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Abstract

Benign prostatic hyperplasia (BPH) is a prevalent condition characterized by nonmalignant proliferation of epithelial
and stromal components in the prostate, frequently resulting in lower urinary tract symptoms in aging men. While
receptor tyrosine kinase (RTK) signaling has been implicated in both benign proliferative disorders and malignant
tumors, its role in BPH remains insufficiently defined. In this study, transcriptomic analyses of bulk and single-cell RNA
sequencing data revealed consistent activation of RTK signaling in prostatic epithelial cells from BPH tissues. Phar-
macological inhibition of this pathway using sunitinib suppressed epithelial proliferation in BPH cell lines, organoid
models, and an androgen-induced BPH mouse model. Through target screening, colony-stimulating factor 1 receptor
(CSF1R) was identified as a central mediator within the RTK signaling cascade. Functional experiments demonstrated
that CSF1R promotes epithelial proliferation through activation of the PI3K/AKT/mTOR pathway. Mechanistic stud-
ies further showed that fibroblasts, which are expanded in BPH tissues, secrete CSF1 and IL34, both ligands of CSF1R,
thereby enhancing downstream signaling and stimulating epithelial growth. Neutralization of these ligands or silenc-
ing of CSF1R reversed fibroblast-induced epithelial proliferation and clonogenicity. Clinical observations in patients
treated with sunitinib confirmed a significant reduction in prostate volume and improvement in BPH-related urinary
symptoms. Collectively, these findings establish a fibroblast/CSF1R/RTK signaling axis that contributes to BPH patho-
genesis and support the potential of RTK inhibition as a therapeutic strategy.
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Introduction

Benign prostatic hyperplasia (BPH) is a chronic, non-
malignant condition characterized by hyperplasia of
prostatic epithelial and stromal components [1]. Its prev-
alence increases markedly with age, affecting over 50% of
men aged 50 years or older, and up to 80% by the age of 80
[1, 2]. Although prostate volume is not the only determi-
nant of lower urinary tract symptoms (LUTS), increased
prostate size is significantly associated with a higher
risk of acute urinary retention and a greater likelihood
of requiring surgical intervention [3]. Current clinical
management of BPH primarily relies on pharmacologic
therapy, including alpha-adrenergic receptor antagonists,
5-alpha reductase inhibitors, and phosphodiesterase type
5 inhibitors [1]. While these agents alleviate symptoms in
many patients, approximately one-quarter of individu-
als experience limited therapeutic response or progres-
sive disease despite medical treatment [2]. Consequently,
more than 20% of men with LUTS ultimately require
surgical procedures such as transurethral resection of
the prostate (TURP), posing significant risks for elderly
patients or those with comorbidities [4]. These limita-
tions underscore the need for improved understanding
of the molecular and cellular mechanisms underlying
BPH pathogenesis. Identifying novel therapeutic targets
may facilitate the development of more effective, mech-
anism-based interventions and help reduce the burden
of disease progression and invasive procedures in aging
populations.

Receptor tyrosine kinase (RTK) signaling is a key
regulator of fundamental cellular processes, includ-
ing proliferation, differentiation, and survival [5].
Dysregulated RTK activation is a defining feature of
many pathological conditions, particularly fibrotic
diseases and malignancies, where it contributes to tis-
sue remodeling and uncontrolled cell growth [6, 7].
In cancer, RTK activation promotes tumor progres-
sion through multiple mechanisms, including modula-
tion of the cell cycle, stimulation of angiogenesis, and
regulation of the tumor microenvironment [8-10].
RTK inhibitors (RTKis) that target RTKs, particularly
vascular endothelial growth factor receptor inhibitors
such as sunitinib, sorafenib, and anlotinib, are now
established components of targeted cancer therapy
[11-13]. Beyond their antitumor effects, these agents
can induce structural alterations in non-malignant tis-
sues, raising interest in their potential applications for
non-oncologic diseases [7, 14]. In the prostate, RTK

signaling has been implicated in the pathogenesis of
prostate cancer, partly through regulation of androgen
receptor activity by tyrosine phosphorylation [15]. In
contrast, the functional significance of RTK pathway
activation in BPH remains largely unexplored. A clini-
cal study reported that sunitinib treatment in patients
with advanced renal cell carcinoma resulted in measur-
able reductions in prostate volume and residual urine,
suggesting potential therapeutic relevance in BPH [16].
Similarly, imatinib mesylate has been shown to inhibit
proliferation of prostatic epithelial cells [17], although
the molecular mechanisms involved have not been elu-
cidated. These findings suggest that RTK inhibition may
represent a novel therapeutic approach for BPH, under-
scoring the need for further mechanistic studies.

The tissue microenvironment plays a decisive role in
the initiation and progression of disease, shaping cellu-
lar behavior through intricate interactions among epi-
thelial, stromal, immune, and vascular compartments.
In both malignant and benign conditions, microenvi-
ronmental signals regulate proliferation, differentiation,
immune surveillance, and therapeutic response [18].
Advances in single-cell RNA sequencing (scRNA-seq)
have enabled high-resolution mapping of prostatic cel-
lular ecosystems, allowing detailed characterization
of stromal-epithelial, immune—epithelial, and basal-
luminal communication [19, 20]. Single-cell studies of
the prostate have shown that mesenchymal cells, par-
ticularly fibroblasts, actively influence epithelial phe-
notypes via paracrine signaling. In both mouse and
human prostates, fibroblast subtypes display distinct
spatial distributions and transcriptional signatures,
forming specialized niches that regulate epithelial
growth and regeneration [21]. In BPH, fibroblasts adopt
altered transcriptional programs, enhance immu-
noregulatory signaling, and engage in extensive ligand—
receptor interactions with epithelial and immune cells,
highlighting their role as key mediators of disease-asso-
ciated remodeling [22]. Findings from prostate cancer
further support the central contribution of fibroblasts
to disease progression; for example, therapeutic inter-
ventions can induce phenotypic switching of cancer-
associated fibroblasts, promoting castration resistance
through paracrine activation of oncogenic pathways
[23]. Collectively, these findings establish fibroblasts
as active regulators of the prostate microenvironment,
rather than passive structural elements. However, the
molecular pathways through which fibroblasts promote
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epithelial proliferation and contribute to BPH patho-
genesis remain incompletely defined, highlighting the
need for detailed mechanistic investigation.

In the present study, we examined the contribution of
fibroblast—epithelial interactions to the pathogenesis of
BPH, focusing on the colony-stimulating factor 1 recep-
tor (CSF1R). Transcriptomic analyses of bulk and sin-
gle-cell RNA sequencing datasets revealed pronounced
activation of RTK pathways in prostatic epithelial cells
from BPH tissues. Functional experiments demonstrated
that fibroblasts, which are expanded within the BPH
microenvironment, secrete the CSF1R ligands CSF1 and
IL34, thereby activating PI3K/AKT/mTOR signaling
to drive epithelial proliferation and clonogenic growth.
Pharmacological inhibition of RTK signaling with suni-
tinib, as well as CSF1R silencing or ligand neutralization,
substantially reduced fibroblast-induced proliferative
responses in vitro and suppressed prostate enlargement
in an androgen-induced BPH mouse model. Clinical
observations further supported these findings, with suni-
tinib treatment in patients associated with reduced pros-
tate volume and improvement in LUTS. Our findings
identify fibroblast-derived CSF1R activation as a central
driver of epithelial proliferation in BPH and highlight its
potential as a therapeutic target.

Results

Activation of RTK signaling in prostatic epithelial cells

is associated with the development of BPH

To elucidate the signaling pathways implicated in the
pathogenesis of BPH, we analyzed two gene expression
datasets from the Gene Expression Omnibus (GEO)
database (GSE119195: 5 BPH samples and 3 controls;
GSE132714: 18 BPH samples and 4 controls) [24, 25].
Gene Ontology (GO) enrichment analysis of differen-
tially expressed genes (DEGs) indicated a consistent and
significant enrichment of RTK signaling pathways in both
cohorts (Fig. 1la—b). This finding was supported by a pre-
viously published transcriptomic dataset from our group
[26], which included 6 BPH and 6 normal prostate sam-
ples. Similar enrichment of RTK-related pathways was
observed (Fig. 1c). Gene set enrichment analysis (GSEA)
of all three datasets was consistent with activation of
RTK signaling in BPH (Fig. 1d).

Given that bulk RNA sequencing reflects the average
expression across heterogeneous cell populations, we
next investigated whether RTK pathway activation occurs
specifically within prostatic epithelial cells. scRNA-seq
data from BPH and normal tissues (GSE172357) were
analyzed [22]. Following quality control and batch effect
correction, clustering identified six major cell popula-
tions: epithelial cells, fibroblasts, endothelial cells, mono-
cytes, T cells, and mast cells (Fig. Sla—1b). We extracted
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the epithelial cell subset and compared gene expression
profiles between BPH and control tissues (Fig. S1c). GO
analysis of epithelial cell DEGs showed significant enrich-
ment of RTK-associated pathways in BPH (Fig. S1d).
GSEA further demonstrated pronounced upregulation of
RTK signaling in epithelial cells from BPH tissues, along
with increased expression of key RTK pathway compo-
nents (Fig. Sle-1f). Together, these bulk and single-cell
transcriptomic analyses suggest that activation of RTK
signaling in prostatic epithelial cells may be a feature
associated with the development of BPH.

The RTK pathway inhibitor sunitinib suppresses BPH
To assess the functional significance of RTK signal-
ing in the development of BPH, we treated both a nor-
mal human prostate epithelial cell line (RWPE-1) and a
BPH-derived epithelial cell line (BPH-1) with sunitinib,
a multi-target RTKi. In vitro assays, including MTT, col-
ony formation, and BrdU incorporation, demonstrated
that sunitinib significantly inhibited the proliferation of
BPH-1 cells (Fig. 2a—c). Under the same treatment condi-
tions, sunitinib did not affect the proliferation of RWPE-1
cells, as measured by MTT assay (Fig. S2a). Apoptosis
analysis further revealed that sunitinib induced apoptosis
in BPH-1 cells, whereas RWPE-1 cells remained largely
unaffected (Fig. 2d, S2b). To further explore this effect,
we isolated luminal epithelial cells from both normal
prostate and BPH tissues and evaluated their proliferative
response to sunitinib. MTT assays showed a significant
reduction in the proliferation of primary luminal cells
derived from BPH tissues following sunitinib treatment,
while cells from normal tissues showed no significant
change (Fig. 2e, S2c¢). Using these primary cells, we estab-
lished a 3D prostate organoid culture model. Immunoflu-
orescence staining confirmed expression of the luminal
marker KRT18, validating the epithelial identity of the
organoids (Fig. 2f). In this system, sunitinib was associ-
ated with reduced growth of organoids derived from BPH
tissues, whereas organoids from normal prostates were
not significantly affected (Fig. 2f, S2d—2e). Apoptosis
assays demonstrated that sunitinib induced apoptosis in
primary luminal cells isolated from BPH tissues (Fig. 2g).
To evaluate the therapeutic potential of sunitinib
in vivo, we established a murine model of BPH by
androgen administration. Mice were treated with vehi-
cle, finasteride (as a positive control), or sunitinib. Both
finasteride and sunitinib significantly reduced pros-
tate weight and prostate index compared to the vehi-
cle group (Fig. 2h, S2f), without affecting overall body
weight (Fig. S2g). Hematoxylin and eosin staining of
prostate tissues from the BPH group revealed glandular
enlargement and papillary infoldings, which were atten-
uated by treatment with finasteride or sunitinib (Fig.
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Fig. 2 Pharmacological inhibition of RTK signaling with sunitinib suppresses proliferation and induces apoptosis in BPH epithelial cells. a Growth
curves of BPH-1 cells treated with sunitinib or DMSO for up to 60 h, measured by MTT assay. b Representative images and quantification of colony
formation in BPH-1 cells under the sunitinib or DMSO treatments. ¢ BrdU incorporation assays showing reduced proliferative activity in BPH-1

cells after sunitinib treatment; BrdU-positive cells were visualized by immunofluorescence (BrdU, green; DAPI, blue). d Flow cytometric analysis

of apoptosis in BPH-1 cells following 96 h treatment with sunitinib, assessed by Annexin V/PI staining. e Growth curves of primary luminal epithelial
cells isolated from BPH tissues (n=3 patient-derived cultures) treated with sunitinib or DMSO. f Representative images and spheroid diameter
quantification of BPH-derived prostate organoids cultured for 1 week with sunitinib or DMSO; luminal epithelial identity confirmed by KRT18
immunofluorescence (green) with DAPI nuclear staining (blue). Scale bars: 1.0 cm. g Flow cytometric quantification of apoptosis in BPH-derived

primary luminal epithelial cells after 96 h treatment with sunitinib. h Comparison of prostate weight in normal or testosterone-induced BPH mice
treated with placebo, finasteride, or sunitinib for 8 weeks. i Representative IHC staining of Ki-67 and quantification of Ki-67 positive epithelial cells
in mouse prostates from the indicated groups. Scale bars: 100 um. Data are presented as mean+SD from at least three independent experiments

or biological replicates. Statistical significance was determined by Student’s t-test; *P <0.05, **P<0.01, ***P<0.001; n.s, not significant

S2h). Immunohistochemical staining for the prolifera-
tion marker Ki-67 showed increased labeling in the BPH
group, which was significantly reduced by both finas-
teride and sunitinib treatment (Fig. 2i). In summary, both
in vitro and in vivo evidence is consistent with the notion
that pharmacologic inhibition of RTK signaling with
sunitinib may attenuate features of BPH.

CSF1R-mediated activation of RTK signaling promotes
proliferation of prostatic epithelial cells

To identify the molecular mediator responsible for RTK
pathway activation in prostatic luminal epithelial cells

during BPH progression, we first examined the known
direct targets of sunitinib. Among the nine established
targets, five are primarily involved in angiogenesis
(VEGFR1, VEGFR2, VEGFR3, PDGFRa, and PDGFR}),
while the remaining four are linked to cell proliferation
(c-KIT, FLT3, RET, and CSF1R) (Fig. 3a). According to
immunohistochemical data from the Human Protein
Atlas (HPA), immunostaining results were available
for eight of the nine sunitinib targets in prostate tissue,
except for FLT3. Among these eight proteins, only CSF1R
was detected in prostatic luminal epithelial cells (Fig. 3b).
Consistently, in our validation cohort comprising 16
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normal prostate samples and 80 BPH samples, mRNA
expression analysis of the nine sunitinib target genes
revealed that only CSFIR was significantly upregulated
in BPH tissues, whereas no significant differences were
observed for the other eight genes between the two
groups (Fig. S3a). This observation led us to hypothesize
that CSF1R may act as a mediator of RTK signaling acti-
vation in luminal cells.

Analysis of the GEO dataset GSE119195 revealed a
significant increase in CSFIR expression in BPH tis-
sues compared to normal controls (Fig. 3c). In our vali-
dation cohort, CSFIR upregulation was also observed
at the protein level by immunohistochemistry (IHC)
(Fig. 3d—e). To clarify the functional role of CSFIR, we

conducted both knockdown and overexpression experi-
ments in BPH-1 cells. MTT and colony formation assays
showed that CSFIR overexpression enhanced cellular
proliferation and clonogenicity, whereas CSF1R knock-
down suppressed these phenotypes (Fig. 3f—g). In addi-
tion, silencing CSF1R increased apoptosis in BPH-1 cells
(Fig. 3h), and pharmacologic blockade with pexidartinib
similarly reduced proliferation and increased apopto-
sis (Supplementary Fig. S3b—3c). Similar findings were
observed in primary luminal epithelial cells isolated from
BPH tissues, where CSF1R knockdown inhibited pro-
liferation and promoted apoptosis (Fig. 3i—j). In BPH-
derived prostate organoid models, CSF1R silencing also
led to reduced organoid expansion (Fig. 3k). Finally,
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overexpression of CSFIR was able to partially rescue
the proliferative capacity of both BPH-1 cells and BPH-
derived primary luminal cells treated with sunitinib, as
shown by MTT assays (Fig. S3d—3e). This reversal effect
was corroborated by colony formation and BrdU incor-
poration assays (Fig. S3f-3 h), and further confirmed in
organoid culture models (Fig. 31). Although CSF1R over-
expression alone did not alter apoptosis, it attenuated the
pro-apoptotic effect of sunitinib in both BPH-1 cells and
BPH-derived primary luminal cells (Fig. S3i-3j). Con-
sistently, sunitinib treatment did not significantly alter
CSF1R mRNA or protein expression in either control or
CSFI1R knockdown BPH-1 cells (Fig. S3k-3l), indicat-
ing that its inhibitory effect arises from suppression of

Page 7 of 16

CSF1R kinase activity rather than changes in expression.
These findings collectively suggest that CSF1R contrib-
utes to RTK signaling and promotes proliferation in pros-
tatic luminal epithelial cells, supporting its relevance as a
molecular target of sunitinib.

CSF1 and IL34 promote proliferation of prostatic epithelial
cells through CSF1R

CSF1 and IL34 are the two established ligands of CSFIR
and can activate the PI3K/AKT/mTOR signaling path-
way through receptor binding to regulate cell prolifera-
tion and apoptosis [27, 28]. Quantitative PCR analysis
showed that the mRNA levels of CSF1 and IL34 were
significantly higher in BPH tissues compared to normal
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controls (Fig. 4a—b). This increase was also confirmed at
the protein level using enzyme-linked immunosorbent
assay (ELISA) (Fig. 4c). To evaluate the biological effects
of these ligands, BPH-1 cells and primary prostatic lumi-
nal epithelial cells isolated from BPH tissues were treated
with CSF1 or IL34. MTT assays demonstrated a signifi-
cant increase in cell proliferation following treatment
(Fig. 4d—e). This effect was further supported by colony
formation assays in BPH-1 cells and by organoid culture
experiments using primary luminal cells, both of which
showed enhanced clonogenic growth after exposure to
CSF1 or IL34 (Fig. 4f-h).

We then investigated whether this proliferative
response was mediated by CSF1R. Silencing of CSF1R in
both BPH-1 cells and primary luminal cells isolated from
BPH tissues attenuated the proliferative effects induced
by CSF1 and IL34, as shown by MTT assays (Fig. 4i—j).
These results were consistent with colony formation and
organoid growth assays, supporting the interpretation
that CSFIR is required for the proliferative activity of
CSF1 and IL34 (Fig. 4k—m). In addition, stimulation with
CSF1 or IL34 led to activation of the PI3K/AKT/mTOR
signaling pathway in BPH-1 cells. Silencing CSFIR
reduced the basal activity of this pathway and dimin-
ished its activation in response to CSF1 and IL34 stimu-
lation (Fig. S4a). Finally, we examined whether sunitinib,
a pharmacological inhibitor of CSF1R, could block the
actions of these ligands. Both MTT and colony formation
assays demonstrated that sunitinib inhibited CSF1- and
IL34-induced proliferation and clonogenicity in BPH-1
cells (Fig. S4b—4c). In summary, these findings support
that CSF1 and IL34 stimulate the proliferation of pros-
tatic epithelial cells through activation of CSF1R.

Fibroblasts promote proliferation of prostatic epithelial
cells through secretion of CSF1 and IL34

To identify the source of CSF1 and IL34 during BPH pro-
gression, we analyzed scRNA-seq data and found that
both cytokines were predominantly expressed by fibro-
blasts within the prostate (Fig. S5a). Fibroblast expan-
sion is a characteristic pathological feature of BPH. To
quantify stromal enrichment, we calculated stromal-to-
epithelial ratios using three previously described gene
expression datasets. All three analyses consistently dem-
onstrated a marked increase in stromal content in BPH
tissues compared to normal prostates (Fig. S5b—5d).
ELISA results showed that fibroblasts isolated from BPH
tissues secreted significantly higher levels of CSF1 and
IL34 than prostatic epithelial cells (Fig. S5e—5f).

To evaluate whether fibroblast-derived CSF1 and IL34
contribute to epithelial proliferation, we cultured epi-
thelial cells either in direct co-culture with fibroblasts or
in fibroblast-conditioned medium (Fig. 5a). MTT assays
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revealed that both conditions promoted the prolifera-
tion of BPH-1 cells and primary luminal epithelial cells
derived from BPH tissues (Fig. 5b—e). This prolifera-
tive response was further validated by colony formation
assays and organoid models, which showed enhanced
clonogenic capacity following exposure to either fibro-
blast co-culture or conditioned medium (Fig. 5f-g). To
determine whether these effects were dependent on
CSF1 and IL34, we applied neutralizing antibodies to
fibroblast-conditioned medium cultures. Simultaneous
blockade of both cytokines significantly reduced prolif-
erative and clonogenic responses (Fig. 5h—k). Silencing
CSFIR in BPH-1 cells also attenuated the growth-pro-
moting effects of fibroblast-conditioned medium, both
in terms of proliferation and colony formation (Fig. S5g—
5h). These findings support a model in which fibroblasts
promote prostatic epithelial cell proliferation through
secretion of CSF1 and IL34, acting via CSF1R signaling.

Therapeutic potential of the RTK inhibitor sunitinib

in the clinical management of BPH

To assess the clinical effects of RTK inhibition on the
prostate, we evaluated changes in prostate volume and
BPH-related symptoms in patients receiving sunitinib.
Among three independent cohorts of male patients with
clear cell renal cell carcinoma (ccRCC) without con-
current prostate cancer, a total of 673 individuals had
received sunitinib for more than 90 days. Of these, 139
had available computed tomography (CT) scans that
included the pelvic region both before and after treat-
ment. Prostate volumes were quantified through 3D
reconstruction of CT images, and patients with base-
line volumes less than 30 mL were excluded. Eighty-two
patients met the inclusion criteria and were enrolled
for analysis (Cohort 1: SNP, n=16; Cohort 2: R], n=39;
Cohort 3: SCC, n=27) (Fig. 6a). Across all three cohorts,
sunitinib treatment was associated with a significant
reduction in prostate volume (Fig. 6b—e). Stratification
by baseline prostate size showed that patients with severe
prostatic enlargement experienced the greatest reduction
in volume (Fig. 6f—g). Moreover, the percentage decrease
in prostate size was positively correlated with the initial
volume (Fig. 6h). We further examined changes in BPH-
related clinical parameters. Following treatment, patients
exhibited significant improvements, including reductions
in the International Prostate Symptom Score (IPSS) and
post-void residual urine volume (PVR), along with an
increase in maximum urinary flow rate (Qmax), indicat-
ing symptomatic benefit (Fig. 6i-k). Collectively, these
findings are consistent with sunitinib reducing prostate
size and improving LUTS, supporting its potential as a
therapeutic strategy for BPH.
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Fig. 5 Fibroblasts promote proliferation and clonogenicity of BPH epithelial cells through secretion of CSF1 and IL34. a Schematic illustration

of the experimental design to investigate fibroblast-epithelial interactions. BPH-1 or primary prostate luminal cells were either co-cultured directly
with fibroblasts (Co-Fib) or cultured in fibroblast-conditioned medium (Fib-CM) collected from fibroblast monocultures. Created with BioRender.
com. b-c Growth curves of BPH-1 cells cultured alone (Mono) or co-cultured with fibroblasts (Co-Fib) (b), or cultured with fibroblast-conditioned
medium (Fib-CM) or control medium (Con-CM) (c), assessed by MTT assay. d-e Growth curves of BPH-derived luminal epithelial cells cultured
alone (Mono) or co-cultured with fibroblasts (Co-Fib) (d), or cultured with control medium (Con-CM) or fibroblast-conditioned medium (Fib-CM)
(), assessed by MTT assay. f-g Colony formation assays of BPH-1 cells (f) and prostate organoid growth from primary BPH luminal epithelial cells
(g) cultured under Mono, Co-Fib, Con-CM, or Fib-CM conditions. Scale bars: 1.0 cm. h—i Growth curves of BPH-1 cells (h) and BPH-derived luminal
epithelial cells (i) treated with Con-CM or Fib-CM in the presence of control IgG or neutralizing antibodies against CSF1 and 1L34. j-k Colony
formation assays of BPH-1 cells (j) and prostate organoid growth from primary BPH luminal epithelial cells (k) treated with Con-CM or Fib-CM

in the presence of control IgG or neutralizing antibodies against CSF1 and IL34. Scale bars: 1.0 cm. Data are presented as mean+SD from at least
three independent experiments. Statistical significance was determined by Student’s t-test; *P < 0.05, **P<0.01, ***P < 0.001

Discussion

BPH is a prevalent age-related disorder characterized by
nodular hyperplasia of the prostate transition zone, lead-
ing to progressive LUTS that substantially impair qual-
ity of life in older men [29]. Although pharmacological
treatments such as a-blockers and 5a-reductase inhibi-
tors can alleviate symptoms in many cases, a consider-
able proportion of patients respond poorly or ultimately
require surgical intervention [30]. While surgical pro-
cedures such as TURP can effectively relieve obstruc-
tion, a substantial proportion of elderly patients are not
suitable surgical candidates due to comorbidities or

perioperative risks [31], emphasizing the need for alter-
native medical approaches. In this study, our data indi-
cate that fibroblast-driven activation of CSF1R may act
as a central driver of epithelial proliferation in BPH.
Bulk and single-cell RNA sequencing analyses revealed
marked enrichment of RTK-related pathways in epithe-
lial cells from BPH tissues. Functional studies suggest
that stromal fibroblasts secrete CSF1 and IL34, thereby
activating PI3K/AKT/mTOR signaling and promoting
epithelial proliferation and clonogenic growth. Inhibi-
tion of this pathway with sunitinib, CSFIR silencing,
or ligand neutralization was associated with reduced
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fibroblast-induced proliferation in vitro and attenu-
ated prostate enlargement in an androgen-induced BPH
mouse model (Fig. 6l). These results suggest a stromal—
epithelial signaling axis in BPH and support CSFIR as a
potential therapeutic target.

RTK signaling is a central regulator of cellular pro-
liferation, differentiation, and survival, and its precise
control is essential for maintaining tissue homeosta-
sis [5]. Aberrant RTK activation is a frequent feature of
human disease, particularly in cancer, where it promotes
tumor growth, invasion, and therapeutic resistance

through diverse downstream pathways [6, 32]. The clini-
cal relevance of this pathway is reflected in the develop-
ment of RTK inhibitors such as sunitinib and imatinib,
which have been widely adopted in oncology and have
improved outcomes in malignancies including renal cell
carcinoma, gastrointestinal stromal tumors, and chronic
myeloid leukemia [33, 34]. In the prostate, dysregulated
RTK signaling has been implicated in the initiation and
progression of prostate cancer, partly through modula-
tion of androgen receptor activity via tyrosine phospho-
rylation [35]. By contrast, the functional significance of
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RTK pathway activation in BPH has remained unclear.
In this study, we characterized RTK signaling activity in
BPH, which appears elevated in epithelial compartments.
Bulk RNA sequencing analysis revealed marked enrich-
ment of RTK-related pathways in BPH tissues compared
with normal controls. scRNA-seq further localized this
activation predominantly to epithelial cell populations
within the hyperplastic prostate. Functional studies indi-
cated that pharmacological inhibition of RTK signaling
with sunitinib is associated with reduced epithelial prolif-
eration in BPH cell lines, primary epithelial cultures, and
patient-derived organoids. In an androgen-induced BPH
mouse model, sunitinib treatment was associated with
a reduction in prostate size, consistent with the in vitro
observations. These findings suggest that RTK pathway
activation contributes to epithelial expansion in BPH and
support the exploration of RTK-targeted strategies as a
potential therapeutic approach.

RTKis act primarily by blocking receptor activation
at the cell membrane, thereby suppressing downstream
signaling cascades [11]. Sunitinib, a multi-target RTKi,
inhibits nine membrane-associated receptors [34], but
analysis of the Human Protein Atlas indicated that only
CSFI1R is expressed in prostatic epithelial cells. CSF1R, a
class III RTK, is well known for regulating the survival,
proliferation, and differentiation of mononuclear phago-
cytes and has been implicated in immune modulation
and tumor progression through macrophage recruitment
and polarization [36]. In prostate cancer, CSF1R activa-
tion enhances tumor-associated macrophage infiltration
and contributes to resistance under androgen deprivation
therapy, underscoring its potential as a therapeutic target
in malignancy [37]. However, its functional role in BPH
has not been defined. Our data suggest that CSF1R con-
tributes to epithelial proliferation in BPH and that suni-
tinib’s growth-suppressive effect may be at least partly
mediated by CSFIR inhibition. CSF1 and IL34, the prin-
cipal ligands for CSF1R, were significantly upregulated in
BPH tissues compared with normal prostate and stimu-
lated epithelial proliferation via CSF1R activation.

Increasing evidence underscores the pivotal role of
the tissue microenvironment in disease development.
In malignancies and fibrotic disorders, fibroblasts act as
active modulators of tissue microenvironment remod-
eling, influencing cell proliferation, immune regulation,
and therapy resistance through diverse paracrine mecha-
nisms [38, 39]. Comparable processes are implicated in
BPH, where stromal-epithelial interactions contribute
to abnormal epithelial expansion. Spatial transcriptomic
and functional studies have identified fibroblasts in BPH
stroma as prominent sources of growth factors, including
IGF1 and CXCL13, that stimulate epithelial proliferation
and morphogenesis [40]. Other studies have shown that
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immune-stromal interactions, such as M2 macrophage-
derived IL-4 signaling, promote a myofibroblast phe-
notype that drives stromal hyperplasia, while aberrant
TGF-B/ROCKI1 activation recruits mesenchymal stem
cells and fosters fibroblast differentiation [41, 42]. These
findings collectively highlight fibroblasts as central medi-
ators of BPH-associated tissue remodeling. In this study,
we show that fibroblasts enhance prostatic epithelial pro-
liferation through CSF1R-dependent activation of PI3K/
AKT/mTOR signaling. Furthermore, pharmacologi-
cal blockade of this pathway with sunitinib suppressed
fibroblast-induced epithelial proliferation in vitro and
reduced prostate enlargement in an androgen-induced
BPH mouse model, supporting the potential of CSF1R-
targeted strategies for BPH treatment.

Finasteride, which directly inhibits the survival and
proliferation of prostatic epithelial cells, remains the first-
line pharmacological therapy for BPH [43]. However, a
proportion of patients show limited response or develop
tolerance, underscoring the need for alternative or tar-
geted treatments. Several molecularly targeted strate-
gies have been investigated, including mTOR inhibitors,
which have been associated with prostate volume reduc-
tion in specific patient subgroups [25], and Rho kinase
inhibitors, which can attenuate hyperplasia, fibrosis, and
epithelial-mesenchymal transition in preclinical mod-
els [44]. In contrast, studies of RTKis in BPH are scarce.
In this study, pooled analyses from three independent
patient cohorts indicated that sunitinib treatment sig-
nificantly reduced prostate volume, in agreement with
observations by Takashi et al. in a Japanese cohort [16].
Although that smaller study did not detect a significant
improvement in symptom scores, our combined analysis
showed that sunitinib not only reduced prostate size but
also improved key clinical parameters, including IPSS,
Qmax, and PVR, with the greatest volume reduction in
patients with larger baseline glands. While we did not
evaluate whether sunitinib or other TKIs directly affect
5-a-reductase, potential crosstalk between RTK signal-
ing and the androgen/AR axis could indirectly influence
5-a-reductase and AR activity. Accordingly, future work
should test TKI plus 5-a-reductase inhibitor combina-
tions to determine whether complementary mechanisms
yield additive or synergistic benefit, particularly in finas-
teride-refractory BPH.

This study has several limitations. First, CSF1R is a key
regulator of inflammation and immune responses [45],
both of which are integral to BPH pathogenesis. Thus,
the observed therapeutic effects of sunitinib may partly
reflect modulation of the prostatic inflammatory and
immune microenvironment, a possibility that requires
further clarification. Second, we did not mechanisti-
cally dissect the interplay between AR signaling and the
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CSF1R-driven RTK-PI3K-AKT pathway. Our data indi-
cate CSFI1R activity across AR-positive/negative models,
suggesting a parallel, microenvironment-initiated mecha-
nism that warrants dedicated study. Third, the absence of
a prostate epithelial cell-specific CSF1R knockout model
limits our ability to provide direct in vivo evidence for
the epithelial contribution of CSF1R to BPH progression.
Finally, the clinical cohorts analyzed were composed
primarily of patients with renal cell carcinoma and con-
current prostate enlargement, which may introduce con-
founding variables. Prospective studies in patients with
primary BPH, free of concomitant malignancy, will be
important to confirm these findings and establish their
broader clinical applicability.

Conclusion

This study suggests a mechanism whereby fibroblast-
derived activation of CSFIR promotes prostatic epithe-
lial proliferation in BPH. Fibroblasts enriched within the
hyperplastic prostatic stroma secrete CSF1 and IL34,
which engage CSF1R on epithelial cells, activating PI3K/
AKT/mTOR signaling and thereby enhancing epithe-
lial growth and clonogenic potential. Disruption of this
axis via sunitinib, CSF1R silencing, or ligand neutrali-
zation was associated with reduced fibroblast-induced
epithelial proliferation in vitro and attenuated prostate
enlargement in an androgen-induced BPH mouse model.
In patients receiving sunitinib, measurable reductions
in prostate volume and improvements in lower urinary
tract symptoms were observed, supporting the potential
translational relevance of these findings. Although these
results support CSFIR inhibition as a promising, mech-
anism-based therapeutic approach for BPH, the clinical
use of sunitinib should be considered with caution, care-
fully weighing potential adverse effects against antici-
pated therapeutic benefits.

Materials and methods

Sample and clinical data collection

A total of 80 BPH tissue samples and 16 normal pros-
tate tissue samples were included in this study. BPH
specimens were obtained from patients undergoing
TURP, whereas normal prostate tissues were collected
exclusively from patients undergoing radical cystec-
tomy. Exclusion criteria for BPH specimens included
histologically confirmed carcinoma within the transi-
tion zone, a diagnosis of hypogonadism, and a prostate
volume <30 mL. All research-designated prostate tis-
sues were harvested from the transition zone during
surgery. Portions of each specimen were snap-frozen
in liquid nitrogen for RNA extraction, while other por-
tions were processed into frozen and paraffin-embed-
ded sections for histopathological assessment. Selected
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fresh specimens were additionally used for primary cell
isolation and culture, as well as for the establishment
of prostate organoids. The cohort evaluating the effects
of sunitinib on prostate volume was derived from three
independent medical centers: Shanghai Ninth People’s
Hospital affiliated to Shanghai Jiao Tong University
School of Medicine (SNP), Ruijin Hospital affiliated to
Shanghai Jiao Tong University School of Medicine (R]),
and Shanghai Cancer Center affiliated to Fudan Univer-
sity (SCC). Eligible patients were those with a confirmed
diagnosis of ccRCC who had received sunitinib for more
than 90 days without concurrent administration of BPH-
related medications such as finasteride or a-adrenergic
receptor antagonists. Patients without available pelvic
CT imaging both before and after sunitinib treatment
were excluded. Prostate volumes were measured from
CT data using 3D reconstruction. Patients with a baseline
prostate volume <30 mL were excluded from analysis. A
total of 82 patients met the inclusion criteria: SNP, n=16;
RJ, n=39; SCC, n=27. The clinical characteristics of the
ccRCC patients from the three cohorts are summarized
in Supplementary Table 1. This study was approved by
the Ethics Committee of Shanghai Ninth People’s Hospi-
tal, Ruijin Hospital, and Shanghai Cancer Center. All pro-
cedures were performed in accordance with the approved
protocols. Written informed consent was obtained from
all participants, and clinical data were handled in compli-
ance with confidentiality requirements.

Prostate volume measurement via CT-based 3D
reconstruction

All participants underwent pelvic CT with 1-mm slice
thickness; contrast was administered when clinically
indicated. Digital Imaging and Communications in
Medicine data were imported into Mimics 21.0 (Materi-
alise, Belgium) for segmentation and 3D modeling. The
prostate was manually contoured on each axial slice and
reviewed in sagittal and coronal planes, including the
entire gland from apex to base but excluding the seminal
vesicles, periprostatic tissues, and bladder neck. Follow-
ing prior contouring guidelines, the inferior boundary
was not extended below the level of the obturator fora-
men in ambiguous cases. A 3D surface model was gen-
erated in Mimics and the prostate volume automatically
calculated in 3-matic (Materialise) using mesh-based
volumetry. All models were checked for mesh integrity,
and a random 20% subset was re-contoured by a second
reader to assess inter-observer reproducibility.

Prostate organoid culture and validation

Tissues from benign prostatic hyperplasia and nor-
mal prostate were finely minced and digested overnight
with 5 mg/mL collagenase II (Thermo Fisher Scientific).
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Following digestion, the cell suspension was centri-
fuged, resuspended in PBS, and subjected to differential
adhesion to enrich epithelial cells by removing rapidly
adherent stromal cells. The remaining suspension was
dissociated into single cells using TrypLE (Life Technolo-
gies, USA) containing 10 pM Y-27632 (Sigma-Aldrich).
After filtration through a 40 pm cell strainer, 20,000 single
cells were embedded in 40 pL Matrigel (Corning, USA)
and cultured in DMEM/F12 medium supplemented
with 5 ng/mL EGF (PeproTech, USA), 10% R-spondinl—
conditioned medium, 100 ng/mL recombinant Noggin
(PeproTech), 500 nM A83-01 (Tocris Bioscience, USA),
10 ng/mL FGF10 (PeproTech), 5 ng/mL FGF2 (Pepro-
Tech), 1 mM prostaglandin E2 (Tocris), 10 uM SB202190
(Sigma-Aldrich, USA), 10 mM nicotinamide (Sigma-
Aldrich), and 1 nM dihydrotestosterone (Sigma-Aldrich).
Organoid size was evaluated by phase-contrast micros-
copy after 1 and 2 weeks of culture. Prostate epithelial
identity was confirmed by immunofluorescence staining
for the epithelial marker KRT18 (anti- KRT18; Cell Sign-
aling Technology, #4548; dilution 1:800).

Fibroblast co-culture and conditioned medium treatment

Primary fibroblasts were isolated from BPH tissues by
collagenase digestion and cultured in DMEM supple-
mented with 10% FBS. For indirect co-culture, fibroblasts
were seeded in the lower chamber of a Transwell system
(0.4 pm pore size), and BPH-1 or primary prostate lumi-
nal epithelial cells were seeded in the upper chamber.
Co-cultures were maintained for 48 h before subsequent
assays. Fibroblasts derived from BPH tissues were cul-
tured to 80% confluence, and the medium was replaced
with serum-free DMEM for 48 h. The collected fibro-
blast-conditioned medium was centrifuged to remove
cell debris and applied to BPH-1 or primary prostate
luminal epithelial cells for indicated treatment durations.

Plasmid construction and lentiviral infection

CSFIR shRNA (sh-CSFIR) and a non-targeting con-
trol (sh-Con) were designed and synthesized by the
Department of Biochemistry and Molecular Cell Biol-
ogy, Shanghai Jiao Tong University School of Medicine.
The open reading frame of CSFIR was inserted into the
pLVX-puro vector. For lentiviral production, HEK293T
cells at 80—-90% confluence in 100 mm dishes were co-
transfected with 3.5 pg of the shRNA or overexpression
plasmid, 2.25 pg of psPAX2, and 4.25 pg of pMD2.G
using 30 pL of polyethyleneimine. After 6 h, the transfec-
tion medium was replaced, and viral supernatants were
collected 72 h later. BPH-1 cells and primary prostate
luminal cells were infected with lentivirus for 24 h, fol-
lowed by selection with 2.5 ug/mL puromycin to generate
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stable cell lines. The shRNA sequences are listed in Sup-
plementary Table 2.

Animal experiments

Male ICR mice (6—8 weeks old) were acclimated for
2 weeks prior to experimentation. A total of 37 mice
were randomly allocated to either a normal control
group (n=6) or a BPH induction group (n=31). For BPH
induction, testosterone propionate was dissolved in olive
oil and administered by daily subcutaneous injection at
7.5 mg/kg for 14 consecutive days; control mice received
equivalent volumes of olive oil. After 14 days, six mice
from the BPH group received no further intervention and
were observed until the end of the experiment to serve as
the model baseline. The remaining mice were assigned to
one of three treatment groups: vehicle control (n=38; daily
oral gavage of 10% PEG400), finasteride (n=38; 1 mg/kg/
day by oral gavage), or sunitinib (n=9; 5 mg/kg/day by
oral gavage). After 8 weeks of treatment, mice were euth-
anized by cervical dislocation. Prostate tissues were dis-
sected, weighed, and fixed in formaldehyde. The prostate
index (PI) was calculated as prostate weight divided by
body weight. All procedures were performed in accord-
ance with institutional guidelines and were approved by
the Animal Experimentation Ethics Committee of Shang-
hai Ninth People’s Hospital, Shanghai Jiao Tong Univer-
sity School of Medicine (SH9H-2021-A744-SB).

Bioinformatics analysis

Three bulk RNA expression datasets (GSE119195,
GSE132714, GSE172357) and one scRNA-seq dataset
were obtained from the GEO database and from our pre-
viously published study [22, 24—26]. Single-cell transcrip-
tomic data were analyzed in R (version 4.4.3) using the
Seurat package. Low-quality cells were excluded based on
thresholds for gene counts, unique molecular identifier
counts, and mitochondrial gene content. Data were log-
normalized, and batch effects were corrected using the
Harmony algorithm. Principal component analysis was
performed, and the leading principal components were
used to generate uniform manifold approximation and
projection (UMAP) plots for visualization and clustering.
DEGs were identified using the FindMarkers function
in Seurat for single-cell data and the limma package for
bulk RNA expression data, with significance defined as
P value <0.05. Significantly altered DEGs were subjected
to GO enrichment analysis using the Metascape online
platform [46], and signaling network diagrams were con-
structed. GSEA was performed with the clusterProfiler
package in R. For GSEA, genes were ranked by log, fold
change and analyzed against the MSigDB reference gene
sets, with enrichment considered significant at a false
discovery rate<0.25. The stromalization degree of each
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sample was assessed using the ESTIMATE algorithm to
calculate stromal scores from the GEO-derived expres-
sion matrices.

Statistical analysis

Data are presented as the mean + standard deviation (SD)
from a minimum of three independent experiments.
Comparisons between two groups were performed using
a two-tailed Student’s t-test. Changes in prostate volume
and associated symptoms before and after treatment
were analyzed using the Wilcoxon paired test. Correla-
tions between variables were evaluated by linear regres-
sion analysis, with the coefficient of determination (R%)
used to indicate the goodness of fit. All statistical analyses
were conducted using SPSS software (version 23.0), and a
P value <0.05 was considered statistically significant.

Abbreviations

BPH Benign prostatic hyperplasia

LUTS Lower urinary tract symptoms

TURP Transurethral resection of the prostate
RTK Receptor tyrosine kinase
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GEO Gene Expression Omnibus

GSEA Gene set enrichment analysis

scRNA-seq  Single-cell RNA sequencing
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