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TNF-a modulates cell proliferation via SOX4/TGF-B/Smad
signaling in benign prostatic hyperplasia
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Benign prostatic hyperplasia (BPH) is an age-related condition in men with a poorly defined etiology. Chronic inflammation is
increasingly recognized as a key contributor to BPH progression; however, the underlying mechanisms remain incompletely
understood. This study aimed to elucidate the role of a TNF-a-induced inflammatory microenvironment in regulating BPH

progression. We demonstrated that TNF-a levels were significantly elevated in patients with BPH and positively correlated with key
clinical characteristics. In vitro, TNF-a promoted the proliferation of prostatic cells. Mechanistically, TNF-a induced the

overexpression of SOX4, which subsequently activated the TGF-B/Smad2/3 signaling axis, thereby enhancing cellular proliferation,
promoting epithelial-mesenchymal transition (EMT), and exacerbating fibrosis. Importantly, metformin (Met) treatment reduced the
expression levels of relevant inflammatory cytokines in the serum of BPH rats. Further analysis confirmed that Met inhibited the
TGF-B/Smad2/3 signaling pathway by downregulating the expression of SOX4, thus suppressing cell proliferation, reversing EMT,
alleviating fibrosis, and ultimately exerting anti-BPH effects. Collectively, our findings suggest that TNF-a promotes BPH progression

via activation of the SOX4/TGF-3/Smad2/3 axis, while Met exerts therapeutic effects by targeting this pathway. These results
highlight SOX4 as a potential therapeutic target for BPH and support the clinical potential of Met in BPH management.
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INTRODUCTION

Benign prostatic hyperplasia (BPH) is a prevalent condition in
aging male, and its prevalence increases with age [1, 2]. BPH is
histologically characterized by epithelial and stromal hyperplasia
within the periurethral and transition zones of the prostate gland,
leading to bladder outlet obstruction and associated lower urinary
tract symptoms (LUTS), which substantially impair the quality of
life of elderly men [3, 4]. Although its pathogenesis has been
extensively investigated, involving factors such as sex hormone
imbalance, tissue remodeling, metabolic dysregulation, and
immune inflammation [5-8], the precise molecular mechanisms
underlying BPH development and its progression to symptomatic
LUTS remain incompletely understood.

Recently, the relationship between chronic inflammation and BPH
has garnered increasing attention. Evidence from our previous study
and others indicates that inflammatory infiltrations, including
lymphocytes, macrophages, and cytokines, are frequently observed
in BPH tissues [9-12]. Moreover, our preliminary research revealed
that chronic inflammation in patients with BPH is a potential cause
of more severe LUTS and a greater likelihood of acute urinary
retention (AUR) [13]. Chronic inflammation has been shown to
regulate epithelial-mesenchymal transition (EMT), fibrosis, and

proliferation in the prostate [1, 14, 15], suggesting that inflammation
may play a crucial role in the occurrence and progression of BPH.
However, the detailed mechanism by which inflammation leads to
prostatic hyperplasia had not yet been fully elucidated.

Tumor necrosis factor-alpha (TNF-a) is a pleiotropic cytokine
produced by immune cells and is notable for its potent
proinflammatory effects [16]. It can activate downstream signaling
pathways by binding to TNFR1 and/or TNFR2, thereby mediating
various biological responses, including cell proliferation, apoptosis,
and inflammation [17]. Studies have indicated that the upregula-
tion of TNF-a expression could modulate the inflammatory
environment in BPH and promote the proliferation of prostate
stromal cells [18]. Additionally, the use of TNF-a antagonists has
been shown to reduce epithelial hyperplasia, NF-kB activation, and
macrophage-mediated inflammation within prostate tissue [19].
These findings suggest that TNF-a is involved in the initiation and
progression of BPH, though its exact role in BPH pathology
remains unclear.

SRY-related high-mobility-group box 4 (SOX4), a member of the
SOX family of transcription factors, plays key roles in regulating
cell fate determination, proliferation, and differentiation [20, 21].
SOX4 has been shown to be upregulated in various cancers,
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including colorectal, breast, and prostate cancer, where it
promotes tumorigenesis and progression by activating critical
signaling pathways such as transforming growth factor-beta (TGF-
B) and Wnt/B-catenin [22-24]. Interestingly, SOX4 is also
considered a significant molecular target in chronic inflammatory
diseases. Studies have shown that SOX4 is highly expressed in the
synovium of arthritis patients and serves as a target and key
mediator of TNF-a during the transformation of fibroblast-like
synoviocytes (FLS) [25, 26]. However, there are currently no reports
on the expression and function of SOX4 in BPH.

Notably, recent studies have highlighted the role of TNF-a in
regulating the expression and activity of key transcription factors in
the pathogenesis of inflammatory diseases [26, 27]. To explore
potential therapeutic strategies for BPH, we further investigated
the application of metformin (Met). Met, a widely used hypogly-
cemic agent, has been demonstrated to exert anti-inflammatory,
anti-proliferative and anti-fibrotic effects by inhibiting the TGF-3
and NF-kB signaling pathways [28, 29]. Moreover, previous studies
have demonstrated that Met suppresses cell proliferation by
downregulating SOX4 expression, thereby exerting antiprolifera-
tive effects [30]. Therefore, this present study aimed to elucidate
the role of TNF-a in shaping the inflammatory microenvironment
of BPH and its regulatory influence on SOX4 expression, as well as
to further explore the therapeutic potential of Met in ameliorating
BPH through SOX4 inhibition, thereby offering new mechanistic
insights into BPH pathogenesis and intervention.

MATERIALS AND METHODS

Human samples and clinical data

Normal and BPH blood samples were obtained from healthy male subjects
undergoing physical examinations at West China Hospital and from BPH
patients undergoing transurethral resection of the prostate, respectively.
Prostatic hyperplasia tissues were collected from BPH patients undergoing
surgery, and confirmed as BPH by postoperative pathological examination.
Normal prostate tissues were obtained from male patients under 40 years of
age who underwent radical cystectomy, and pathological examination by two
independent pathologists revealed no hyperplasia. The relevant clinical data of
the collected patients were recorded. All experiments involving human
specimens were approved by the Ethics Review Committee of West China
Hospital, Sichuan University, and informed consent was obtained from all
patients. The approval number for handling human subjects was 2022-1700.

Animal model

Eight-week-old male Sprague-Dawley rats (250-300g) were purchased
from SPF Biotechnology Co. Ltd (Beijing, China). After a one-week
acclimatization period, the rats were randomly divided into three groups
(n =15 per group). The control group underwent a sham operation, while
the other two groups were castrated to eliminate the effects of intrinsic
testosterone: Control group: non-pathological prostate, and was subcuta-
neously administered corn oil; BPH group: subcutaneously administered
testosterone propionate (TP) (dissolved in corn oil) at 4 mg/kg/day after
castration; BPH + Met group: subcutaneously administered TP at 4 mg/kg/
day after castration + orally administered Met at 500 mg/kg/day. All rats
were allowed to recover for one week after surgery, and the treatment
duration was 4 weeks (28 days). The dose of Met was determined on the
basis of previous studies [31]. Serum and prostate tissues were collected
24 h after the last treatment. The serum from all the rats was centrifuged
and stored at -80°C, and the prostate tissues were weighed and either
fixed in 4% paraformaldehyde or preserved in liquid nitrogen. This study
was approved by the Animal Ethics Review Committee of West China
Hospital, Sichuan University. The approval number of the animal
experiments was 20230308039. All animal experiments were conducted
in strict accordance with the National Institutes of Health (NIH) guidelines
for the Care and Use of Laboratory Animals.

Cell culture and treatment

The human normal prostate stromal cell line (WPMY-1) was purchased
from the American Type Culture Collection (ATCC; Manassas, VA, USA) and
cultured in DMEM medium (Thermo, MA, USA) supplemented with 5% fetal
bovine serum (FBS; Gibco, Australia), and 1% penicillin-streptomycin
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(HyClone, MA, USA). The human BPH epithelial cell line (BPH-1) was
purchased from Servicebio Co., Ltd (Wuhan, China) and cultured in RPMI-
1640 medium (Thermo, MA, USA) containing 10% FBS, and 1% penicillin-
streptomycin. The cells were treated with TNF-a (Novoprotein, China) or
Met (Selleck, China) according to the experimental requirements. TNF-a
and Met were both dissolved in normal saline and directly added to the
culture medium at the beginning of the treatment period, without daily
replenishment. The culture medium was not changed during the
treatment, which lasted for 0, 24, 48, or 72 h.

Cell virus infection and plasmid transfection

In this study, SOX4 knockdown was achieved by transducing lentiviruses
containing short hairpin RNAs (shRNAs) targeting SOX4 (Sh-SOX4;
Genechem, Shanghai, China) (Table S1), and two shRNA sequences with
better inhibition efficiency were selected for further research. Nontargeting
shRNA (Sh-NC) was used as a negative control (Table S1). A SOX4
overexpression plasmid (OE-SOX4; Genechem, Shanghai, China) or an
empty plasmid (Vector) was transfected into cells via Lipofectamine 3000
transfection reagent (Invitrogen, CA, USA) to achieve SOX4 overexpression.

Cell viability assessment

In this study, cell viability was determined via the Cell Counting Kit-8 (CCK-8)
assay (Dojindo, Rockville, USA) and EdU assay (Elabscience, Wuhan, China).
WPMY-1 cells (3x10° cells/well) or BPH-1 cells (3x10® cells/well) were
seeded into 96-well culture plates and treated or transduced for 0, 24, 48, or
72 h. CCK8 experiment: The medium in each well was replaced with 100 pL of
fresh complete medium containing 10 pL of CCK-8 solution. Finally, the cells
were incubated in the dark at 37°C for 2 h, and the absorbance at 450 nm
was measured via an Eon™ microplate reader (Bio-Tek, VT, USA). EdU
experiment: Cells in each well were first incubated with EdU solution (50 pM/
well) for 2h; followed by fixing the cells with 4% paraformaldehyde for
15 min; and then cells were washed with 0.5% TritonX-100 for 20 min. Next,
cells were incubated with Click reaction solution for 30 min; then, cells were
washed with PBS for 10 min. Finally, cells were incubated with DAPI solution
for 10 min at room temperature. Photographs were taken for observation
using a laser confocal fluorescence microscope (ZEISS, Oberkochen,
Germany).

Flow cytometry analysis

The cells were inoculated in 6-well plates at a concentration of 2 x 10° cells/
well, and cells were processed and collected according to experimental
requirements. Cell cycle analysis was performed according to the
instructions provided in the Cell Cycle Detection Kit (KeyGen, Jiangsu,
China). Cells were fixed in 500 pL of 75% ethanol at 4 °C overnight, washed,
filtered, and then stained with PI/RNase dye working solution. After
incubating at room temperature in the dark for 30 min, the cell cycle was
detected and recorded using a CytoFLEX flow cytometer (Beckman, IN,
USA). Cell apoptosis was directly detected using the Annexin V-APC/PI
apoptosis kit (Elabscience, Wuhan, China) as per the manufacturer’'s manual.
Cells were resuspended in 500 pL of 1xbinding buffer, incubated with 5 pL
of Annexin V-APC and 5 pL of Pl Reagent at room temperature in the dark
for 15-20 min, and then apoptosis was evaluated using the flow cytometer.

RNA sequencing (RNA-seq) and bioinformatics analysis

We performed RNA sequencing on WPMY-1 cells treated with or without TNF-
a and with or without SOX4 knockdown. The transcriptome analysis was
outsourced to Novogene (Beijing, China), Briefly, RNA was extracted using
TRIzol (Invitrogen, CA, USA), followed by quantification and qualification of
RNA samples. Sequencing libraries were then prepared using the NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA). After quantifying the
sequenced genes to obtain their Read counts, differentially expressed genes
(DEGs) was performed using the R package “DESeq2”. Gene Ontology (GO)
enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis were conducted using the R package “clusterProfiler”. We
downloaded RNA-seq raw data related to BPH from Gene Expression Omnibus
(GEO) database, specifically GSE119195, GSE132714, and GSE167196. All DEGs
was analyzed by using R software (4.1.1).

RNA extraction and real-time quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted using the cell Total RNA Isolation Kit (FOREGENE,
Chengdu, China) according to the manufacturer’s instructions. The total
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RNA was then reverse transcribed into complementary DNA (cDNA) using
the RevertAid First Strand cDNA Synthesis Kit (Thermo, MA, USA). As
previously described, gPCR was performed using the SYBR Green PCR Kit
(FOREGENE, Chengdu, China) on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, CA, USA). The housekeeping gene GAPDH was used for
normalization, and the relative gene expression levels were determined
using the 222" method. Primer sequences are listed in Table S2.

Western blot (WB) analysis

Total protein was extracted using RIPA lysis buffer (Thermo, MA, USA)
containing protease inhibitor and phosphatase inhibitor (M5293 and
M7528, AbMole, TX, USA) on ice for 30 min. After separating the proteins
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
Epizyme, Shanghai, China), the gel was transferred onto a polyvinylidene
fluoride (PVDF) membrane (Millipore, MA, USA). The membrane was
incubated with 5% bovine serum albumin (BSA) solution for 2 h, followed
by incubation with diluted primary antibodies at 4°C overnight. After
several washes, the membrane was incubated with secondary antibodies
at room temperature for 1 h according to the primary antibody source. The
antigen-antibody reaction was detected using an enhanced chemilumi-
nescence (ECL) detection kit (Millipore, MA, USA). The target protein bands
were visualized using the ChemiDoc MP Imager System (Bio-Rad, CA, USA).
Finally, ImageJ software was used to quantify and normalize the target
protein bands. For protein expression analysis, target protein expression
was normalized to Vinculin or GAPDH, and results were expressed relative
to the control group, which was set to 1 for quantification purposes. The
primary antibodies and their corresponding information are summarized in
Table S3.

Cell immunofluorescence (IF)

The cells were inoculated in 24-well plates at a concentration of 2 x 10°
cells/well. Then, cells were fixed with 4% paraformaldehyde for 20 min,
permeabilized with 0.1% Triton X-100 for 5 min, and incubated with 5%
goat serum at 37 °C for 30 min. The cells were then incubated with DAPI
stain for 10 min, and finally visualized using a laser confocal fluorescence
microscope (ZEISS, Oberkochen, Germany).

Enzyme-linked immunosorbent assay (ELISA) and clinical
correlation analysis

The serum levels of TNF-q, IL-1B, and IL-6 were measured using ELISA kit
(Bioswamp, Wuhan, China) according to the manufacturer’s protocol.
Absorbance at 450 nm was recorded in a microplate reader, and calibration
curves were constructed based on the absorbance and concentrations of
each standard. The sample concentrations were then determined from the
calibration curves. Pearson correlation analysis was performed to explore
the relationship between the TNF-a levels and clinical characteristics of
BPH. Additionally, correlations between serum TNF-a concentration and
inflammatory factors IL-1B and IL-6 were analyzed.

Histological staining

Tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The
tissues were then sectioned into 4-um-thick slices. Subsequently, we
stained the sections with hematoxylin and eosin (HE) for evaluating
histopathological features, and with Masson’s trichrome stain for assessing
collagen fiber deposition. Imaging of all stained sections was performed
using an optical microscope (Olympus, Tokyo, Japan). Additionally, ImageJ
software was utilized to quantify the area of collagen fiber-positive in the
Masson-stained sections.

Immunohistochemistry (IHC)

For IHC analysis, tissue sections were deparaffinized and hydrated,
followed by overnight incubation with primary antibodies at 4 °C. After
incubation with corresponding secondary antibodies, sections were
stained with diaminobenzidine (DAB) and counterstained with Mayer’s
hematoxylin. Immunoreactive scores for IHC staining images were
evaluated using the IHC Profiler plugin based on Image) software [32].
The analysis combines the average gray value of positive cells (staining
intensity) and the percentage of positive area (staining area) as
a measure, and finally gives four results, high positive (4 points), positive
(3 points), low positive (2 points) and negative (1 point). The primary
antibody details, including sources and dilutions, are summarized in
Table S4.
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Statistical analysis

The data are presented as the mean + standard deviation (SD) from at least
three independent experiments. Student’s t-test and one-way ANOVA were
used to assess differences between two groups and among multiple
groups, respectively. Statistical analyses and graphical plotting for the
study were performed using GraphPad Prism 9.0. P < 0.05 was considered
statistically significant and denoted as follows: *P<0.05, **P<0.01,
***P < 0,001, ****P < 0.0001.

RESULTS

TNF-a is upregulated in BPH patients and promotes the
proliferation of BPH cells as well as the inflammatory response
First, we measured the expression of TNF-a in the serum of BPH
patients and normal individuals, and the results revealed that the
serum TNF-a levels in BPH patients were significantly greater than
those in normal individuals (Fig. 1A). Correlation analysis revealed
a positive correlation between TNF-a expression and prostate
volume (r=0.55, P=0.001) as well as the International Prostate
Symptom Score (IPSS) (r=0.52, P=0.002) in BPH patients (Fig.
STA and Tables S5-6). However, no statistical correlation was
detected between TNF-a expression and prostate-specific antigen
levels, maximum flow rate, or post-void residual (Table S6). To
investigate the function of TNF-a in BPH, a TNF-a-induced
inflammatory cell model was constructed. The CCK8 assay results
demonstrated that TNF-a modulated the viability of WPMY-1 and
BPH-1 cells in a dose-dependent manner and significantly
promoted the proliferation of BPH cells at concentrations of
5ng/mL and 10ng/mL (Fig. 1B). Moreover, EAU experiments
further confirmed that TNF-a could promote the proliferative
viability of WPMY-1 cells (Fig. S1B). Flow cytometry revealed that
under TNF-a stimulation, the proportion of cells in the GO/G1
phase decreased, whereas the proportions in the G2/M and S
phases increased (Fig. 1C). To further assess the role of TNF-q,
RNA-seq analysis was performed on TNF-a-induced WPMY-1 cells.
The results revealed many DEGs between the TNF-a-induced
group and the control group, with 430 genes significantly
upregulated and 661 genes significantly downregulated (Fig.
1D). Subsequent GO analysis indicated that TNF-a induction
primarily involved nuclear division, positive regulation of cell cycle,
DNA replication, cell cycle G2/M phase transition, collagen-
containing extracellular matrix, tubulin binding, and chemokine
activity (Fig. 1E). Additionally, GSEA enrichment analysis found
that TNF-a significantly promoted the upregulation of EMT, TGF-3
signaling, androgen response, G2/M checkpoint pathways, and
cell population proliferation (Figs. 1F and S1C). Heatmap analysis
also revealed upregulation of genes related to inflammation,
Fibrosis, cell proliferation, and cell cycle following TNF-a treatment
(Figs. 1G and S1D). Notably, GO BP analysis also indicated that
immune and inflammatory response-related pathways, including T
cell differentiation, positive regulation of T cell differentiation, and
response to interleukin-1, were upregulated in the TNF-a-treated
group compared with the control group (Fig. S2A). GSEA analysis
revealed that three inflammatory response pathways were
upregulated in the TNF-a-treated group, including TNF signaling
via NF-kB, inflammatory response, and IL6-JAK-STAT3 signaling
(Fig. S2B). Additionally, RT-qPCR analysis revealed that, compared
to the control, TNF-a significantly promoted the upregulation of
five inflammatory molecules, including IL-1q, IL-1B, IL-6, IL-8, and
IL-18 (Fig. S2C, D). In summary, our data suggest that TNF-a is
highly expressed in BPH patients and promotes the proliferation
and inflammatory response of BPH cells.

TNF-a regulates SOX4/TGF-B/Smad, EMT, and fibrosis related
gene programs in BPH cells

The RNA-seq data from this study indicated that the mRNA level of
SOX4 in the TNF-a treated group was significantly higher than in
the control group. Moreover, RT-qPCR and WB confirmed that
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TNF-a induced the upregulation of SOX4 expression in BPH-1 and
WPMY-1 cells (Fig. 2A, B). Furthermore, analysis of publicly
available RNA-seq datasets (GSE119195, GSE132714, and
GSE167196) revealed that the mRNA levels of SOX4 were
significantly upregulated in the BPH group than in the normal
group (Fig. 2C). We performed IHC staining on BPH and normal
prostate tissues, and the results revealed that SOX4 was highly
expressed in hyperplastic prostate tissues, with expression
observed in both the epithelial and stromal components of the
prostate tissue (Fig. 2D). The IF staining further revealed that SOX4
was expressed in both epithelial and stromal cells, and was
located in the nucleus and cytoplasm (Fig. S2E). In light of the
GSEA enrichment analysis results from the aforementioned RNA-
seq data, we further investigated the effects of TNF-a on the TGF-f3
signaling pathway. The protein expression levels of five TGF-f/
Smad signaling biomarkers, such as TGF-$1, Smad2, p-smad2,
Smad3, and p-smad3, were assessed in TNF-a-treated BPH-1 and
WPMY-1 cells. The results indicated that TNF-a treatment
significantly upregulated the expression of TGF-f1, p-smad2,
and p-smad3, and the p-smad2/Smad2 and p-smad3/Smad3 ratios
were also elevated (Fig. 2E, F). It is noteworthy that TNF-a
significantly altered the expression of EMT-associated markers in
BPH-1 cells, including the downregulation of the epithelial marker
E-cadherin and the upregulation of mesenchymal markers
N-cadherin and Vimentin (Fig. 2G, H). Additionally, it also induced
the expression of fibrosis markers in WPMY-1 cells, including
elevated levels of FN1, COL1A1, and a-SMA (Fig. 2I, J). To sum up,
this study demonstrates that TNF-a promotes the upregulation of
SOX4 and activates the TGF-31/Smad2/3 signaling pathway, which
in turn induces the cellular EMT process and exacerbates fibrosis.

Effects of SOX4 knockdown on BPH cells

To evaluate the biological function of SOX4, we employed three
different Sh-RNAs to knock down SOX4 in BPH-1 and WPMY-1
cells, respectively. The results showed that all three Sh-RNAs
significantly reduced the mRNA levels of SOX4, with Sh-SOX4#1
and Sh-SOX4#3 demonstrating greater knockdown efficiency
compared to Sh-SOX4#2 (Fig. 3A). Additionally, both Sh-RNAs
significantly silenced the protein expression of SOX4 (Fig. 3B, C).
Then, we found that SOX4 knockdown significantly inhibited the
proliferation of BPH-1 cells, with a similar inhibitory effect
observed in WPMY-1 cells (Figs. 3D and S3A). Flow cytometry
analysis revealed SOX4 knockdown led to a marked increase in the
proportion of cells in the GO/G1 phase, while the proportion of
cells in G2/M and S phases was significantly decreased (Fig. 3E, F).
Interestingly, this study found that SOX4 knockdown increased
the apoptosis rate (Fig. S3B, C), with a decrease in the Bcl2 protein
level and an increase in the Bax protein level (Fig. S3D).
Additionally, WB experiments confirmed that SOX4 knockdown
significantly reduced the expression of cell cycle-related proteins,
including CDK2, CDK4, CDK6, Cyclin A1/A2, Cyclin D1, and Cyclin
E2 (Fig. S3E, F).

Effects of SOX4 overexpression on BPH cells

We conducted SOX4 overexpression experiments in BPH-1 and
WPMY-1 cells, and the results revealed that both the mRNA and
protein levels of SOX4 were significantly increased (Fig. 4A-C). The
CCK8 and EdU experiments confirmed that SOX4 overexpression
significantly promoted the proliferation of BPH cells (Figs.
4D and S4A). In BPH-1 and WPMY-1 cells, SOX4 overexpression
led to a significant decrease in the proportion of cells in the GO/G1
phase, while the proportion of cells in the G2/M phase increased
(Fig. 4E, F). Furthermore, SOX4 overexpression significantly
inhibited the apoptosis rate, resulting in an upregulation of Bcl2
protein expression and a downregulation of Bax expression (Fig.
S4B-E). We also observed that SOX4 overexpression significantly
increased the expression of CDK2, CDK4, CDK6, Cyclin A1/A2,
Cyclin D1, and Cyclin E2 (Fig. S4F, G). These data confirm that
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SOX4 modulates prostate cell proliferation and may serve as a
potential therapeutic target for BPH.

SOX4 regulates EMT and fibrosis-related gene expression via
the TGF-B1/Smad signaling pathway

To elucidate the specific mechanism by which SOX4 functions in
BPH, we performed RNA-seq analysis on WPMY-1 cells with either
silenced or overexpressed SOX4. The results revealed that upon
SOX4 knockdown, 364 genes were significantly downregulated
and 374 genes were significantly upregulated (Fig. 5A). Similarly,
in cells with SOX4 overexpression, 1450 genes were significantly
upregulated and 1425 genes were significantly downregulated
(Fig. S5A). GO analysis further revealed that SOX4 knockdown
primarily affects processes related to the regulation of cell
development, epithelial cell proliferation, cell chemotaxis, extra-
cellular matrix organization, focal adhesion, and chemokine
activity (Fig. 5B). GSEA enrichment analysis indicated that SOX4
knockdown resulted in the downregulation of pathways asso-
ciated with EMT and TGF-f signaling compared to the control
group (Fig. 5C). Notably, in WPMY-1 cells with SOX4 over-
expression, significant changes in extracellular matrix organiza-
tion, EMT, smooth muscle cell proliferation, positive regulation of
inflammatory responses, cell-cell junction, and chemokine activity
were observed by GO analysis (Fig. S5B). In addition, GSEA
enrichment analysis also showed significant upregulation of
pathways such as G2M checkpoint, mTORC1 signaling, androgen
response, and E2F targets after overexpression of SOX4 (Fig. S5C).
We also found that SOX4 knockdown significantly inhibited the
expression of TGF-B1, p-smad2, and p-smad3. The ratios of p-
smad2/Smad2 and p-smad3/Smad3 were also decreased (Fig. 5D,
E), whereas the opposite results were observed with SOX4
overexpression (Fig. S5D, E). Knockdown of SOX4 in BPH-1 cells
also significantly affected the expression of EMT-associated
markers, including the upregulation of E-cadherin and the
downregulation of N-cadherin and Vimentin (Fig. 5F, G). It was
also shown to significantly inhibit the expression of fibrosis
markers, such as FN1, COL1A1, and a-SMA in WPMY-1 cells (Fig.
5H, 1). Notably, we found that overexpression of SOX4 in BPH-1
cells led to the downregulation of E-cadherin and the upregula-
tion of N-cadherin and Vimentin (Fig. S5F, G). At the same time, it
significantly promoted the expression of fibrotic markers such as
FN1, COL1A1 and a-SMA in WPMY-1 cells (Fig. S5H, I). To further
verify the effect of TNF-a on SOX4, we performed SOX4
knockdown in WPMY-1 cells treated with TNF-a. The CCK-8 assay
showed that TNF-a treatment promoted cell proliferation, while
knockdown of SOX4 significantly reversed this effect. Additionally,
the WB analysis further demonstrated that TNF-a upregulated the
expression of SOX4 and TGF-31, and this effect was significantly
reversed by SOX4 knockdown (Fig. 5J, K). Overall, these data
suggest that TNF-a can activate the TGF-31/Smad2/3 signaling
pathway by upregulating SOX4, thereby regulating EMT and
fibrosis.

Met inhibits proliferation of BPH cells by suppressing the
SOX4/TGF-B/Smad signaling axis

To investigate the function of Met in BPH, we treated BPH-1 and
WPMY-1 cells with different doses of Met. The results revealed that
Met significantly inhibited the protein expression of SOX4 (Fig. 6A, B).
Subsequently, the CCK-8 assay demonstrated that Met significantly
inhibited the cell viability of BPH-1 and WPMY-1 cells in a dose-
dependent manner, respectively (Fig. 6C, Fig. S6A). Flow cytometry
indicated that the proportion of cells in the GO/G1 phase significantly
increased after Met treatment, whereas the proportions of cells in the
G2/M and S phases decreased (Fig. 6D). Additionally, Met
significantly increased the rate of apoptosis (Fig. S6B, C) and led to
the downregulation of Bcl2 expression and the upregulation of Bax
expression (Fig. S6D, E). Met was shown to significantly inhibit the
expression of TGF-1, p-smad2, and p-smad3, with corresponding
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Fig.2 TNF-a induces SOX4 expression and activates the TGF-B/Smad signaling pathway and its downstream genes. A RT-PCR was used to
test the mRNA levels of SOX4 in WPMY-1 and BPH-1 cells treated with TNF-a. B WB was used to test the protein levels of SOX4 in WPMY-1 and
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Fig. 3 Effects of SOX4 knockdown on cell viability and cell cycle in BPH-1 and WPMY-1 cells. A-C RT-PCR and WB were used to confirm the
SOX4 knockdown effect in BPH-1 and WPMY-1 cells infected with Sh-NC or Sh-SOX4 lentivirus for 3 days. D BPH-1 and WPMY-1 cells were
plated in 96-well plates (3x 10° cells/well) and infected with Sh-NC or Sh-SOX4 lentivirus for 0-3 days. Cell proliferation viability was
determined by CCK-8 test. E, F Flow cytometry was used to test the cells cycle of BPH-1 and WPMY-1 cells infected with Sh-NC or Sh-SOX4
lentivirus for 3 days, retrospectively. Data are expressed as the means + SEMs (*p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant).

decreases in the p-smad2/Smad2 and p-smad3/Smads3 ratios (Fig. 6E,
F). We further demonstrated that Met could regulate the expression
of EMT-related molecules in BPH-1 cells, including upregulation of
E-cadherin and downregulation of N-cadherin and Vimentin (Fig. 6G).
Met also significantly reduced the expression of fibrosis markers FN1,
COL1A1, and a-SMA in WPMY-1 cells (Fig. 6H). In general, our data
indicate that Met could downregulate SOX4 and inhibit the
activation of the TGF-f1/Smad2/3 signaling pathway, thereby
modulating the EMT process and alleviating fibrosis.

Overexpression of SOX4 partially reverses the inhibitory
effects of Met on BPH cells

To further elucidate whether Met effects in BPH by mediating
SOX4, we first transfected WPMY-1 cells with either SOX4
overexpression or empty plasmids, and then treated the cells
with Met. The results demonstrated that SOX4 overexpression
significantly promoted WPMY-1 cell proliferation, while the
combination of Met treatment and SOX4 overexpression inhibited
the cell viability (Fig. 7A). Moreover, SOX4 overexpression
facilitated the transition of GO/G1 phase, whereas the combination
of Met treatment and SOX4 overexpression had the opposite
effect (Fig. 7B, C). SOX4 overexpression also reduced the rate of
apoptosis, while cotreatment with Met significantly promoted
apoptosis (Fig. 7D). Furthermore, SOX4 overexpression promoted

Cell Death and Disease (2025)16:472

the expression of fibrosis markers (COL1A1 and a-SMA) in WPMY-1
cells, and this effect was notably reversed by Met treatment (Fig.
S7A). The study also found that SOX4 overexpression significantly
upregulated the expression of TGF-B1, p-smad2, and p-smad3,
which was counteracted by Met (Fig. S7B). These findings suggest
that Met inhibits prostate cell proliferation by downregulating
SOX4 and subsequently inhibiting the TGF-B1/Smad2/3 signaling
axis.

Met demonstrates therapeutic effects for BPH via inhibiting
the SOX4/TGF-B/Smad signaling axis in vivo

As described above, we established a TP-induced BPH rat model
and investigated the in vivo effects of Met on BPH through oral
administration (Figs. 8A and S8A). Compared with the control rats,
TP-induced BPH rats presented significant increases in prostate
weight (PW) and prostate index (Pl), while Met treatment
significantly reduced the PW and PI in these rats (Fig. 8B). We
also observed that the serum levels of proinflammatory cytokines
TNF-q, IL-1B3, and IL-6 in the BPH group were significantly higher
than those in the control group (Fig. 8C), and there was a positive
correlation between TNF-a concentration and the expression of
IL-1B and IL-6 (Fig. S8B). In addition, treatment with Met
significantly decreased the expression of these proinflammatory
cytokines (Fig. 8C). Regarding the pathological features of
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Fig.4 Overexpression of SOX4 regulates cell viability and cell cycle in BPH-1 and WPMY-1 Cells. A-C RT-PCR and WB were used to confirm
the SOX4 overexpression effect in BPH-1 and WPMY-1 cells infected with vector or SOX4 lentivirus for 3 days. D BPH-1 and WPMY-1 cells were
plated in 96-well plates (3 x 10° cells/well) and infected with vector or SOX4 lentivirus for 0-3 days. Cell proliferation viability was determined
by CCK-8 test, respectively. E, F Flow cytometry was used to test the cells cycle of BPH-1 and WPMY-1 cells infected with vector or SOX4
lentivirus for 3 days. Data are expressed as the means + SEMs (*p < 0.05, **p < 0.01, ***p < 0.001, ns not significant).

prostate tissues, compared to the control group, prostate tissue
sections from BPH rats presented an increased number of acini, a
reduced lumen size, and a significant increase in the thickness of
both the epithelial layer surrounding the glands and the stromal
components (Fig. 8D). Further IHC staining revealed that SOX4
expression was significantly elevated in the BPH group, but
markedly reduced after Met treatment (Fig. 8E). Similarly, the
proliferation marker Ki-67 was significantly upregulated in the
BPH group, while Met decreased its expression (Fig. 8F).
Additionally, Masson staining revealed an increased fibrosis ratio
in the prostate tissues of the BPH rats compared to the control

SPRINGER NATURE

rats, with Met significantly reducing the fibrosis ratio (Fig. 8G). We
also assessed the expression of TGF-B1, EMT, and fibrosis markers
in the prostate tissues of the rats. As illustrated, TGF-31
expression was significantly greater in BPH group compared to
the control group, and Met resulted in a notable reduction in TGF-
1 expression (Fig. S8C). Similarly, Met significantly reduced the
expression of FN1 and a-SMA in BPH rats (Fig. S8D). In terms of
EMT related proteins, BPH rats exhibited decreased E-cadherin
and increased N-cadherin and Vimentin levels. Met treatment
reversed these changes, leading to increased E-cadherin and
decreased N-cadherin and Vimentin levels (Fig. S8E). The results
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further revealed that protein levels of TGF-f1, p-smad2, and
p-smad3 were significantly elevated in BPH rats, but were
reversed by Met (Fig. S8F). It is important to highlight that the
BPH group exhibited elevated levels of SOX4 and fibrosis markers,
including FN1, COL1A1, and o-SMA (Fig. S8G), which were
significantly reduced after Met treatment. Additionally, the BPH
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WPMY-1

SOX4

TGFp-1

group showed an increase in N-cadherin and Vimentin expres-
sion, along with a decrease in E-Cadherin. In contrast, the BPH +
Met group displayed a reduction in N-cadherin and Vimentin,
accompanied by an increase in E-Cadherin (Fig. S8H). Taken
together, these data confirm that Met may exert its potential anti-
BPH effects by modulating the TGF-B1/Smad2/3 pathway through
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Fig.5 Knockdown of SOX4 regulates TGF-B/Smad signaling pathway and its downstream genes. A Valcano plot showing the differentiated
expressed genes in WPMY-1 cells knocking down SOX4. B GO analysis showing pathways down/up-regulated in WPMY-1 cells knocking down
SOX4. € Enrichment plots of GSEA analyses for significant pathways in Sh-SOX4 group compared with Sh-NC group in WPMY-1 cells. D, E WB
analysis of TGF-B/Smad pathway protein expression in BPH-1 and WPMY-1 cells infected with Sh-NC or Sh-SOX4 lentivirus for 3 days. F, G RT-
PCR and WB analysis of EMT marker expression in BPH-1 cells infected with Sh-NC or Sh-SOX4 lentivirus for 3 days. H, | RT-PCR and WB analysis
of fibrosis marker expression in WPMY-1 cells infected with Sh-NC or Sh-SOX4 lentivirus for 3 days. J WPMY-1 cells were plated in 96-well
plates (3 x 10® cells/well) overnight. Then, WPMY-1 cells were pretreated with TNF-o and transfected with SOX4 lentivirus for 3 days. Cells
viability was determined by CCK-8 test. K WB showing SOX4 and TGF-B1 protein expression in WPMY-1 cells treated with TNF-a and infected
with Sh-SOX4 lentivirus for 3 days. Data are expressed as the means + SEMs (*p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant).
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Fig. 6 Met inhibits cell viability and cell cycle via the SOX4/TGF-B/Smad signaling axis in BPH-1 and WPMY-1 cells. A, B WB analysis of
SOX4 protein expression in BPH-1 and WPMY-1 cells treated with Met (0, 5, and 10 mM), retrospectively. C BPH-1 and WPMY-1 cells were
plated in 96-well plates (3 x 10° cells/well) overnight. Then, BPH-1 and WPMY-1 cells were treated with doses of Met (0, 1, 5, 10, and 20 mM) for
different time points (0, 24, 48, and 72 h). Cells viability was determined by CCK-8 test. D BPH-1 and WPMY-1 cells were plated in 6-well plates
(2 x 10° cells/well) overnight. Then, BPH-1 and WPMY-1 cells treated with Met (0, 5, and 10 mM) for 3 days, and harvested for cell cycle test via
flow cytometry. E, F WB analysis of TGF-f/Smad pathway protein expression in BPH-1 and WPMY-1 cells treated with Met (0, 5, and 10 mM) for
3 days. G WB analysis of EMT marker expression in BPH-1 cells treated with Met (0, 5, and 10 mM) for 3 days. H WB analysis of fibrosis marker
expression in WPMY-1 cells treated with Met (0, 5, and 10 mM) for 3 days. Data are expressed as the means + SEMs (*p < 0.05, **p < 0.01,
**¥p < 0.001, ns: not significant).
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Fig. 7 Overexpression of SOX4 partially reverses the effects of Met induced inhibition of BPH cell proliferation and TGF-B/Smad
signaling activation. A WPMY-1 cells were plated in 96-well plates (3 x 10° cells/well) overnight. Then, WPMY-1 cells were treated with Vector,
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were treated with Vector, Vector combined with Met, overexpression SOX4, or overexpression SOX4 combined with Met for 3 days, and
harvested for cell apoptosis test via flow cytometry. Data are expressed as the means + SEMs (*p < 0.05, **p < 0.01, ***p < 0.001).

the inhibition of SOX4, thereby reversing prostate EMT and In this study, we found that TNF-a is highly expressed in BPH
alleviating fibrosis. patients and significantly promotes prostate cell proliferation. The
results also revealed that TNF-a enhances the expression of the
inflammatory cytokines IL-1a, IL-1B, IL-6, IL-8, and IL-18 in cells.

DISCUSSION These cytokines are considered bridges between inflammation
Increasing research indicates that immune-inflammatory cells and and hyperplasia, as they intersect with key paracrine signaling
their secreted proinflammatory cytokines promote pathological pathways that regulate prostate growth. IL-8 is a paracrine inducer
changes in the prostate by inducing tissue remodeling, fibrosis, of FGF-2, which has been shown to be an effective growth factor

and cellular proliferation [33]. Chronic inflammation not only for stromal and epithelial cells in BPH [38]. Additionally, IL-1 and IL-
exacerbates LUTS but also correlates with a higher risk of AUR in 6 can induce the JAK-STAT signaling pathway, thereby driving
BPH patients [13, 34]. Moreover, severe prostatic inflammation various physiological and pathological processes in the prostate,

has been shown to reduce the therapeutic efficacy of 5a- including proliferation, the immune response, and inflammation
reductase inhibitors (5ARIs) or a-adrenergic antagonists (ARs) in [39-41].

treating BPH [34]. Therefore, inflammation is considered a key Previous studies have shown that under inflammatory stimula-
driver of BPH progression, although its precise mechanisms tion, cells undergo a series of morphological and biochemical
remain unclear. As a major mediator of inflammatory responses, changes, during which they lose epithelial characteristics and
TNF-a plays a crucial role in homeostasis and disease pathogen- transdifferentiate into mesenchymal cells [42-44]. Therefore,
esis [35]. Existing evidence indicates that TNF-a can induce inflammation is considered an effective inducer of EMT. Palafox-
inflammation, activate the vascular endothelium, coordinate the Mariscal et al. [42] reported TNF-a induces EMT in cervical cancer
recruitment of immune cells, and promote tissue destruction [36]. cells, and anti-inflammatory compounds may be an option to
Persistent inflammatory damage and chronic tissue healing are disrupt EMT. Adachi et al. [43] demonstrated TNF-a can induce
significant factors contributing to BPH development [37]. There- EMT in renal tubular epithelial cells, potentially exacerbating renal
fore, TNF-a-mediated inflammatory mechanisms may play essen- interstitial fibrosis in glomerulonephritis. Yoshimatsu et al. [44]
tial roles in BPH. discovered TNF-a enhances TGF-B-induced EMT in human
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endothelial cells through the TGF-B signaling pathway. Further-
more, fibrosis is considered the final common pathophysiological
change in chronic inflammatory diseases, where various proin-
flammatory signals can induce the EMT process, activating a
pathological fibrotic state [45, 46]. Studies have indicated that
long-term activation of the EMT process in response to injury can
provoke inflammation and lead to severe fibrosis, ultimately
resulting in delayed wound healing of epithelial tissues and
destruction of organ tissue structure. The EMT process has been
reported to be associated with fibrotic diseases in multiple organs,
such as the lungs, kidneys, and liver [47-49]. Notably, recent
studies have reported that inflammation-induced tissue stress
increases the activation of the RhoA/ROCK1/F-actin/YAP1 axis,
thereby promoting prostate cell survival and fibrosis, which
accelerates BPH progression [50]. Our data also strongly support
TNF-a enhances the EMT process in epithelial cells and fibrosis in
stromal cells.

SOX4 is a multifunctional transcription factor that plays a crucial
role in cell fate determination, proliferation, and differentiation. It has
been reported that SOX4 is frequently amplified and overexpressed
in various malignancies [51], strongly supporting the notion that
SOX4 is an oncogene, including in breast, bladder, and prostate
cancers [24, 52, 53]. These findings suggest that the tumorigenic role
of SOX4 is attributed primarily to the inhibition of apoptosis,
promotion of cell survival, direct coordination of mesenchymal
marker induction, and indirect regulation and activation by other
EMT inducers [54, 55]. However, its role in BPH has not been fully
determined. The balance between cell proliferation and apoptosis is
fundamental to growth homeostasis, and any disruption of this
balance may lead to the progression of BPH [56]. Our results
indicated that TNF-a significantly promoted the expression of SOX4,
and SOX4 was highly expressed in hyperplastic prostate tissue.
Further experiments revealed that knocking down SOX4 significantly
inhibited the proliferative activity of prostate cells and led to a
substantial increase in the apoptosis ratio. Additionally, silencing
SOX4 induced cell cycle arrest, which was accompanied by a
significant downregulation of cell cycle-related proteins.

We further explored the potential mechanisms by which TNF-a
regulates prostate cell proliferation, EMT, and fibrosis. Current
evidence indicates that the TGF-f signaling pathway plays a
crucial role in cell proliferation, differentiation, and tissue
remodeling [57]. TGF-B1, the primary ligand of this pathway,
binds to its receptors to activate downstream SMAD proteins,
thereby regulating gene expression and cellular behavior [58].
Additionally, the TGF-B signaling pathway has been shown to
inhibit epithelial characteristics and enhance mesenchymal
features through the transcriptional regulation of transcription
factors, making it a major inducer of EMT [55]. Previous studies
have demonstrated that TGF-B1 promotes BPH progression by
regulating the EMT process in the prostate epithelium [59, 60].
Recent studies have also revealed that TGF-B1, a key regulator of
fibrosis, promotes fibroblast activation and ECM deposition,
thereby exacerbating prostate fibrosis [61, 62]. Thus, TGF-31 may
play an important role in the development and progression of
BPH. Interestingly, SOX4, as a core component of TGF-f signal
transduction, mediates EMT in various types of cancers [63]. In the
present study, we confirmed that TNF-a upregulates SOX4
expression, which further activates the TGF-B1/Smad2/3 axis,
leading to proliferation, EMT processes, and fibrosis in prostate
cells. Additionally, SOX4 knockdown significantly inhibited EMT
processes, fibrosis, and activation of the TGF-B1/Smad2/3 signaling
pathway, whereas SOX4 overexpression reversed these effects.
This mechanism reveals that TNF-anot only acts as a proinflam-
matory factor in BPH but also directly promotes pathological
changes in prostate tissue by regulating key transcription factors
and signaling pathways. At the same time, these findings strongly
suggest that SOX4 could be a potential therapeutic target for
treating BPH.

Cell Death and Disease (2025)16:472
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Although current guidelines recommend ARs, phosphodiester-
ase 5 inhibitors, and 5ARIs for the treatment of BPH [64, 65], the
efficacy of these medications remains unsatisfactory, leaving
significant room for improvement in the treatment outcomes and
quality of life for BPH patients. In recent years, the mechanisms of
action of Met, a basic hypoglycemic drug, have been widely
reported, and its antitumor effects as a potential treatment for
certain cancers have been explored in the field of oncology. These
studies indicate Met inhibits tumor growth by suppressing
mitochondrial OXPHOS through both AMPK-dependent and
AMPK-independent mechanisms [66, 67]. Moreover, substantial
evidence shows that Met can exert its effects by inhibiting the
expression of SOX4, thereby inhibiting the progression of diseases
such as breast cancer, lung cancer, and atherosclerosis [30, 68, 69].
Of note, Met has also been found to potentially alleviate BPH. The
study demonstrated that oral administration of 500 or 1000 mg/kg
Met for 14 days significantly inhibited testosterone-mediated
increases in PW and Pl and alleviated testosterone-induced
pathological changes [31]. Wang et al. [70] found that Met inhibits
the proliferation of prostate epithelial cells by suppressing the
expression of insulin-like growth factor 1 (IGF-1) and IGF-1R in
cells. However, the mechanism by which Met regulates BPH
remains unclear. This study revealed that Met can significantly
downregulate SOX4 expression and inhibit the activation of the
TGF-B1/Smad2/3 signaling pathway, thereby inhibiting prostate
cell proliferation, EMT transformation, and fibrosis. We then
treated SOX4-overexpressing WPMY-1 cells with Met, and the
results indicated that the activation effect of SOX4 overexpression
was completely reversed by Met. In a rat model, we further
confirmed that Met alleviated testosterone-induced pathological
changes in BPH tissue, inhibited SOX4 expression, and reduced
cell proliferation, EMT process, and fibrosis. Although there are
currently no specific inhibitors targeting SOX4, new data suggest
that Met can indirectly target and inhibit SOX4 expression, leading
to the suppression of its downstream TGF-1/Smad2/3 signaling
pathway. Therefore, Met has the potential to target and treat BPH
by inhibiting SOX4.

Although this study analyzed the potential mechanism by
which TNF-a influences the progression of BPH through the
upregulation of SOX4, several limitations remain. First, this study
primarily explored the TNF-a-induced inflammation model and
did not fully consider the potential roles of other proinflammatory
factors in BPH progression. Second, although the RNA-seq results
of this study indicated that TNF-a upregulates the expression of
SOX4, we have not been able to demonstrated that TNF-a can
directly regulate SOX4. Moreover, further experiments are needed
to determine whether SOX4 transcriptionally activates inflamma-
tory factors, thereby promoting the formation and maintenance of
an inflammatory microenvironment, and driving prostate cell
proliferation and tissue remodeling.

Collectively, this study demonstrated the critical role of TNF-a
promoting prostate cell proliferation and fibrosis via upregulating
SOX4/TGF-B/Smad signaling axis. Additionally, the findings also
indicated that Met is a potential inhibitor of SOX4 and a promising
therapeutic agent for BPH treatment. Our research further
elucidates the inflammatory regulatory mechanisms of BPH and
provides new insights and targets for the pathogenesis and
clinical treatment of BPH.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
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