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Abstract

Prostate cancer (PCa) is a leading cause of cancer-related mortality in men, with a high propensity for bone metastasis
that significantly impairs patient quality of life. The Wnt5a signaling pathway plays a pivotal role in the progression and
metastasis of PCa. Wnt5a can act as both an oncogene and a tumor suppressor, highlighting its complex and context-
dependent functions. In PCa, Wnt5a promotes tumor progression through mechanisms such as epithelial-mesenchymal
transition (EMT) and interaction with androgen receptor (AR) signaling. Conversely, Wnt5a can induce dormancy in
bone-metastatic PCa cells via the ROR2/SIAH2 axis, inhibiting the Wnt/B-catenin pathway. Understanding the dual roles
of Wnt5a in PCa and bone metastasis is crucial for elucidating the underlying mechanisms of disease progression and
identifying potential therapeutic targets. This review focuses on the current understanding of Wnt5a’s role in PCa and
bone metastasis, emphasizing its significance in tumor biology and clinical management.
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Abbreviations

Wnt Wingless

Wnt5a Wnt family member 5a

Pca Prostate cancer

PSA Prostate specific antigen

AR Androgen receptor

ADT Androgen deprivation therapy

CRPC Castration-resistant prostate cancer

mCRPC Metastatic castration-resistant prostate cancer
CRD Cysteine residue

B-catenin Beta-catenin

PCP Planar cell polarity

FzZD Frizzled

LRP LDL receptor-related protein

Ror Receptor tyrosine kinase-like orphan receptor
DVL Dishevelled
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1 Introduction

The prostate, a male accessory reproductive organ located beneath the bladder, plays a key role in reproductive physiol-
ogy by contributing to seminal fluid and maintaining sperm viability. This gland exhibits both endocrine and exocrine

functions.

Prostate cancer (PCa) is one of the most prevalent malignancies in men, ranking as the second most commonly
diagnosed male cancer globally [1]. Its high incidence and associated mortality rates make it a significant public health
concern. Over 95% of PCa cases are adenocarcinomas, predominantly originating from acinar carcinoma, with a smaller
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proportion arising from ductal carcinoma. Approximately 80% of prostate adenocarcinomas develop from the peripheral
zone of the gland, involving lumen or basal epithelial cells, which constitute 70% of the prostate tissue.

PCa is characterized by considerable heterogeneity, leading to variations in incidence, prognosis, and mortality. Indi-
viduals with PCa who have acinar carcinoma generally have a more favorable prognosis compared to those with ductal
carcinoma. Notably, around 80% of PCa cases are diagnosed at a localized stage, and with early diagnosis, the 10-year
survival rate for localized PCa is 99% [2].

In recent years, factors such as population aging, shifts in dietary patterns, and the increased implementation of
prostate-specific antigen screening have contributed to a significant rise in the incidence and mortality of PCa. [3] In its
untreated state, PCa relies on androgen receptor (AR) signaling for growth and survival, which forms the foundation for
androgen deprivation therapy (ADT). However, despite the initial effectiveness of ADT, PCa may recur and progress to
castration-resistant prostate cancer (CRPC).

CRPC, particularly metastatic castration-resistant prostate cancer (mCRPC), represents one of the most significant
causes of cancer-related mortality among men. [4] This advanced stage of the disease is challenging to manage due
to its inherent or acquired resistance to therapeutic agents. Resistance to current therapies remains inevitable, posing
significant challenges in the clinical management of mCRPC, while a range of treatment options are available [5].

PCa exhibits a unique propensity for bone metastasis, with over 80% of advanced cases developing skeletal lesions
that significantly compromise patient survival and quality of life [1]. Wnt5a—a key non-canonical Wnt ligand—emerges
as a critical mediator of tumor-bone crosstalk, exhibiting context-dependent roles in both promoting and suppressing
metastatic progression. Preclinical studies highlight Wnt5a's dual functionality [6]. Clinically, elevated Wnt5a in circulat-
ing tumor cells (CTCs) correlates with resistance to androgen receptor inhibitors, while its loss in bone metastatic niches
predicts shorter bone metastasis-free survival [6].

Based on the aforementioned findings, bone metastases are a key prognostic factor for individuals with PCa, par-
ticularly in advanced stages of the disease. PCa exhibits a strong propensity for bone metastasis, with imaging studies
revealing bone involvement in approximately 70% to 90% of individuals with CRPC [7]. The skeleton is the most com-
mon site for secondary PCa, and the development of bone metastases is associated with debilitating symptoms such as
impaired mobility, chronic pain, and a significant reduction in patient survival rates [8].

Along with severely impacting the prognosis and life expectancy of patients, bone metastases are the leading cause
of mortality for them, while there are no effective treatments available yet [9].

2 The significance of WNT5a in WNT/B-catenin signaling

Whnt5a, a non-canonical Wnt ligand, plays a context-dependent role in modulating both canonical and non-canonical
Whnt signaling pathways. To clarify its mechanistic involvement, this section was divided into two parts based on the
signaling mode.

2.1 Canonical Wnt/B-catenin signaling

The (-catenin-dependent pathway, commonly referred to as the canonical Wnt pathway, is the most extensively studied
branch of Wnt signaling. It regulates diverse physiological processes, including tissue homeostasis, cell proliferation,
differentiation, and migration [10-13]. Dysregulation of this pathway contributes to tumor progression by enhancing
the proliferation and self-renewal of cancer stem cells [14].

In the absence of Wnt ligands, B-catenin is phosphorylated by glycogen synthase kinase 3 (GSK3) and casein kinase 1
(CKT1), targeting it for proteasomal degradation. Upon binding of canonical ligands (e.g., Wnt3a) to Frizzled (FZD) receptors
and LRP5/6 co-receptors, this degradation is inhibited. Stabilized -catenin accumulates in the cytoplasm, translocates
to the nucleus, and interacts with TCF/LEF transcription factors to activate gene expression programs associated with
proliferation and survival [15-17] (Fig. 1).

Although Wnt5a is primarily considered a non-canonical ligand, it can suppress the canonical Wnt/(3-catenin pathway
under specific conditions. Notably, in the bone microenvironment, Wnt5a secreted by osteoblasts activates the ROR2/
SIAH2 axis, leading to B-catenin degradation. This signaling cascade induces and maintains prostate cancer (PCa) cell
dormancy in bone by antagonizing the canonical pathway [6]. These findings indicate a tumor-suppressive role for Wnt5a
via inhibition of Wnt/-catenin signaling in the context of bone metastasis.
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Fig. 1 Schematic representation of the Wnt signaling pathways. The Wnt signaling network consists of canonical (3-catenin-dependent) and
non-canonical (B-catenin-independent) pathways, including the planar cell polarity (PCP) and Wnt/Ca?* pathways. Canonical Wnt signaling
is activated when Wnt ligands bind to Frizzled (FZD) receptors and low-density lipoprotein receptor-related protein 5/6 (LRP5/6), leading
to B-catenin stabilization and nuclear translocation. In contrast, non-canonical Wnt pathways operate independently of 3-catenin. The PCP
pathway regulates cytoskeletal dynamics and cell polarity, while the Wnt/Ca?* pathway modulates intracellular calcium signaling through
phospholipase C (PLC) activation. Wnt5a, a key non-canonical Wnt ligand, plays a crucial role in mediating these pathways, particularly in
cancer progression and metastasis

2.2 Non-canonical Wnt signaling

Non-canonical Wnt pathways function independently of B-catenin and include the planar cell polarity (PCP) pathway and
the Wnt/Ca?* pathway. These pathways are activated when non-canonical ligands such as Wnt5a bind to FZD receptors
together with co-receptors including ROR2, RYK, or PTK7. The downstream effects include activation of JNK and calcium-
mediated signaling cascades, leading to changes in cell polarity, migration, and cytoskeletal organization [13, 18-20].

Whnt5a is a prototypical non-canonical ligand and mediates multiple biological effects through this route. It regulates
PCP, cytoskeletal remodeling, and convergent extension, and interacts with receptors such as FZD, ROR1/ROR2, and RYK to
recruit and activate proteins including DVL and CK1, enabling downstream signaling [10, 21, 22]. In PCa, Wnt5a activates
non-canonical signaling primarily through FZD2 and ROR2. Binding of Wnt5a to FZD2 promotes epithelial-mesenchymal
transition (EMT), enhancing the invasive and metastatic potential of tumor cells [23, 24]. EMT increases the migratory
and invasive potential of epithelial-derived tumor cells, enabling their dissemination to target tissues and organs [25].
Additionally, Wnt5a promotes AR-driven tumor growth under specific pathological conditions in the prostate [26].

This process is mediated through MAPK/ERK and Ca®*-dependent pathways and is linked to castration resistance via
upregulation of CCL2 and recruitment of tumor-associated macrophages [27]. These findings demonstrate that Wnt5a
promotes tumor progression via non-canonical signaling mechanisms in primary and castration-resistant PCa. Simultane-
ously, in the bone microenvironment, Wnt5a serves a tumor-suppressive function by inhibiting canonical Wnt signaling.
This dual role emphasizes the importance of context in determining the biological outcome of Wnt5a signaling.

3 Relationship between Wnt5a expression and PCa

Wnt5a is a key non-canonical Wnt ligand that regulates cell migration and invasion in prostate cancer (PCa). Its activity
is primarily mediated through receptors such as FZD2 and ROR2. Immunohistochemistry studies have revealed that
Wnt5a expression is low in benign prostatic hyperplasia but elevated in malignant tissues, indicating its involvement in
PCa progression [26].

Although androgen signaling plays a well-established role in PCa, the precise interaction between androgen receptor
(AR) function and Wnt signaling remains under investigation. A mouse model expressing the ART877A mutation showed
enhanced tumorigenesis and identified Wnt5a as an AR-driven tumor-promoting factor [26].

The role of Wnt5a in castration-resistant PCa (CRPC) has also been examined. Wnt5a has been shown to promote
castration resistance by inducing CCL2 expression and recruiting tumor-associated macrophages via the MAPK/ERK
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pathway [27]. Although Wnt5a often promotes PCa progression, some studies report tumor-suppressive effects. Specifi-
cally, overexpression of Wnt5a in early-stage PCa can induce apoptosis, reduce cell proliferation, and suppress tumor
growth in both primary and bone environments [28].

Wnt5a expression is notably elevated in tumor tissues compared to normal tissues, although its role as a protective
factor appears to vary across different tumor types [29]. Wnt5a's function appears to be context-dependent, acting either
as an oncogene or tumor suppressor depending on expression levels and microenvironmental cues. For example, in
bone, Wnt5a secreted by osteoblasts can induce PCa cell dormancy by inhibiting the Wnt/B-catenin pathway through
the ROR2/SIAH2 axis [6]. These findings suggest that Wnt5a may serve as a dual regulator of PCa progression, with its
role determined by the local signaling context.

4 Effect of Wnt5a on bone metastases

Bone is one of the primary sites for PCa metastases and represents the leading cause of PCa-related mortality. Currently,
there is no curative treatment for PCa with bone metastases, and the prognosis remains poor, with a five-year survival
rate of less than 5% for patients presenting with bone metastases [30]. Clinically, PCa bone metastases are associated with
debilitating symptoms, including spinal nerve compression, severe pain due to nerve involvement, pathological fractures,
hypercalcemia, and advanced-stage manifestations such as osteolytic or osteogenic changes at metastatic sites [31].

The development of PCa bone metastases generally occurs in three key steps: (1) cancer cell invasion and circulation,
(2) interactions between cancer cells and osteocytes, and (3) migration and colonization within the bone microenviron-
ment. A recent study has outlined the underlying mechanisms of these processes, highlighting three major components:
EMT and tumor invasion; PCa/Osteocyte interactions; Effects of Wnt and Ras signaling on PCa bone metastases [32].

When bone metastases occur, tumor cells originating from primary tumors form CTCs. These CTCs travel through
the circulatory system and colonize bone tissue, transitioning into disseminated tumor cells (DTCs) [33]. Bone marrow
metastases account for approximately 72.8% of all bone metastases, making the bone marrow the most common site
of PCa metastases [34]. Within the bone marrow microenvironment, resident cells—particularly OBs and osteoclasts
(OCs)—play a key role in inducing DTC dormancy through their interactions.

PCa bone metastases can be categorized as OB-dominated bone metastases or OC-dominated bone metastases based
on the involvement of bone cells [35]. Current research primarily focuses on OB-driven metastases. Wnt5a secreted by
OBs activates the ROR2/SIAH2 signaling axis, leading to the induction of dormancy in bone-metastatic PCa cells. This
process suppresses the activity of the Wnt/B-catenin signaling pathway, keeping metastatic cells in a dormant state.
When Wnt5a expression is silenced, the dormant state is reversed, and the growth of PCa cells is restored [6]. (Fig. 2).

The Wnt/(3-catenin signaling pathway regulates multiple biological processes associated with bone metastases. Sig-
nals from the bone microenvironment guide PCa cells to metastatic sites, where they are maintained in a dormant state.
Eventually, these cells become reactivated, leading to the formation of metastatic tumors [36].

The Wnt signaling pathways play a key role in OB differentiation, as well as in bone development, homeostasis, and
remodeling. Wnt5a, has a dual role in modulating classical Wnt pathways within bone tissue, either enhancing or inhib-
iting their activity. It stimulates the proliferation and differentiation of OBs and OCs, thereby promoting bone growth
and remodeling [37].

One study demonstrated that activation of the Wnt pathway reduces the degradation of 3-catenin, allowing 3-catenin
to accumulate in the cytoplasm. The accumulated pB-catenin subsequently translocates to the nucleus, where it binds to
TCF/LEF, promoting the transcription of target genes and inducing bone formation [6].

Among Wnt inhibitors, Dickkopf (DKK) proteins are particularly associated with the progression and bone metastasis
of PCa. The expression of DKK is dynamic and varies with the stage of PCa. In the early stages, elevated DKK expression
promotes tumorigenesis and osteolytic changes. DKK competes with Wnt signaling proteins for binding to LRP5/6,
thereby inhibiting the nuclear translocation of 3-catenin and blocking the Wnt/-catenin signaling pathway to regulate
the expression of downstream genes, including osteoprotegerin (OPG). OPG is a downstream target of the Wnt/B-catenin
pathway and a soluble decoy receptor secreted by osteoblasts that competes with the receptor activator of nuclear
factor-kB (RANK) for binding to its ligand, RANKL, thereby inhibiting osteoclast differentiation and activity. Inhibition
of Wnt/-catenin-mediated OPG expression indirectly promotes osteoclast differentiation and activity, ultimately lead-
ing to osteolytic lesions [38]. Conversely, in the late stages, decreased DKK expression enhances the expression of the
downstream gene Runt-related transcription factor 2 (RUNX2) in the Wnt/(3-catenin pathway, promoting osteoblast
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Fig.2 The role of Wnt5a in prostate cancer bone metastasis. Wnt5a secreted by osteoblasts (OBs) in the bone microenvironment induces
dormancy in disseminated prostate cancer (PCa) cells through the ROR2/SIAH2 signaling axis, leading to the inhibition of Wnt/B-catenin
signaling. This dormancy state is reversible, as the loss of Wnt5a expression results in the reactivation and proliferation of metastatic PCa
cells. Additionally, Wnt5a modulates osteoclast (OC) differentiation via the ROR2 pathway, contributing to bone remodeling. These findings
highlight the dual role of Wnt5a in regulating both tumor dormancy and bone homeostasis

differentiation and increasing bone formation, ultimately leading to osteoblastic lesions and promoting osteoblastic
bone metastasis in PCa [39]. This is attributed to the decreased expression of DKK in the Wnt pathway [40].

As indicated in a study conducted by Maeda et al., Wnt5a is highly expressed in mouse skull cells but exhibits low
expression in bone marrow macrophages. OB lineage cells enhance the differentiation of OC precursors via ROR2 signal-
ing, indicating that Wnt5a secreted by OBs serves as a potent stimulus for OC generation. This underscores the dual role
of Wnt5a in both tumor progression and the regulation of bone homeostasis. Notably, changes in Wnt5a expression are
influenced by cancer cells, particularly at metastatic sites, where it impacts the rate of bone remodeling. [41]

Additionally, Wnt5a secreted by marrow stromal cells (MSCs) enhances the migratory capacity of PCa cells, directing
their migration toward MSCs. At bone metastasis sites, Wnt5a is highly expressed in PCa cells, indicating a chemotactic
effect that facilitates bone metastases. Furthermore, Wnt5a induces and activates bone morphogenetic protein (BMP)
expression, particularly BMP-4 and BMP-6, promoting osteoblastic lesions associated with PCa [42].

As a factor derived from MSCs, Wnt5a induces BMP-6 expression in PCa cells via the non-classical Wnt5a pathway, even
in the absence of androgens. Bone stromal cell-derived Wnt5a similarly induces BMP-6 expression through the same
pathway [43]. The role of BMPs in bone metastases has been well-documented. BMP-6 enhances the invasive capacity of
PCa cells in vitro, while BMP-mediated tumors facilitate bone invasion by modulating matrix metalloproteinases (MMPs),
immune cell signaling, or inflammatory cytokines [44, 45].

Whnt5a exhibits different effects on the biological behavior of different tumor cell types, including proliferation, migra-
tion, and invasion. These differences are attributed to the distinct expression profiles of Wnt5a receptors and their down-
stream signaling pathways. Some studies demonstrated an anti-tumor effect of Wnt5a. Specifically, Wnt5a overexpression
inhibits PCa cell proliferation and reduces tumor growth within the bone microenvironment. Through the Wnt5a/ROR2
signaling pathway, Wnt5a can prevent the establishment of bone lesions in in vivo models [46].

A study investigating the role of Wnt5a in reducing tumor growth within the bone microenvironment further supports
these findings. Thiele conducted an experiment by injecting normal PC3-Luc cells and WNT5A-overexpressing PC3-Luc
cells into the hearts of NSG mice. Bone metastases and associated bone injuries were observed in 80% of the mice injected
with normal PC3-Luc cells, as confirmed by X-ray imaging. In contrast, mice injected with WNT5A-overexpressing cells
indicated no evidence of bone injuries [46]. These results confirm that Wnt5a protects bone tissue in vivo in individuals
with PCa.

In another study, Ren et al. examined the effect of Wnt5a on PCa bone metastases in vivo by inoculating PC-3 cells
into the left ventricle of mice and monitoring the development of bone metastatic tumors [31]. The findings revealed
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that mice inoculated with Wnt5a-treated PC-3 cells exhibited fewer bone metastasis sites, smaller osteolytic areas, and
longer BMFS compared to the control group.

Further experiments demonstrated that mice continuously treated with Wnt5a maintained these protective effects,
while discontinuation of Wnt5a treatment resulted in increased bone metastases, larger osteolytic injury areas, and
shorter BMFS. These results indicate that Wnt5a effectively inhibits bone metastases and osteolytic bone destruction
caused by PCa cells in vivo. Importantly, the study indicates that the inhibition of bone metastases by Wnt5a is reversible.

5 Potential of Wnt5a as a therapeutic target

Treatment options for advanced PCa remain limited, posing a significant challenge in clinical management [47]. Andro-
gens, particularly dihydrotestosterone (DHT), are crucial for the growth and maintenance of prostate tumor cells [48].
DHT binds to AR on prostate tumor cells, promoting tumor progression. Consequently, therapies targeting the androgen
receptor signaling pathway represent a cornerstone of PCa treatment. Two primary types of androgen receptor signal-
ing inhibitors include androgen synthesis inhibitors, such as abiraterone, and androgen receptor antagonists, such as
enzalutamide [49].

Abiraterone selectively inhibits androgen synthesis by targeting 17a-hydroxylase/C17,20-lyase. Beyond suppressing
androgen production in the testes, abiraterone inhibits androgen synthesis in the adrenal glands, prostate tumor tissues,
and other sites, making it an effective systemic therapy.

Enzalutamide, a second-generation AR antagonist, acts at multiple levels of the AR signaling pathway. It specifically
blocks the binding of androgens to the AR, preventing AR translocation to the nucleus, inhibiting AR binding to DNA,
and disrupting the recruitment of cofactors necessary for transcriptional activation. These mechanisms effectively sup-
press the expression of androgen-responsive genes [50].

ADT remains the standard treatment for recurrent and metastatic prostate cancer. However, many patients progress to
CRPC due to the development of resistance, which limits the effectiveness of anti-androgen drugs such as enzalutamide
and abiraterone. Wnt5a plays a key role in promoting resistance to these therapies, although the precise mechanisms
remain unclear. Studies have indicated that Wnt5a levels increase in PCa that has progressed to CRPC and exhibits resist-
ance to enzalutamide or abiraterone [51]. Furthermore, Wnt5a is highly enriched in CTCs of drug-resistant individuals
with PCa, where it co-regulates the trans-activation function of mutant ARs in an autocrine manner, thereby promoting
tumor cell proliferation.

The reprogramming of classical AR signaling and the emergence of AR splice variants have been implicated in resist-
ance to enzalutamide and abiraterone. Following resistance, patients often exhibit a complex genomic landscape that is
independent of androgens or AR signaling, rendering AR-targeted therapies ineffective [52]. Wnt5a holds considerable
potential as a therapeutic target. Wnt5a can influence the progression of prostate cancer through multiple mechanisms,
including EMT and modulation of the tumor microenvironment. Therefore, targeting Wnt5a not only inhibits tumor cell
proliferation but also improves therapeutic outcomes by regulating the invasive and metastatic capabilities of tumor cells.
Studies have shown that Wnt5a functions via the non-canonical Wnt signaling pathway in CRPC, promoting tumor cell
drug resistance. Targeting Wnt5a can inhibit the activation of this signaling pathway, thereby enhancing the sensitivity
of prostate cancer cells to therapeutic agents and overcoming drug resistance. Moreover, Wnt5a-targeted therapy can be
combined with androgen receptor antagonists to simultaneously block both the Wnt signaling pathway and the andro-
gen signaling pathway, thus exerting more effective pharmacological actions [53]. Yamamoto et al. demonstrated that
overexpression of Wnt5a in enzalutamide-resistant LNCaP cells diminished the antiproliferative effects of anti-androgen
drugs, while inhibiting Wnt5a restored drug sensitivity [54]. Similarly, Ning et al. found that the non-classical Wnt path-
way, mediated by Wnt5a and its receptor FZD2 was enriched in enzalutamide-resistant PCa C4-2B MDVR cells and in
advanced PCa. This pathway acted as a key driver of resistance to anti-androgen therapy independently of AR activation.

Blocking Wnt5a/FZD2 signaling reduces the activation of non-classical Wnt pathways, inhibits constitutively active ARs
and AR variants, and suppresses tumor growth. In vivo studies further demonstrated that inhibiting Wnt5a expression
significantly enhanced the efficacy of enzalutamide, highlighting the therapeutic potential of targeting Wnt5a signaling
to overcome resistance [55]. These findings position Wnt5a as a master regulator of therapeutic resistance in PCa. Its
unique ability to simultaneously modulate AR plasticity, metastatic potential, and immunosuppressive niches provides a
multifaceted therapeutic avenue-a critical advance beyond sequential AR pathway inhibition. Strategies used in current
clinical and preclinical study for inhibiting WNT5a signaling was shown in Table 1.
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6 Conclusion and prospects

In conclusion, the incidence of PCa has been increasing over the past decade, with persistent tumor proliferation and
advanced bone metastases emerging as the leading causes of PCa-related mortality. In the context of PCa and bone
metastases, Wnt5a exhibits complex and multifaceted roles in tumor initiation, progression, and metastatic processes.
Although significant progress has been made in understanding the expression and functional implications of Wnt5a in
PCa and its bone metastases, numerous controversies and unresolved questions remain.

As a therapeutic target for cancer, Wnt5a has demonstrated certain efficacy in the treatment of various malignancies,
including lung cancer, breast cancer, colorectal cancer, and gastric cancer. However, its clinical application in PCa remains
limited. Currently, ICG-001 and PRI-724 are in the preclinical trial stage. Although they have shown some therapeutic
potential, their application in prostate cancer is still in its infancy. FOXY-5, OMP-18R5, and ETC-159 have been evaluated
in Phase I clinical trials for their potential use in prostate cancer and have demonstrated certain safety profiles. However,
the long-term efficacy and potential adverse effects of these agents in the treatment of prostate cancer still require
further investigation.

Further research into the mechanisms underlying the role of Wnt5a in PCa and bone metastases is essential for a
deeper understanding of tumor biology and progression. Advances in molecular biology and omics technologies—such
as genomics, transcriptomics, proteomics, and metabolomics—offer promising opportunities to elucidate the regulatory
mechanisms of Wnt5a signaling pathways in PCa and bone metastases. These insights may pave the way for identifying
Wnt5a signaling as a novel avenue for research into tumor cell metabolism and its regulation, and as a potential thera-
peutic target for managing PCa and its associated bone metastases.
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