical cancer tissues and cell 
lines
Initially, we investigated the expression of BST2 in CC 
tissues and cells. As shown in Fig. 1A, the mRNA expres-
sion levels of BST2 were greatly higher in CC tumor 

Fig. 1  BST2 is highly expressed in cervical cancer tissues and cell lines. (A) The mRNA expression levels of BST2 in cervical cancer tumor tissues compared 
to normal tissues, as determined by RT-qPCR. (B) Protein expression levels of BST2 in tumor tissues and normal tissues were analyzed by Western blot. 
(C) Expression levels of BST2 in cervical squamous cell carcinoma (CESC) tissues and normal tissues were assessed using the GEPIA2 database. (D-E) 
The mRNA and protein levels of BST2 in HcerEpic, HeLa, and SiHa cells were measured by RT-qPCR and Western blot, respectively. *p < 0.05, **p < 0.01, 
***p < 0.001
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tissues compared to adjacent normal tissues. Western 
blot analysis revealed that CC tumor tissues exhibited 
elevated protein expression levels of BST2 in comparison 
to normal tissues (Fig.  1B). Moreover, an analysis con-
ducted using the GEPIA2 database showed that BST2 
expression levels were notably elevated in cervical squa-
mous cell carcinoma (CESC) tissues when compared to 
normal tissues (Fig. 1C). Besides, RT-qPCR analysis indi-
cated that BST2 mRNA expression levels were increased 
in HeLa and SiHa cells compared to HcerEpic cells 
(Fig.  1D). Similarly, Western blot analysis demonstrated 
that HeLa and SiHa cells exhibited a significantly higher 
BST2 expression compared to HcerEpic cells (Fig.  1E). 
These data showed that the increased BST2 expression 
was observed in CC tissues and cell lines, indicating its 
potential as a biomarker or therapeutic target in CC.

Silencing BST2 alleviates tumorigenesis of cervical cancer 
in vitro and in vivo
To explore the biological function of BST2 in CC, we 
transfected BST2 knockdown vectors in HeLa and SiHa 
cells. The knockdown efficiency of BST2 in both cell lines 
was successfully validated by both RT-qPCR (Fig.  2A) 
and Western blot analysis (Fig. 2B). There was a signifi-
cant reduction in the relative mRNA and protein expres-
sion levels of BST2 in both BST2-silenced HeLa and SiHa 
cells (Fig. 2A-B). Cell viability assays conducted with the 
CCK-8 method indicated that silencing BST2 decreased 
the viability of HeLa and SiHa cells (Fig.  2C-D). Flow 
cytometry analysis revealed that the proportion of apop-
totic cells was notably higher in BST2-depleted HeLa 
and SiHa cells than in the control cells (Fig. 2E), indicat-
ing that silencing BST2 induced apoptosis in both HeLa 
and SiHa cells. Additionally, we found that the expres-
sion of cleaved caspase-3 and γH2AX was increased in 
BST2-depleted HeLa and SiHa cells (Fig.  2F). RT-qPCR 
analysis of EMT-related genes suggested that the expres-
sion of E-cadherin was increased, whereas the levels of 
Snail and Vimentin were suppressed in both HeLa and 
SiHa cells upon BST2 knockdown (Fig.  2G). Moreover, 
to explore the effect of BST2 on tumor growth, we con-
structed a xenograft model by injecting SiHa cells that 
were stably transfected with either the BST2 knockdown 
vector or a negative control vector into nude mice. Our 
results showed that the BST2 expression was effectively 
suppressed in kd-BST2 group of nude mice (Fig.  2H). 
The tumor size was notably smaller in the BST2 knock-
down group compared to the control group (Fig.  2I). 
Besides, both tumor weight and volume were mark-
edly lower in BST2-depleted group compared to control 
group (Fig. 2J), suggesting that silencing BST2 effectively 
blocked tumor growth in vivo. This data collectively 
demonstrated that silencing BST2 effectively inhibited 
CC development both in vitro and in vivo, indicating that 

BST2 may serve as a potential therapeutic target for CC 
treatment.

Upregulation of BST2 in cervical cancer cells is associated 
with hypomethylation of the BST2 promoter
To explore the epigenetic regulation of BST2 in CC, we 
first assessed the methylation status of its promoter. Bio-
informatic analysis revealed the presence of a CpG island 
within the BST2 promoter region, indicating a potential 
site for DNA methylation regulation (Fig.  3A). Meth-
ylation-specific PCR (MSP) demonstrated that BST2 
exhibited hypomethylation in HeLa and SiHa cells when 
compared to normal cervical epithelial cells (HcerEpic) 
(Fig. 3B). The application of the DNA methyltransferase 
inhibitor 5-aza-CdR notably increased BST2 expression 
in both HeLa and SiHa cells, as assessed by RT-qPCR 
(Fig. 3C). Knockdown experiments further elucidated the 
role of DNMTs in regulating BST2 expression. As shown 
in Fig. 3D, silencing DNMT1 led to a notable elevation in 
BST2 mRNA expression in SiHa cells, whereas no such 
increase was observed in HeLa cells. In addition, West-
ern blot analysis uncovered that there were no significant 
changes in BST2 protein levels in either HeLa or SiHa 
cells (Fig. 3E-G). Furthermore, inhibition of DNMT3a led 
to increased BST2 mRNA and protein expression in both 
HeLa and SiHa cells (Fig.  3H-J). Similarly, suppression 
of DNMT3b also led to upregulation of BST2 mRNA 
and protein expression in both CC cell lines (Fig. 3K-M). 
The findings suggested that DNMT3a and DNMT3b, but 
not DNMT1, may play crucial roles in regulating BST2 
expression through DNA methylation. Taken together, 
our results demonstrated that hypomethylation of the 
BST2 promoter contributed to its upregulation in CC 
cells.

The transcription factor STAT1 contributes to the 
expression of BST2
Transcription factors are essential in the regulation of 
genes and the advancement of diseases. To explore the 
regulatory function of the transcription factor STAT1 in 
CC, we examined its interaction with BST2. Inhibition 
of STAT1 in HeLa and SiHa cells led to a notable reduc-
tion in the expression levels of STAT1 and BST2 mRNA 
as well as their corresponding proteins (Fig. 4A-B), sug-
gesting that STAT1 may positively regulate BST2 tran-
scription. Conversely, silencing BST2 did not lead to any 
notable changes in the expression of STAT1 mRNA and 
protein (Fig.  4C-D). This suggested that the regulatory 
relationship was unidirectional, whereby STAT1 influ-
enced BST2, but the reverse was not true. Dual-lucifer-
ase reporter assays validated the interaction between 
STAT1 and the BST2 promoter, as evidenced by a nota-
ble decrease in luciferase activity when STAT1-specific 
mutations were introduced in the BST2 promoter region 
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Fig. 2  Silencing BST2 alleviates tumorigenesis of cervical cancer in vitro and in vivo. (A-B) Knockdown efficiency of BST2 in HeLa and SiHa cells, as 
detected by RT-qPCR and Western blot. (C-D) Cell viability assay (CCK-8) in control and BST2-depleted HeLa and SiHa cells. (E) Analysis of cell apoptosis 
using flow cytometry. (F) The levels of cleaved caspase-3 and γH2AX were detected by Western blot. (G) RT-qPCR analysis of epithelial-mesenchymal 
transition (EMT) related genes E-cadherin, Snail, and Vimentin. (H) The expression of BST2 protein in xenograft tumors was assessed by Western blot. (I) 
Representative images of xenograft tumors injected with SiHa cells. (J) Tumor weight and volume measurements of xenograft tumors. *p < 0.05, **p < 0.01, 
***p < 0.001
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(Fig.  4E). To further validate this interaction, a ChIP 
assay was performed. The results showed that STAT1 
increased the expression levels of BST2 through pro-
moting its transcription in both cell lines and CC tumor 
tissues, however, in a nude mouse xenograft model, the 
ability of the BST2 promoter to enrich STAT1 was sig-
nificantly reduced in the kd-STAT1 group compared to 
the control group (Fig. 4F). Additionally, we also detected 
the expression levels of STAT1 in CC. STAT1 mRNA and 

protein levels were elevated in tumor tissues compared 
to the normal paraneoplastic tissues (Fig. 4G-H). Among 
the cell lines tested, STAT1 mRNA and protein expres-
sion were elevated in HeLa and SiHa cells (Fig.  4I-J). 
Besides, a positive correlation between STAT1 and BST2 
expression in CESC was identified (Fig.  4K), which fur-
ther substantiates the involvement of STAT1 in the regu-
lation of BST2 expression. These researches uncovered 
that STAT1 positively regulated BST2 expression in CC.

Fig. 3  Upregulation of BST2 in cervical cancer cells is associated with hypomethylation of the BST2 promoter. (A) CpG island location within the BST2 
gene promoter region. (B) Methylation levels of BST2 in HcerEpic, HeLa, and SiHa cells were examined by MSP. (C) BST2 expression levels in control and 
5-aza-CdR treated HeLa and SiHa cells were measured by RT-qPCR. (D-G) RT-qPCR and Western blot assessed the mRNA and protein levels of DNMT1 
and BST2 in DNMT1-silenced HeLa and SiHa cells. (H-J) The mRNA and protein levels of DNMT3a and BST2 in DNMT3a-depleted HeLa and SiHa cells were 
detected by RT-qPCR and Western blot. (K-M) The mRNA and protein levels of DNMT3b and BST2 in HeLa and SiHa cells after knockdown DNMT3b were 
measured by RT-qPCR and Western blot. *p < 0.05, **p < 0.01, ***p < 0.001
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STAT1 positively regulates BST2 expression to exacerbate 
cervical cancer progression
To investigate whether STAT1 contributes to CC progres-
sion through regulation of BST2, we knockdown STAT1 
while overexpressing BST2 to detect its effect on cellu-
lar functions. First, the transfection efficiency of overex-
pressed BST2 in both HeLa and SiHa cells was examined 
by RT-qPCR and Western blot analysis (Fig. 5A-B). The 
CCK-8 assay uncovered that silencing STAT1 hampered 
cell proliferation in both HeLa and SiHa cells, conversely, 
the overexpression of BST2 in STAT1-depleted CC cells 
partially reversed this proliferation impairment (Fig. 5C-
D). Flow cytometry analysis illustrated that inhibition 
of STAT1 induced cell apoptosis in both HeLa and SiHa 
cells, whereas the overexpression of BST2 effectively 
rescued this pro-apoptotic effect (Fig. 5E-F). Simultane-
ously, RT-qPCR analysis revealed that the upregulation of 
E-cadherin and the decrease of Snail and Vimentin were 
observed in STAT1-silenced HeLa and SiHa cells, indicat-
ing that depletion of STAT1 repressed the EMT process 
(Fig. 5G). However, the inhibitory effect on EMT induced 

by knockdown STAT1 was restored by co-treatment with 
a BST2 overexpression vector (Fig.  5G). In summary, 
these findings showed that STAT1 positively regulated 
BST2 expression, which in turn promoted cell prolifera-
tion, EMT process and suppressed cell apoptosis.

Discussion
CC is a prevalent cancer affecting the female reproduc-
tive system [33]. In recent years, significant advance-
ments have been made in the prevention and treatment 
of CC through the extensive use of diverse methods; 
however, the outcomes for late-stage treatment remain 
inadequate [34]. Therefore, it is necessary to elucidate 
the molecular mechanisms that induce the progression 
of CC. The expression of BST2 is abnormally elevated in 
various malignant tumors, including gastric cancer [35], 
colorectal cancer [36], ovarian cancer [37], and CC [14]. 
Consistent with previous research, we demonstrated that 
BST2 was overexpressed in CC tissues and cell lines when 
compared with adjacent normal tissues and normal cer-
vical epithelial cells (HcerEpic). Additionally, depletion of 

Fig. 4  The transcription factor STAT1 contributes to the expression of BST2. (A-B) The mRNA and protein expression of STAT1 and BST2 in STAT1-silenced 
cervical cancer cells. (C-D) The mRNA and protein expression of STAT1 and BST2 in BST2-silenced cervical cancer cells. (E) Dual-luciferase reporter assay 
verifying the binding site of STAT1 to the BST2 promoter. (F) The binding ability of STAT1 to the BST2 promoter in cervical cancer cells, clinical tissues and 
xenograft tumor was detected using a chromatin immunoprecipitation assay. (G-H) The mRNA and protein expression of STAT1 in normal and cervical 
cancer tissues. (I-J) The mRNA and protein expression of STAT1 in HcerEpic, HeLa, and SiHa cells. (K) A high correlation between STAT1 and BST2 in CESC 
was shown by GEPIA dataset analysis. *p < 0.05, **p < 0.01, ***p < 0.001
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BST2 through siRNA interference resulted in decreased 
cell proliferation, increased apoptosis, and repressed 
EMT in HeLa and SiHa cells. Besides, the knockdown of 
BST2 also blocked the tumor growth in vivo. As a novel 
biomarker and a promising therapeutic target, BST2 is 
expected to provide innovative insights into the diagno-
sis, prognostic evaluation, and treatment approaches for 
CC.

DNA methylation is crucial in the development and 
advancement of multiple diseases, as it regulates gene 
expression, preserves genome stability, and affects cel-
lular functions [38]. Reports have indicated that the pro-
moter region of the BST2 gene contains a CpG island, 
and its methylation status is crucial for regulating gene 
expression [24]. For instance, the research conducted by 
Singh et al. explored the relationship between the expres-
sion levels of BST2 and the impact of DNA methylation 
on the regulation of HIV-1 viral load in black women. 
The findings revealed that higher levels of BST2 were 
associated with better viral control, suggesting that BST2 
could serve as a promising therapeutic target for HIV 
and related conditions [39]. Furthermore, DNMTs influ-
ence gene expression by modifying the methylation of 

promoter regions. Xi et al. indicated that DNMT1 facili-
tated the methylation of miR-20a, thereby suppressing 
its expression in retinal pigment epithelium cells affected 
by of diabetic retinopathy [40]. Xu et al. uncovered that 
DNMT3b down-regulated miR-34a expression through 
increasing miR-34a promoter methylation in bladder 
cancer [41]. In our study, we found that the upregula-
tion of BST2 was associated with the DNA hypomethyl-
ation of the BST2 promoter. Additionally, in CC cells, the 
demethylation of BST2 may be facilitated by DNMT3a 
and/or DNMT3b, but not by DNMT1. Nonetheless, the 
involvement of DNMTs in the progression of CC through 
the regulation of BST2 requires further investigation.

Transcription factors regulate gene transcription by 
binding to promoter or enhancer regions, thereby affect-
ing cellular biological functions and potentially playing 
a role in disease progression [42]. As a crucial transcrip-
tion factor, STAT1 exerts significant influence in can-
cer development, yet its role as either an oncogene or a 
tumor suppressor is highly context-dependent, depend-
ing on the particular genetic context [43]. For instance, 
Zhang et al. uncovered that STAT1 interacted with 
the CircIFI30 promoter to increase its transcriptional 

Fig. 5  STAT1 positively regulates BST2 expression to exacerbate cervical cancer progression. (A-B) BST2 expression in HeLa and SiHa cells transfected 
with a BST2 overexpressing vector was measured by RT-qPCR and Western blot. (C-D) Cell viability was measured by CCK-8 assay in kd-NC, kd-STAT1, kd-
STAT1 + oe-NC, and kd-STAT1 + oe-BST2 groups of HeLa and SiHa cells. (E-F) Analysis of cell apoptosis using flow cytometry. (G) RT-qPCR assessment of 
E-cadherin, Snail, and Vimentin levels. *p < 0.05, **p < 0.01, ***p < 0.001
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activity, thus aggravating malignant progression of triple-
negative breast cancer [25]. Ai et al. suggested that the 
transcription factor STAT1 can enhance a malignant cell 
phenotype through the upregulation of LINC01160 in 
nasopharyngeal carcinoma [44]. Strikingly, STAT1 has 
been identified as a crucial transcription factor respon-
sible for the increased expression of BST2 in both oral 
squamous cell carcinoma and complications associated 
with pregnancy [31, 32]. Our data indicated that STAT1 
positively regulated the expression of BST2 in CC cells. 
Functional experiments demonstrated that silencing 
STAT1 inhibited cell proliferation and EMT, and pro-
moted cell apoptosis. Conversely, overexpression of 
BST2 effectively reversed the inhibitory effects observed 
in STAT1-depleted CC cells. Taken together, these data 
illustrated that STAT1 increased BST2 level through the 
regulation of its promoter region.

In conclusion, the present study uncovered the role 
of BST2 in CC, demonstrating that BST2 expression 
was upregulated through DNA methylation and STAT1 
binding to its promoter, contributing to tumor progres-
sion by promoting cell survival, inhibiting apoptosis, and 
facilitating EMT. In addition, our research has certain 
limitations. Firstly, the limited sample size may impact 
the statistical validity and generalizability of the find-
ings. Secondly, while BST2 has demonstrated potential 
as a biomarker and therapeutic target in CC, its specific 
application in clinical diagnosis and treatment requires 
additional validation. In summary, this research explored 
the cancer-promoting function of STAT1 in CC, along 
with the impact of BST2 promoter hypomethylation 
and the regulatory role of STAT1 in its expression. This 
offers a significant theoretical foundation for identifying 
new therapeutic targets for CC and creating personalized 
treatment strategies.
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