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Wnt5a augments intracellular free cholesterol 2
levels and promotes castration resistance
in prostate cancer

Yugi Guo'!, Zhiyuan Zhang'", Lintao Dong?", Xinyi Shi', Xiaohan Li®, Mingxiu Luo"", Yajuan Fu®" and Yujing Gao'*"

Abstract

Background Prostate cancer (PCa) is a leading cause of cancer-related mortality in men globally. While androgen
deprivation therapy (ADT) can extend the asymptomatic phase and overall survival of patients with metastatic PCa,
prolonged ADT often leads to the development of castration-resistant prostate cancer (CRPC) within 18-24 months.
The mechanisms underlying CRPC remain incompletely understood, presenting a significant challenge in clinical
prostate cancer treatment.

Methods In this study, we investigated the role of Wnt5a, a member of the Wnt family, in CRPC. Tumor tissues from
CRPC patients were analyzed to assess the expression levels of Wnt5a. Prostate cancer cells were used to examine the
impact of Wnt5a on androgen-dependent and -independent growth, as well as sensitivity to bicalutamide. RNA-

seq analysis, gRT-PCR, intracellular cholesterol content and the activation of the androgen receptor (AR) signaling
pathway were evaluated to elucidate the mechanistic role of Wnt5a in CRPC progression. Drug target Mendelian
randomization analysis was performed to investigate the effect of PCSK9 inhibitor on prostate cancer.

Results Our study revealed a significant overexpression of Wnt5a in tissues from CRPC tumors. Wnt5a was found to
enhance both androgen-dependent and -independent growth in prostate cancer cells while reducing their sensitivity
to bicalutamide. Mechanistically, Wnt5a was shown to upregulate intracellular free cholesterol content and activate
the AR signaling pathway, contributing to hormone therapy resistance in CRPC. PCSK9 inhibitor significantly reduced
the risk of PCa.

Conclusions The findings of this study highlight a novel molecular mechanism underlying endocrine therapy
resistance in CRPC mediated by Wnt5a. Targeting Wnt5a or reducing cholesterol level would be a promising
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therapeutic strategy for the treatment of CRPC, providing new insights into potential avenues for combating this

challenging form of prostate cancer.

Keywords Prostate cancer, Castration resistance, Cholesterol, Androgen receptor signaling

Introduction

Prostate cancer accounts for the second highest inci-
dence of cancer in men. As the global population ages,
the prevalence of prostate cancer will rise even more
dramatically. The estimated number of new prostate
cancer cases in the United States by gender in 2023 will
be 288,300, accounting for about 29% of all new cancer
cases in men, and the estimated number of deaths will
be 34,700, accounting for about 11% of all new cancer
deaths in men [1].

Prostate cancer is driven by androgen receptor
(AR), which belongs to the nuclear receptor family of
ligand-dependent transcription factors [2]. Androgens,
including testosterone, androstenedione and dihydrotes-
tosterone (DHT) are all ligands for the AR, with DHT
being the most potent binding agent. Currently, andro-
gen deprivation therapy (ADT) is the standard of care for
primary or recurrent metastatic prostate cancer, which
can be achieved through surgery or by using drugs such
as luteinizing hormone-releasing hormone (LHRH)
antagonists, LHRH agonists, androgen synthesis inhibi-
tors and androgen receptor antagonists. As a mainstream
clinical treatment for prostate cancer, ADT has been
shown to improve the quality of life of patients [3], but
castration-resistant prostate cancer (CRPC) has emerged
with the prolongation of androgen deprivation time [4,
5]. In this case, although serum testosterone levels have
reached castrated levels (<20ng/dL (0.7nmol/L)) [6, 7],
the disease continues to deteriorate, prostate specific
antigen (PSA) levels continue to rise and patients survive
for only 16—18 months after recurrence [8, 9]. Clarifying
the mechanism of castration resistance of prostate cancer
can provide potential molecular markers or therapeutic
targets for clinical treatment and prognosis assessment.
So far, the specific mechanism for the occurrence of
CRPC is still not fully understood.

Wntba is a member of the Wnt gene family, which
consists of structurally related genes encoding secreted
signaling proteins that are implicated in tumorigenesis
and certain developmental processes. Wnt5a amplifica-
tion is seen in approximately 29% of cases in CRPC, with
upregulation observed in 6% of these instances. Notably,
Wntb5a expression is typically low in low-grade prostate
cancer but elevated in cases of metastatic prostate cancer,
where heightened Wnt5a levels correlate with a poorer
prognosis [10]. In the context of prostate cancer skeletal
metastases, Wnt5a has been identified as a key factor in
inducing and sustaining cancer cell dormancy and inhib-
iting bone metastasis [11]. Moreover, the expression of

Wnt non-classical pathway was found to be significantly
upregulated in prostate cancer samples with high Glea-
son score [12-15]. Additionally, a study highlighted that
Wnt5a mRNA expression level was increased in andro-
gen-independent prostate cancer cells, and knockdown
of Wnt5a could suppress growth of the androgen-inde-
pendent prostate cancer cells [16]. As of now, the pre-
cise role and underlying mechanism of Wnt5a in CRPC
remain inadequately understood.

In the present study, we assessed the impact of Wnt5a
on the hormone-independent growth potential and sen-
sitivity to bicalutamide in prostate cancer cells. We also
endeavored to identify the possible mechanism by which
Wnt5a promotes CRPC. Our study proposed the poten-
tial value of Wnt5a as a therapeutic target for clinical
CRPC.

Materials and methods

Cell culture

Androgen-dependent human prostate cancer cells
LNCaP are kept in our laboratory. Androgen-insensitive
human prostate cancer cell line 22RV1 was purchased
from Shanghai Genechem Co. LTD. Charcoal-dextrose
stripped fetal bovine serum were purchased from Bio-
logical Industries (C3830-0500). LNCaP and 22RV1 cells
were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/strep-
tomycin. Bicalutamide-resistant LNCaP cells (LNCaP-
BicR) were developed by long-term culturing LNCaP
cells in the presence of bicalutamide, and routinely cul-
tured in RPMI 1640 medium supplemented with 5uM
Bicalutamide (Sigma).

Establishment of stable cell lines

The full-length sequence of Wnt5a ¢cDNA was cloned
into the eukaryotic expression plasmid GV362 and trans-
fected into LNCaP cells to overexpress Wnt5a. The cell
line with stable Wnt5a overexpression was then obtained
by geneticin (G418) selection. For achieving a stable
knockdown of Wnt5a in the 22RV1 cell line, denoted as
22RV1-Wnt5a-KD, CRISPR/Cas9 technology was uti-
lized. The sgRNA sequence targeting Wnt5a (CAGGACC
ACATGCAGTACAT) were incorporated into a CRISPR/
Cas9 single vector system, which was subsequently pack-
aged into lentiviral particles. Following infection of the
22RV1 cells with the lentiviral particles, the infected cells
were then subjected to selection using puromycin at a
concentration of 2 ug/mL for a duration of 2 weeks. Both
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the lentivirus and plasmids utilized in this study were
procured from Shanghai Genechem Co., LTD.

MTS assay

The CellTiter 96 AQueous One Solution Cell Prolifera-
tion Assay kit was procured from Promega for the experi-
ment. A total of 1000 cells in 100 puL per well were seeded
into a 96-well plate and cultured for a duration of 1 to 4
days. During this incubation period, 20 uL of MTS solu-
tion reagent was added into the medium. After a 2-hour
incubation, the absorbance at 490 nm was measured.
The growth curve was plotted based on the absorbance
values.

Cytotoxicity assay

The cytotoxicity assay was used to test the sensitivity of
the cells to bicalutamide. 5000 cells/ well were seed into
96-well plate. The next day, bicalutamide were added into
the cell at a final concentration gradient of 10, 20, 30, 40,
50, 60, 70, 80 and 90 pM. 72 h later, 20 puL of MTS solu-
tion were added into the well and incubated for 2 h. The
OD value at 490 nm was measured to test cell viability.

Colony formation assay

1000 cells per well were plated in a 6-well plate and incu-
bated for approximately two weeks. When approximately
50 clumpy colonies were observed under a microscope,
the cells were fixed with ice-cold methanol for 20 min
and stained with 0.05% crystal violet for 30 min. The
number of cell colonies in each well was photographed
and counted.

Filipin cholesterol fluorescence assay

5000 cells per well were plated in 96-well plates and cul-
tured for three days under hormone deprivation condi-
tions. The cells were then rinsed three times with PBS
and fixed with 4% paraformaldehyde for 1 h at room tem-
perature. Following this, cells were washed three times
with PBS, and 200 pL of 1.5 mg/mL glycine was added
at room temperature for 10 min. Subsequently, 80 pL of
Filipin working solution (0.1 mg/mL) was added to the
well and stained for 2 h. Afterward, the Filipin staining
solution was aspirated, the cells were washed three times
with PBS, and observed under fluorescence microscopy.

Determination of intracellular total and free cholesterol
content

Intracellular total and free cholesterol content were
determined using commercial kits (E1015, E1016, Apply-
gen Technologies, Beijing, China). Cells were lysed using
the lysis buffer provided in the kits. The cell lysate was
then centrifuged, and the supernatant was carefully
transferred to a new centrifuge tube for enzymatic iden-
tification. For the cholesterol assay, 10 pL of standard
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and samples were added to a 96-well plate in triplicates.
Mixed working solution (R1:R2=4:1) was added, and
after 20 min incubation at 37 °C, absorbance value were
taken at 550 nm. A standard curve was used to calculate
sample cholesterol concentration.Additionally, BCA pro-
tein concentration determination was carried out using
the lysate to calibrate the cholesterol content.

Steroid hormone determination

The LNCaP cells were cultured for three days under hor-
mone deprivation conditions. Cells were collected and
sent to Shanghai Baiqu Biomedical Technology Co., Ltd.
for determination of steroid hormones. Metabolites of
the cells were extracted, and standard solutions were pre-
pared and tested. Chromatographic separation of target
compound was performed on a Waters XBridge® HPLC
BEH C8 (100 x 2.1 mm, 1.7 pm, Waters) LC Column. The
A phase of the liquid chromatography was an aqueous
solution containing 0.5 mmol/L ammonium fluoride, and
the B phase was methanol. The column heater tempera-
ture was 50 °C, the sample tray was set to 10 °C, and the
injection volume was 10 pL. Mass spectrometry analysis
was performed in multiple reaction monitoring (MRM)
mode using a Waters Xevo TQ-S Triple Quadrupole
Mass Spectrometer. Water MassLynx V4.1 and Skyline
Software were used for mass spectrometry data acquisi-
tion and quantification of target compounds. The cali-
bration curve was plotted, the calibration solution was
diluted 2-fold sequentially and then analyzed by UHPLC-
MRM-MS, and the limit of detection and quantification
of the method were calculated by its signal-to-noise ratio.
The final measured concentration of the sample is the
directly measured concentration multiplied by the dilu-
tion factor. The concentration of the target metabolite in
the sample is equal to the final measured concentration
of the sample multiplied by the sample processing vol-
ume divided by the total protein content in the sample.

RNA-seq and RT-qPCR

Total RNA of the cells was extracted using TRIzol reagent
(Thermo, USA). RNA-seq was performed and analyzed
by LC Bio (Hangzhou, China). For RT-qPCR, the RNA
samples were reverse transcribed using the PrimeScript™
RT Master Mix kit (RR036A; TaKaRa, Japan). The SYBR®
Premix Ex Taq™ II kit (RR820A; TaKaRa, Japan) was
used to perform qPCR. Relative mRNA expression lev-
els were calculated using the 2724t formula. The primer
sequences used for qPCR are shown in Supplementary
Table 1.

Western blot analysis

Protein was extracted and quantified using the BCA
method. Equal protein amounts were loaded for SDS-
PAGE, followed by transfer to a PVDF membrane. The
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membrane was then blocked with 5% skimmed milk and
exposed to Wnt5a (1:1000, CST) or GAPDH (1:20,000,
Proteintech) antibodies overnight at 4 °C. The next day,
the membrane was washed with TBST, exposed to an
HRP-conjugated secondary antibody, and visualized
using ECL luminescence.

Drug target Mendelian randomization analysis

A Drug target Mendelian randomization (MR) analysis
were conducted to explore the therapeutic implications
of genetically mimicking a lipid-lowering drug target,
PCSK9, on prostate cancer. We used PCa as the results of
the drug target MR analysis, of which coronary heart dis-
ease (CHD) was a positive control dataset. The datasets
were all from the European population. For details and
download links for all data, please refer to Supplementary
Table 2.

Genetic information related to PCSK9 were leveraged
from the MRC IEU OpenGWAS Project, a reputable
source offering extensive Genome-Wide Association
Study (GWAS) data for genomic epidemiology and causal
inference analyses. We meticulously selected genetic
variants significantly associated with the exposure
variable (P-value<5x107®) for drug-target MR analy-
sis, ensuring the robustness of instrumental variables.
The genomic coordinates of the PCSK9 gene were pin-
pointed using NCBI, specifically in version GRCh37.
p13 at 55505221.55530525. Instrumental variables, rep-
resented by single nucleotide polymorphisms (SNPs)
within +100 kb of PCSK9 loci and linked to LDL-C lev-
els, were carefully chosen. To minimize the influence of
strong linkage disequilibrium (LD) on our findings, we
set a stringent LD threshold (r* < 0.3). Ultimately, 12 sig-
nificant SNPs associated with PCSK9 were retained for
further analysis (refer to Supplementary Table 3).

The analytical approach encompassed a variety of MR
methods, including MR Egger, weighted median, IVW,
simple mode, weighted mode, and MR-PRESSO, with
IVW being the predominant method [17]. Heterogene-
ity and pleiotropy assessments were performed using MR
Egger and IVW, with Cochrane’s Q statistic indicating no
significant heterogeneity when p>0.05. The MR Egger
regression equation was employed to evaluate horizontal
pleiotropy, with p>0.05 denoting its absence [18]. Addi-
tionally, leave-one-out plots were utilized to gauge the
influence of individual SNPs on the MR analysis results.

All analyses were conducted using the “MRPRESSO”
“TwoSampleMR” “foreach” and “ggplot2” packages in R
version 4.3.1 for comprehensive data visualization and
interpretation [18, 19].

Statistical analysis
Data analysis was conducted using GraphPad Prism 8.0.
The data are presented as mean * standard deviation (SD)
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from at least three independent biological experiments
or samples. A ¢-test for two independent samples was
employed to compare means between two independent
groups, with statistical significance set at P<0.05.

Results

Whnt5a is associated with castration resistance in prostate
cancer

Using public databases including GEO, we analyzed and
compared the changes in expression of Wnt5a in pros-
tate cancer tissue and normal prostate tissue. The results
showed that Wnt5a mRNA levels were significantly
higher in cancer tissues than in normal tissues, particu-
larly in metastatic cases (Fig. 1A). Patients with a Gleason
score greater than 8 displayed higher Wnt5a expression
levels compared to those with a Gleason score of 7 or
less (Fig. 1B). Notably, prostate tumor tissues resistant
to castration exhibited highest Wnt5a expression level
(Fig. 1C). In mouse models, post-castration tumor tissues
displayed increased Wnt5a expression, indicating a role
of Wntb5a in castration resistance (Fig. 1D), and andro-
gen deprivation led to heightened Wnt5a mRNA levels in
LNCaP cells (Fig. 1E). Collectively, these findings suggest
that Wnt5a plays a role in castration therapy resistance
and the progression of prostate cancer.

Wnt5a promotes androgen-dependent and -independent
growth of prostate cancer cells

To investigate the role of Wntb5a in prostate cancer, we
stably overexpressed Wnt5a in LNCaP cells (Fig. 1F), and
knocked down the expression of Wnt5a in 22RV1 cells
(Fig. 1G). And then, we assessed the effect of Wnt5a on
the proliferative capacity of the cells. As shown in Fig. 1H
& I, LNCaP cells with Wnt5a overexpression formed
more and larger cell colonies, and had enhanced growth
capacity compared with the control cells; whereas,
knockdown of Wnt5a significantly inhibited proliferation
ability of 22RV1 cells compared with control cells. These
data suggest Wnt5a promotes the growth of prostate can-
cer cells.

As Wntba highly expressed in tumor tissues formed by
LNCaP prostate cancer cells in mice with surgical cas-
tration and LNCaP cells cultured in hormone-deprived
medium (Fig. 1D, E), we further assessed the impact of
Wnt5a on androgen-independent growth of the cells.
As shown in Fig. 1] & K, Wnt5a overexpression could
remarkably enhance the proliferation of LNCaP cells
under hormone-deprivation condition; while knockdown
of Wnt5a substantially suppressed proliferation of 22RV1
cells, indicating that Wnt5a enhances the androgen-inde-
pendent growth ability of PCa cells.
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(See figure on previous page.)

Fig. 1 Wnt5a is associated with castration resistance in prostate cancer and promotes androgen-dependent and -independent growth of PCa cells. (A)
Comparison of mRNA expression of Wnt5a in normal, paraneoplastic, primary and metastatic prostate cancer tissues in the GSE6919 dataset from the GEO
Database. (B) Expression of Wnt5a in patients with different Gleason score levels or (C) tissue type were analyzed using GSE70768 dataset from the GEO
database. (D) Expression levels of Wnt5a in tumor tissues formed by LNCaP prostate cancer cells in mice with or without surgical castration in GSE33316
dataset from the GEO database. (E) Wnt5a expression of LNCaP cells cultured in regular medium and hormone-deprived medium were compared using
GSE8702 dataset from the GEO database. (F) Protein and mRNA expression levels of Wnt5a in LNCaP cells with or without Wnt5a overexpression were
tested by Western blot and RT-gPCR respectively. (G) Protein and mRNA expression of Wnt5a in 22RV1 cells with Wnt5a knockdown (Wnt5a-KD) or not
(Control) were tested by Western blot and RT-qPCR respectively. (H) The proliferation capacity of LNCaP cells with Wnt5a overexpression or 22RV1 cells
with Wnt5a knockdown were assessed by colony formation assay and (I) MTS assay. (J) Androgen-independent growth of LNCaP cells with Wnt5a over-
expression or 22RV1 cells with Wnt5a knockdown were detected by colony formation assay and (K) MTS assay. *P < 0.05; **P<0.01; ns, not significant

Wnt5a promotes bicalutamide resistance of prostate
cancer cells

Androgen receptor pathway is a crucial stimulator for the
development of prostate cancer, which is the basis for the
clinical endocrine therapy of the disease. Although endo-
crine therapy effectively enhances the survival of prostate
cancer patients, the inevitable resistance of the therapy is
a difficulty in clinical. Since Wnt5a could promote andro-
gen-independent growth of prostate cancer cells, we fur-
ther investigated whether Wnt5a is involved in endocrine
therapy resistance. To this end, we established a bicalu-
tamide-resistant LNCaP line (named as LNCaP-BicR).
LNCaP-BicR cells showed reduced bicalutamide sen-
sitivity compared with LNCaP-Parental cells (Fig. 2A);
the IC50 of bicalutamide for LNCaP-BicR was 94.15 pM,
which is substantially higher than that for LNCaP-Paren-
tal cells (48.51 uM) (Fig. 2B). Of note, Wnt5a expression
was obviously upregulated in the bicalutamide-resistant
LNCaP cells compared with the parental cells (Fig. 2C).
More importantly, overexpression of Wnt5a reduced the
inhibitory effect of bicalutamide on LNCaP cells (Fig. 2D,
E); the IC50 of bicalutamide for Wnt5a-overexpressing
LNCaP cells and control cells were 102.0 uM and 76.66
UM respectively (Fig. 2F). Whereas, knockdown of Wnt5a
enhanced the sensitivity of 22RV1 cells to bicalutamide
(Fig. 2G); the IC50 of bicalutamide for 22RV1 cells with
or without Wnt5a knockdown was 171.3 pM and 457.2
UM respectively (Fig. 2H).

Whnt5a affects steroid hormone anabolic pathway in PCa
cells

In order to unravel the mechanism through which Wnt5a
facilitates androgen-independent growth and bicalu-
tamide resistance in prostate cancer, we conducted RNA-
seq analysis to identify changes in the transcriptome of
Wntba-overexpressing LNCaP cells under androgen
deprivation conditions in comparison to control cells.
The results indicated that overexpression of Wnt5a
caused a significant upregulation of 967 genes and down-
regulation of 307 genes in the cells (Fig. 3A), of which
the top 100 genes with the most significant differen-
tial changes are shown as heat maps in Fig. 3B. The top
20 significantly enriched pathways of the differentially
expressed genes were shown in Fig. 3C. Among them, the

steroid hormone biosynthesis pathway drew our focus,
as intratumoral androgen biosynthesis has been reported
to contribute to endocrine therapy resistance in prostate
cancer, and enhanced androgen synthesis in prostate can-
cer cells stands as a key mechanism in the progression of
CRPC [20]. The enzymes responsible for androgen syn-
thesis and transformation were depicted in Fig. 4A, and
the expression fold changes of differential genes involved
in the steroid hormone anabolic pathway were shown in
Fig. 4B. We next applied RT-qPCR to validate the results
of RNA-seq. As shown in Fig. 4C, except HSD17B1, alter-
ations in the expression levels of UGT2B10, AKR1C]1,
AKRI1C2, AKR1C3, HSD3B1, and CYP1Al in LNCaP
cells after Wnt5a overexpression were consistent with
RNA-seq analysis results. Meanwhile, knockdown of
Wnt5a in 22RV1 cells had the opposite effect (Fig. 4D).

To further investigate whether Wnt5a could affect the
synthesis of androgen, we measured the levels of ste-
roid hormones in the LNCaP cells with different Wnt5a
expression levels. The results showed that only Dehydro-
epiandrosterone, Dihydrotestosterone (DHT), Proges-
terone, and Pregnenolone levels were identified out of
the 14 hormones examined (Fig. 5A-D, supplementary
Fig. 1). Unexpectedly, while the levels of Dehydroepian-
drosterone, Progesterone, and Pregnenolone decreased
in Wnt5a-overexpressing LNCaP cells, there was no
notable distinction in DHT levels between Wnt5a-over-
expressing LNCaP cells and control cells (Fig. 5D-F).
These results indicate intratumoral androgen synthesis
might not be the key factor responsible for the stimula-
tory impact of Wnt5a on androgen-independent growth
and bicalutamide resistance.

Wnt5a upregulates free cholesterol levels and activates AR
signaling in PCa cells

Cholesterol is the material for the synthesis of steroid
hormones, which implicates in the process of tumori-
genesis through regulating hormone levels or signal-
ing pathways. In the analysis of steroid hormones, we
found prognenolone level was remarkably decreased in
Wnt5a-overexpressing LNCaP cells (Fig. 5F). Progneno-
lone can be produced from cholesterol by the catalysis
of CYP11A1l. We then wondered whether the choles-
terol levels in the cells is disturbed by Wnt5a. Through



Guo et al. Journal of Translational Medicine (2025) 23:347

the assessment of intracellular total and free cholesterol
levels using cholesterol enzymatic assays and Filipin
cholesterol fluorescence staining, we found a significant
upregulation of free cholesterol content in LNCaP cells
under hormone-deprived medium (HDM) conditions;
whereas, 22RV1 cells with Wnt5a knockdown exhibited
reduced total and free cholesterol levels under hormone-
deprived conditions (Fig. 6A-C). Consistently, the free
cholesterol content in LNCaP-BicR cells were elevated
compared to the parental cells (Fig. 6C). These findings
indicate the heightened free cholesterol content repre-
sents one of the potential mechanisms through which
Wnt5a fosters castration-resistant prostate cancer. Pre-
viously, studies reported cholesterol could activate AKT
signaling [21, 22], which further phosphorylates AR to
promote its translocation into nucleus and transcrip-
tional activation capacity. Consistently, we confirmed
Wnt5a overexpression in LNCaP cells under HDM cul-
turing condition upregulated the expression levels of AR
target genes, PSA and TMPRSS2 (Fig. 6D), while knock-
down of Wnt5a in 22RV1 cells resulted in the reduced
expression of PSA and TMPRSS2 (Fig. 6E).

Finally, we used drug target Mendelian randomiza-
tion (MR) analysis to investigate the causal relationship
between inhibitor of PCSK9 (PCSK9i), a lipid-lowering
drug target, and the risk of prostate cancer. In line with
expectations, the positive control analysis confirmed
that PCSK9i significantly reduced the risk of CHD
through MR Egger, weighted median, inverse variance
weighted (IVW), simple mode, and weighted mode
analyses. Genetically predicted inhibition of PCSK9
had an obvious protective effect on PCa in both the
IVW method (OR [95%] =0.81 [0.71 to 0.92], p<0.001),
weighted median method (OR [95%] =0.86 [0.74 to 0.97],
p=0.0083), and weighted mode method (OR [95%] =0.87
[0.74 to 0.99], p=0.0445) (Fig. 7A). The results of sensi-
tivity analysis showed that there were no heterogeneity
and horizontal pleiotropy in all other outcomes (p >0.05),
and the leave-one-out method showed that there would
be no significant difference in the results after remov-
ing any SNP for CHD and PCa (Supplementary Table 4,
Fig. 7B, C).

Collectively, the aforementioned findings suggest that
Wnt5a may increase free cholesterol levels in prostate
cancer cells, potentially contributing to the activation
of AR signaling. Lowering cholesterol levels could be a
potential approach for treating prostate cancer as well as
CRPC.

Discussion

Most patients with prostate cancer are sensitive to ini-
tial androgen deprivation therapy, but after a median
remission of 18 to 24 months, the vast majority will
develop castration-resistant prostate cancer (CRPC). At
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this stage, many patients develop bone or distant organ
metastases, leading to a grim prognosis with an esti-
mated survival of less than 19 months. The challenge of
managing prostate cancer clinically primarily stems from
this progression to metastatic CRPC and its associated
poor outcomes.

It is reported that Wntba regulates epithelial-mesenchy-
mal transition in colorectal, prostate, non-small cell lung,
and breast cancers [23—-26]. High expression of Wnt5a and
CAMK2NT1 leads to a worse prognosis in prostate can-
cer [23]. The specific mechanism of Wnt5a in CRPC is not
clear. In the present study, we found Wnt5a plays a cancer-
promoting role in prostate cancer and is associated with
castration therapy resistance in prostate cancer. Wnt5a-
overexpressing PCa cells showed significantly enhanced
cell proliferation under both regular culture conditions and
androgen deprivation conditions; in contrast, knockdown of
Wnt5a in PCa cells significantly inhibited cell proliferation.

Androgen receptor antagonists are frequently employed
for prostate cancer treatment in clinic due to their favorable
effect. Bicalutamide is the first-generation non-steroidal
androgen receptor antagonist. Unlike agents that suppress
androgen production, bicalutamide operates by competi-
tively binding to the androgen receptor, thereby exerting its
therapeutic effects [27]. As AR levels increase, prostate can-
cer shifts from hormone-dependent to hormone-indepen-
dent, resulting in resistance to anti-prostate cancer drugs
such as bicalutamide [28]. Our study revealed that Wnt5a
has the ability to reduce the sensitivity of prostate cancer
cells to bicalutamide. Furthermore, we observed that pros-
tate cancer cells resistant to bicalutamide showed increased
expression level of Wnt5a. These findings provide evidence
supporting the promoting role of Wnt5a in the development
of resistance to castration therapy in prostate cancer.

In CRPC, increased expression of testosterone and
dihydrotestosterone (DHT) synthetase that catalyzes the
synthesis of adrenal androgens, including DHEA and
androstenedione, has been observed [29]. In our study, we
found significant differences in the expression of enzymes
involved in steroid anabolic pathways between PCa cells
with different Wnt5a expression levels. CYP1Al and
HSD3B1 were up-regulated in Wnt5a-overexpressing
cells, but down-regulated in Wnt5a knockdown cells. In
contrast, UGT2B10, AKR1C1 and AKR1C3 were down-
regulated in Wntb5a-overexpressing cells, but upregulated
in Wnt5a knockdown cells. CYP1A1 is a member of the
cytochrome P450 family, which hydroxylates testoster-
one at the C-6 site, producing hydrophilic metabolites
and promotes the excretion of testosterone [30]. HSD3B1
catalyzes the conversion of dehydroepiandrosterone to
17a-hydroxypregnenolone, and also the conversion of preg-
nenolone and 17a-hydroxypregnenolone to progesterone
[31]. HSD17B1 is an enzyme preferably converting estrone
to highly potent estradiol, but it is reported in Sertoli cells,
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HSD17B1 contribututes to steroid synthesis and is required
for male fertility [32]. AKR1C1 and AKRIC3 catalyze
the dehydrogenation of DHT to 3pB-androstenediol and
3a-androstenediol, respectively [33]. UGT2B10 is a mem-
ber of the UDP-glucuronosyltransferase family, responsible
for transferring the glucuronyl moiety from 5’-diphospho-
glucuronic acid (UDPGA) to substrates such as steroid hor-
mones and xenobiotics, facilitating their metabolism [34].
The alterations of these enzymes led us to speculate whether
Wnt5a promotes CRPC by promoting intratumoral hor-
mone levels. Unexpectedly, although the levels of dehydro-
epiandrosterone, progesterone, and pregnenolone were
reduced in LNCaP cells overexpressing Wnt5a, there was no
significant difference in DHT levels between the cells with
or without Wnt5a overexpression.

Studies have shown that serum cholesterol and HDL are
associated with prostate cancer [35-38]. Elevated levels of
LDL cholesterol are linked to a higher risk of developing
high-grade prostate cancer [38, 39]. Cholesterol is usually
found in the form of free cholesterol and cholesteryl esters.
Cholesteryl esters are produced by combining free choles-
terol with fatty acids and are the storage and transport form
of cholesterol. Free cholesterol is a common precursor for
the synthesis of steroid hormones such as androgens and
has been implicated in the development of castration-resis-
tance in prostate cancer [40]. Studies that have found out
LDL cholesterol promotes proliferation of prostate cancer
cells by activating the STAT3 pathway [41]. Cholesterol lev-
els in lipid raft microdomains regulate apoptotic cell death
in prostate cancer cells through EGFR-mediated Akt and
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Fig. 6 Wnt5a upregulates free cholesterol levels and activates AR signaling. (A) Enzymatic assays of total and free cholesterol in LNCaP and (B) 22RV1
cells with different Wnt5a expression levels. (C) Filipin staining was used to detect the content of free cholesterol in the indicated cells. (D) RT-gPCR was
performed to detect the effect of Wnt5a on the expression levels of AR target genes in LNCaP and (E) 22RV1 cells. Data are presented as mean +SD.

*P<0.05; **P<0.01; ns, not significant

ERK signaling [42]. We conducted further research to deter-
mine the influence of Wnt5a on intracellular cholesterol lev-
els. Our results demonstrate that overexpression of Wnt5a
in LNCaP cells resulted in elevated free cholesterol content
under hormone-deprived culture conditions compared to
control cells. Conversely, knocking down Wnt5a in 22RV1
cells led to a decrease in free cholesterol content. Addition-
ally, we observed that Wnt5a overexpression activates the
androgen receptor (AR) signaling pathway while Wnt5a
depletion resulted in dampened AR signaling, as evidenced
by altered expression of AR target genes including PSA and

TMPRSS2. These findings suggest that Wnt5a may elevate
free cholesterol levels to activate AR signaling pathway,
thereby promoting hormone-dependent and -independent
growth in prostate cancer cells.

Conclusion

In conclusion, our study demonstrates that Wnt5a plays a
pivotal role in enhancing the growth of prostate cancer cells
and boosting their resistance to bicalutamide. Importantly,
we discovered that Wnt5a’s influence on promoting andro-
gen-independent growth and resistance to bicalutamide
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Fig. 7 PCSK9 inhibitor significantly reduced the risk of PCa. (A) The effect of PCSK9 inhibitor on the risk of coronary heart disease and PCa. OR, odds ratio;
Cl, confidence interval; PCSK9, proprotein convertase subtilisin/kexin 9; CHD, coronary heart disease; PC, prostate cancer. (B) Sensitivity analysis of PCSK9

on coronary heart disease (CHD) and (C) PCa

is not strongly linked to the local production of androgens
within the tumor. Notably, Wnt5a can elevate intracellular
free cholesterol levels, potentially activating the androgen
receptor (AR) pathway, which may contribute to the pro-
gression of castration-resistant prostate cancer. Further sys-
temic investigations are warranted to elucidate the specific
impact of alterations in free cholesterol content on the acti-
vation of the AR pathway by Wnt5a.
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