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Abstract

Purpose of Review—Castration-resistant prostate cancer (CRPC) is a lethal form of prostate 

cancer (PCa) due to the development of resistance to androgen deprivation therapy and anti-

androgens. Here, we review the emerging role of Wnt signaling in therapeutic resistance of CRPC.

Recent Findings—Convincing evidence have accumulated that Wnt signaling is aberrantly 

activated through genomic alterations and autocrine and paracrine augmentations. Wnt signaling 

plays a critical role in a subset of CRPC and in resistance to anti-androgen therapies. Wnt 

signaling navigates CRPC through PCa heterogeneity, neuroendocrine differentiation, DNA 

repair, PCa stem cell maintenance, epithelial-mesenchymal-transition and metastasis, and immune 

evasion.

Summary—Components of Wnt signaling can be harnessed for inhibiting PCa growth and 

metastasis and for developing novel therapeutic strategies to manage metastatic CRPC. There 

are many Wnt pathway-based potential drugs in different stages of pre-clinical development and 

clinical trials but so far, no Wnt signaling-specific drug has been approved by FDA for clinical use 

in CRPC.
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Introduction

According to GLOBOCAN 2020, prostate cancer (PCa) is the second-highest incidence 

and the sixth-highest in mortality rate in males worldwide [1, 2]. The current 

treatment protocol uses taxane-based drugs (docetaxel and cabazitaxel), hormonal therapies 

(abiraterone, apalutamide, and enzalutamide), radium-223 (radioisotope), and Sipuleucel-

T (immunotherapy) [3•]. Novel drugs such as Poly-ADP ribose polymerase inhibitors 

(Olaparib and Rucaparib) and Lutetium-177 PSMA-617 (prostate-specific membrane 

antigen-617) are introduced for the treatment of a subset of patients with castration-resistant 

PCa (CRPC) with a deficiency in the DNA repair pathway and overexpression of PSMA, 

respectively. Despite advancements in PCa research and the improvement in survival, late-

stage CRPC remains incurable because of therapeutic resistance [4•].

Aberrant activation in the Wnt signaling pathway plays a critical role in drug resistance, 

particularly to androgen deprivation therapy (ADT) and anti-androgens (e.g., abiraterone) 

[5]. Androgen receptor (AR) directly binds to β-catenin, a key Wnt pathway intermediate, 

and overexpression of AR in complex with β-catenin activates Wnt signaling [6]. RNA-

sequencing (RNA-seq) analysis of enzalutamide-resistant cell lines and patient specimens 

suggest a strong interaction of β-catenin and AR and their involvement in enzalutamide 

resistance [7]. Whole genome exome-sequencing studies of tumor samples obtained by 

biopsy or at rapid autopsy revealed genomic aberrations in the Wnt signaling pathway in 

approximately 20% of CRPC metastases [8]. RNA-Seq of paired pre- and post-ADT biopsy 

samples and enzalutamide-resistant PCa specimens showed that the Wnt/β-catenin pathway 

is one of the most significantly altered pathways [9]. PCa patients who are resistant to 

Abiraterone treatment exhibited enrichment of activating mutations in the Wnt pathway 

compared to those responding to abiraterone [10]. RNA-Seq analysis of circulating tumor 

cells has implicated over-activity of non-canonical Wnts and their downstream components 

RhoA/Rac1/Cdc42 in antiandrogen resistance [11]. Integration of epigenetic and gene 

expression data to stratify PCa patients has identified a novel subtype of PCa, with low 

chromatin binding and AR activity, but with high activity of FGF and Wnt signaling and 

neuroendocrine (NE)-like gene expression [12].

The Subset of PCa with Overactivity of Wnt Signaling

PCa consists of a heterogeneous group of malignancies with distinct molecular footprints 

but linking the molecular background to clinical outcome is a great challenge. Genomic 

alterations need to be validated as molecular markers for the stratification of patients 

for efficient benefits from the drugs. The gene encoding speckle type poxvirus and zinc 

finger protein (SPOP) has an inactivating point mutation in 6–15% of the localized 

and metastatic PCa and appears to be an early event in prostate carcinogenesis. Steroid 

receptor coactivator 3 (SRC-3) promotes cell proliferation and AR-dependent transcriptional 

activity in PCa. SPOP, an E3 ubiquitin ligase adaptor, binds with SRC3 and facilitates 

protea-some-mediated degradation hence SPOP can be considered a tumor suppressor in 

wild-type form. When the SPOP is mutated, it is unable to engage with SRC-3, and 

hence AR-dependent transcriptional activity and cellular proliferation is promoted. The most 

frequently co-occurring mutations are adenomatous polyposis coli (APC), phosphatase and 
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tensin homolog (PTEN), and tumor protein p53 (TP53). SPOP mutated patients has lower 

homologous recombination deficient (HRD) and phosphatidylinositol-4,5-bisphosphate 3-

kinase catalytic subunit alpha (PIK3) pathway mutations compared to metastatic specimens 

and more Wnt pathway alterations compared to unselected primary PCa [13].

Based on assay for transposases accessible chromatin sequencing (ATAC-seq) and RNA 

sequencing (RNA-seq) data, CRPC was classified into four subtypes — AR dependent, 

neuroendocrine, Wnt dependent, and stem cell-like. Wnt dependent subtype is primarily 

driven by TCF/LEF (T-cell factor/lymphoid enhancer factor) transcription factors and the 

stem cell-like subtype is primarily driven by activator protein 1 (AP1) family transcription 

factors. AP1 interacts with Yes1 associated transcriptional regulator (YAP), Transcriptional 

coactivator with PDZ-binding motif (TAZ), and TEA domain family member (TEAD), 

and hence YAP, TAZ, and AP-1 can be used as novel drug targets in stem cell-like PCa 

subtypes. Stem cell-like subtype and Wnt-dependent subtypes had enrichment of fibroblast 

growth factor receptor (FGFR) signaling and expression of FGF ligands and receptors. 

In Wnt-dependent subtypes, the samples had hot spot mutations in β-catenin (CTNNB1), 

deletion in APC, and gain of R-Spondin 2 (RSPO2). RB1 loss was enriched in AR 

negative /low subtypes but there was no significant difference in PTEN and TP53 alterations 

among all four subtypes. AR independent subtypes had the worst prognosis indicating that 

RB1 alterations but not the TP53 and PTEN are linked to shorter survival in CRPCs. In 

the Wnt-dependent CRPC, transcription factor 7 like 2 (TCF7L2 or TCF4) was the most 

prominent transcription factor and some of the other involved TFs were lymphoid enhancer 

binding factor 1 (LEF1/LEF), transcription factor 7 (TCF7/TCF-1), and TCF7L1/TCF-3 

[14••].

Fibroblast growth factor mediates the osteoblastic progression of PCa cells into the bone. 

Many of the downstream genes of the Wnt pathway such as fibroblast growth factor 18 

(FGF18), TCF4, neuronal cell adhesion molecule (NrCAM), SRY-box transcription factor 

2 (SOX2), and bone morphogenetic protein 4 (BMP4) are overexpressed. β-catenin might 

act as the coactivator of AR, and it competes with TCF/LEF. D32G mutation in β-catenin 

enhances its localization to the nucleus and hence activates the Wnt signaling in AR negative 

CRPC cells. Hyaluronan synthase 2 (HAS2) acts as a downstream target of β-catenin in 

PCa and high β-catenin nuclear localization and low or no AR might define a subset of PCa 

patients with bone metastasis [15].

Tumor samples from seven patients having locally advanced or metastatic PCa were 

obtained before and after 22 weeks of ADT initiation. Among the different pathways 

activated in the development of ADT resistance, Wnt signaling was one of the overexpressed 

pathways and there was an observed overexpression of β-catenin in a subset of CRPC cells. 

Bioinformatic analysis using KEGG term Wnt signaling pathway resulted in largest number 

of upregulated genes among the cluster of upregulated cancer pathways. The Wnt signaling 

pathway is directly or indirectly regulated by androgens and specific components of Wnt 

signaling are implicated in AR signaling, ADT, and PCa progression [16]. The driver gene 

mutations that are more common in mCRPC compared to localized cancer can act as a 

candidate prognostic marker and the analysis of localized and metastatic tumors deciphered 

mutations in AR and its enhancer, TP53, MYC, ZNRF3, DNA-dependent protein kinase, 
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and catalytic subunit (PRKDC). The loss of ZNRF3 is associated with increased Wnt, cell 

cycle, and PRC1/2 activity [17].

Fatty acid synthase (FASN) is a key metabolic enzyme of lipogenesis, and it is 

overexpressed in many cancers, displays oncogenic roles, and induces resistance to 

apoptosis and cell proliferation. The role of FASN was explored in PCa by using 

immortalized prostate epithelial cells (iPrEC) overexpressing FASN. FASN increases 

the 14C acetate incorporation into palmitate in elevated Wnt-1 isogenic cells. The 

overexpression of FASN leads to cumulation of membranous and cytoplasmic β-catenin 

while knockdown of FASN results in the reduction of β-catenin. The overexpression 

of FASN in mice resulted in invasive tumor development and overexpression of β-

catenin. There was a significant association between the FASN and cytoplasmic β-catenin 

immunostaining in human PCa samples [18•].

Whole genome sequencing of 23 PCa from 16 different lethal metastatic tumors and three 

high-grade primary carcinomas was performed to find the protein altering mutations that 

may fuel the PCa and induce metastasis. A subset of genes including TP53, delta like 

non-canonical notch ligand 1 (DLK2), glypican 6 (GPC6), and stromal cell derived factor 

4 (SDF4) was recurrently altered across tumors from different individuals. A comparison 

of castration-resistant and castration-sensitive tumors derived from the same PCa deciphers 

that mutations in Wnt signaling is an important factor in the development of castration 

resistance. A comparison of exomes from castration resistance and castration sensitive 

xenografts of prostate tumors identified 12–50 genes with nonsynonymous mutations that 

were uniquely present in castration-resistant xenografts. When enrichment of mutations 

in genes encoding biochemical pathways in CRPC was analyzed, there was significant 

enrichment for genes of Wnt signaling pathways in castration-resistant tumors. Out of 86 

mutations unique to CRPCs, each tumor had at least one mutation in a member of the 

Wnt signaling pathway genes. Some of the altered Wnt pathway genes were frizzled class 

receptor 6 (FZD6), glycogen synthase kinase 3 β (GSK3β), and WNT6 [19].

Wnt Signaling and Prostate Cancer Heterogeneity

PCa is a heterogeneous disease, and it has topographically and morphologically distinct 

tumor foci. The individual tumor foci can arise from clonally distinct abnormal tissues with 

no shared gene defects. The clinical, morphological, and molecular perspectives of PCa hint 

that an individual patient might harbor multiple genomically and phenotypically distinct 

primary prostate tumors and lethal metastatic PCa might arise from a single clone of the 

primary tumor. The intra-tumoral heterogeneity is now being given due consideration in the 

management of PCa. The PCa cells have a heterogeneous expression of the Wnt/β-catenin 

pathway and the PCa cells having active Wnt/β-catenin signaling, have cancer stem cell 

properties, slower cell cycle, higher resistance to docetaxel, and a higher expression of 

cancer stem cell markers. In normal prostate tissues, there is negligible nuclear staining of 

β-catenin but in prostatic intraepithelial neoplasia, there is a relatively increased cytoplasmic 

and nuclear staining of the β-catenin. There was heterogeneous β-catenin staining in the 

nucleus of a single duct indicating a heterogeneous activation of the Wnt signaling pathway 

in the tissues of PCa. Wnt signaling has graded increased activation during the PCa 
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progression. Wnt downstream gene LEF1 was also increased in a considerable percentage of 

PCa tissues. The PCa cells having a higher expression of Wnt signaling had a significantly 

higher sphere formation, more quiescent character, and a higher expression of stem cell 

markers such as B cell-specific Moloney murine leukemia virus integration site 1 (BMI) and 

CD44 [20].

A fast and flexible system was developed to introduce genetic alteration in prostate 

glands of mice using tissue electroporation. A subset of tumors in which p53 was altered, 

spontaneously developed the Wnt pathway alterations. Introduction of MYC overexpression 

and PTEN loss led to induction of PCa. Mice prostate having MYC overexpression and P53 

deletion had Wnt pathway activation and the level of Wnt activity was related to metastatic 

spread. Mice having MYC, P53, and Apc deletion had increased nuclear β-catenin and 

TCF7 expression and APC disruption increased the metastasis spread [21].

Wnt Signaling and Neuroendocrine Differentiation

Neuroendocrine (NE) differentiation in PCa is a phenotypic change in PCa cells wherein 

PCa cells transdifferentiate into neuroendocrine like cells. NE like cells do not express 

androgen receptors, or prostate-specific antigens, and are highly resistant to the treatment. 

NE like cells secrete multiple growth hormones and peptide hormones that support the 

growth of neighbor tumor cells. Neuroendocrine differentiation (NED) is associated with 

disease progression and poor prognosis. Androgen deprivation therapy, chemotherapy, and 

radiotherapy are shown to induce NED in PCa. Therapy induced NED can lead to the 

development of drug resistance. NE cells are widely distributed in the prostate, and they 

are thought to arise from endodermal-derived pluripotent prostatic stem cells. They are 

involved in prostatic growth and differentiation as well as in homeostatic regulation of the 

secretory process. The majority of primary conventional PCa contain scattered NE cells 

and metastatic PCa has NE marker positive cells and lacks androgen receptors. There is an 

increased expression of neuroendocrine markers in enzalutamide resistant PCa cell lines. 

TCF4 mediated neuroendocrine differentiation and neuroendocrine markers were elevated in 

enzalutamide resistant PCa tissues. In the enzalutamide-resistant cell line (LNCaP-EnzR), 

NED markers such as chromogranin A, neuron-specific enolase, and parathyroid hormone 

like hormone (PTHrP) were increased compared to LNCaP maintained in charcoal stripped 

FBS (LNCaP-csFBS). The mRNA level of TCF4 and POU2F2 was higher in LNCaP-EnzR 

which has a TF binding site in the promoter of NED markers. Cells overexpressing TCF4 

demonstrated an increased level of NED markers and TCF4 expressing cells were resistant 

to enzalutamide [22]. NED is associated with Wnt signaling activation and it is observed 

after the ADT failure in prostatic adenocarcinoma. ADT mediated upregulation of TCF7L1 

increases the cytokine response and enhances the neuroendocrine differentiation of PCa 

by activation of CXC chemokine receptor 2 (CXCR2) signaling. ADT induces Wnt4 and 

TCF7L1 to enhance interleukin-8 (IL-8) and CXCR2 expressions. TCF7L1 binds regulatory 

sequences of IL-8 and CXCR2 by activation of Wnt4 and upregulates IL-8/CXCR2 driven 

NED and cell motility [23].

Protocadherin-PC (PCDH-PC), a Y chromosome gene, is selectively expressed in apoptosis 

and hormone-resistant human PCa cells. PCDH-PC transfected LNCaP cells or cells 
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grown in androgen-free medium transdifferentiated into neuroendocrine-like cells showing 

higher expression of neuron-specific enolase and chromogranin-A. LNCaP cells transfected 

with stabilized β-catenin also show neuroendocrine transdifferentiation. Wnt 11 is 

overexpressed in PCa but it is repressed by the androgens. Wnt-11 induces cell invasion 

and neuroendocrine-like differentiation. Wntless (WLS), a Wnt secretion mediator, drives 

NEPC and WLS is a transcriptional target of AR. WLS is overexpressed in CRPC and 

NEPC cancer tissues [24].

Wnt Signaling and DNA Repair

DNA repair is an essential component for the proper maintenance of genomic integrity. 

Cancer cells are dependent on DNA repair regulation for their survival. Wnt signaling 

interacts with DNA damage response at different levels. DNA dependent protein kinase 

(DNAPK), a pivotal component of DNA repair machinery, plays an important role in the 

metastatic progression of high risk PCa. The inhibition of DNAPK suppresses the growth of 

AR-dependent as well as AR-independent PCa cells [25•]. Wnt signaling is the top pathway 

associated with DNAPK in gene set enrichment analysis. DNAPK interacts with LEF1, a 

Wnt transcription factor, and is critical for LEF1 mediated transcription. DNAPK expression 

level is not only associated with metastatic progression but also with the decreased rates 

of PCa specific survival and overall survival. DNAPK can act as a prognostic indicator in 

luminal and basal subtypes of PCa which are AR-independent. The expression of DNAPK 

and β-catenin is strongly correlated in clinical samples. The knockdown of DNAPK in 

LNCaP cells in androgen-depleted conditions causes the suppression of Wnt signaling genes 

suggesting that DNAPK knockdown prevents the emergence of ADT resistant LNCaP cells. 

Inhibition of DNAPK reduces the Wnt induced invasion and migration in CRPC cells and 

reduces active β-catenin and c-myc proteins [25•].

APC a negative regulator of the Wnt pathway can regulate chemotherapeutic response by 

interacting with DNA repair proteins, DNA replication proteins tubulins, and other cell 

components. APC can block or enhance DNA repair based on specific DNA damage, repair 

pathway, and stage of tumor development [26]. Wnt signaling interaction with DNA repair 

components can be targeted to treat PCa and/or deal with the resistance in PCa [27].

Wnt Signaling Components Dysregulated in Prostate Cancer

Activating mutation in β-catenin genes (CTNNB1) or inactivation of APC and AXIN1 

is very common in other cancers but these mutations are uncommon in PCa (Table1). 

Genetic changes activating the Wnt/β-catenin signaling pathway are more common in CRPC 

compared to the treatment naïve PCa. Dysregulation in CTNNB1 is present in 12% of CRPC 

patients and APC mutation in 22% of CRPC but none of the localized untreated prostate 

tumors. A multi-institutional study has revealed that 18% of CRPC patients had alterations 

in APC and CTNNB1 genes [28]. There is also a link between the gene variants of APC and 

reduced PSA free survival and PCa development. The overactivation of the Wnt pathway 

by the stabilization of β-catenin or mutation in APC leads to the development of prostate 

intraepithelial neoplasia. LEF1 transcription factor which is a binding partner of β-catenin 

is upregulated in androgen independent prostate tumors. LEF1 and β-catenin co-expression 
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is involved in malignant transformation as well as metastasis of PCa. Co-expression of 

cytoplasmic β-catenin and AR is correlated with disease progression, PSA levels, higher 

Gleason grade. Wnt1 mRNA is highly expressed in advanced PCa and Wnt5A is found to 

be upregulated and accelerates cancer invasion. The haploinsufficiency of Wnt-5A prevents 

early onset and lethality in the mouse model of PCa but in contradiction, there are reports 

which suggest a correlation between Wnt-5A expression and a better outcome in PCa of 

low grade. Wnt-5A has an inhibitory effect on canonical Wnt signaling and activates the 

noncanonical Wnt signaling thus having a context dependent effect in different types of 

cancer. Wnt-5A mRNAs are present in the circulating tumor cells of CRPC patients. Wnt-7B 

which is overexpressed in PCa is one of the AR target genes in CRPC and it activates 

noncanonical Wnt signaling [29].

Wnt binding proteins, Wnt inhibitory factor 1 (WIF1), and secreted frizzled related protein 

1 (sFRP1) are inversely correlated with β-catenin levels and these are favorable prognostic 

markers for PCa. SFRP1 and SFRP5 expressions are low in PCa but the expression of 

SFRP4 is increased. SFRP2 expression is suppressed by promoter hypermethylation. sFRPs 

also might have a context dependent effect on the Wnt signaling pathway and sometime 

instead of inhibiting the Wnt pathway it might induce or potentiate the tumor promoting 

functions of the Wnt signaling pathway [48]. Dickkopf (DKK) proteins can act as the 

activator of carcinogenesis despite their function as Wnt inhibitors. Higher expression of 

DKK1 in the serum of PCa patients is associated with poor prognosis in the patients and 

higher expression of DKK1 promotes the tumor growth and bone metastasis of the prostate 

tumors. DKK1 suppresses the canonical Wnt signaling and promotes the non-canonical Wnt 

signaling. DKK1 can also have the Wnt signaling independent effect on the enhancement 

of cell proliferation through some novel receptors. In PCa, higher expression of DKK1 is 

associated with poor patient prognosis and promotes tumor growth and bone metastasis. 

DKK1 can inhibit the canonical Wnt signaling and promote the noncanonical Wnt signaling 

but it can also act independently of the Wnt signaling pathway by acting on various cell 

receptors [49]. Inactivating mutations in ring finger protein 43 (RNF43) and Zinc and ring 

finger 3 (ZNRF3) and upregulation of RSPO2 is observed in certain cases of CRPC [50].

Wnt Signaling in Stem Cells and Organoids

The Wnt signaling pathway is one of the evolutionarily conserved cell-cell interaction 

pathways and it has been shown to play an important role in cancer stem cell renewal 

cell proliferation, and differentiation during embryonic development and tissue homeostasis 

[51–53]. The intestine, skin, and bone are the three best-studied tissues where Wnt signaling 

has been shown to play an important role in stem cell functions. Wnt target genes are also 

expressed in the stomach, liver, and mammary gland [54].

The growth factors for the development of different organoids might vary in composition 

but the requirement of Wnt and Rspo or their combination is required for most of the 

organoids [55, 56]. Adult stem cells and patient-derived organoids can be used to understand 

the regulatory mechanism of the Wnt signaling pathway in different physiological and 

pathological contexts and disease progression [57]. Patient-derived organoids can be used 

for studying the growth and sensitiveness of the Wnt pathway and small molecule inhibitors 
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can be tested for their clinical utility [58, 59]. Adult stem cell derived organoids are known 

to be dependent on the Wnt signaling pathway for the continuity of stem cell character, 

growth and division, and formation of differentiated and specialized cells [60]. The prostate 

organoids can also help in the study of disease pathogenesis, drug resistance studies, novel 

and repurposed drug screening, and personalized treatment of the patients [61]. Wnt5a 

suppresses the size of prostate organoids better in presence of R-spondin [62]. In the prostate 

organoid culture of basal cells, it was shown that dihydrotestosterone can antagonize the 

R-spondin mediated organoid growth. In the organoid, androgen signaling downregulated 

the expression of Wnt signaling and its downstream target genes. Dihydrotestosterone was 

shown to enhance the AR and β–catenin binding in the nucleus of the prostate organoid 

which can explain the reason why androgen signaling keeps Wnt signaling in check [63]. 

Prostate stromal cells secrete Wnt ligands that enhance the cell proliferation of prostate 

epithelial cells. To get a better insight into the roles of Wnt signaling in PCa pathogenesis 

and drug resistance, Wnt signaling components can be suppressed or overactivated using 

CRISPR/Cas9 technology in the prostate organoids and its downstream effect or the cause of 

the drug resistance can be screened [64].

Wnt Signaling in Antiandrogen Therapy

PCa growth and maintenance are highly dependent on androgen hormones and androgen 

receptors. Some of the well explored mechanisms of AR dependent resistance are 

amplification of AR, mutations in AR, AR splice variants generation, increase in androgen 

hormone production, and changes in co-activator and co-repressors of AR. Among the AR 

independent mechanisms, Wnt signaling pathway has been shown to play a very important 

role in the development of drug resistance in PCa. APC/RNF43 mutations are independently 

associated with PSA progression and CTNNB1 mutations are non-significantly associated 

with the progression. PCa patients harboring Wnt pathway activation (activating mutation 

in CTNNB1 or inactivating mutation in APC or RNF43 have a bad outcome to first-line 

abiraterone/enzalutamide treatment [65].

Sampling the circulating tumor cells (CTC) in patients treated with enzalutamide had 

significant enrichment in noncanonical Wnt signaling and the source of noncanonical 

Wnt5A and Wnt7B mRNA were the subset of tumor cells and not the surrounding stromal 

cells. Thus, in the case of AR inhibition, noncanonical Wnt signaling can provide a survival 

signal to the PCa cells. Survival of AR-positive LNCaP cells was enhanced on ectopic 

expression of noncanonical Wnt ligands Wnt4, Wnt11, Wnt5A, and Wnt7B in the presence 

of enzalutamide. The noncanonical Wnt signaling genes such as Wnt5a, Ras homolog 

family member A (RhoA), and Rho-kinase (ROCK) were overexpressed in enzalutamide 

resistant PCa cells in comparison to enzalutamide sensitive counterparts. The frequency of 

driver mutations in TP53, Wnt, and cell cycle genes is increased in metastatic castration 

sensitive PCa [45]

E3 ubiquitin ligase identified by differential display (EDD) acts on protein by adding 

ubiquitin and regulates cell proliferation and tumorigenesis. EDD is upregulated in docetaxel 

resistant CRPC and knockdown of EDD reverses the docetaxel resistance. The Wnt 

signaling is overexpressed in docetaxel resistant CRPC cells and it is promoted by EDD. 
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The inhibition of Wnt signaling by knockdown of β-catenin diminishes the EDD-mediated 

docetaxel resistance [66].

DAB2 Interacting Protein (DAB2IP) knockdown in cells leads to resistance to several 

anticancer drugs but the increased DAB2IP in C4-2 cells increased the drug sensitivity. 

DAB2IP blocks the crosstalk between Wnt/β-catenin and IGF-I signaling and leads to the 

suppression of early growth response 1 (Egr-1). DAB2IP and Egr-1 expression are inversely 

related and DAB2IP expression level is positively related to drug sensitivity and negatively 

related to the expression of Clusterin, an antiapoptotic factor [67].

Wingless-type MMTV integration site family member 16B (WNT16B) expression in 

prostate tumor microenvironment diminishes the effect of cytotoxic chemotherapy drugs 

and promotes cancer cell growth and drug resistance in vivo. DNA damage increases the 

expression of WNT16B protein expression, and it is elevated in the extracellular medium 

of radiation or chemotherapy treated prostate fibroblast cells. WNT16B is slightly increased 

in epithelial cells but other Wnt family members were not significantly altered in prostate 

fibroblast cells [34].

The AR-positive and androgen-sensitive LNCaP cells and C4-2B cells grown in 

supplemented media with charcoal-stripped medium resulted in overexpression of WLS 

proteins and it was reversed by R1881, a synthetic androgen. There was increased 

phosphorylation of LRP6, an early step in the activation of Wnt signaling and there was 

an accumulation of β-catenin in the nucleus of the cancer cells. Proteomic screening with 

the Wnt signaling phospho specific antibodies revealed that several phosphoproteins of 

noncanonical Wnt signaling such as PKC, JNK, and AKT were downregulated by WLS 

silencing and PKC had the most phosphorylation sites affected by WLS knockdown [68].

Metastatic CRPC patients underwent the whole genome and RNA sequencing before 

abiraterone acetate/prednisone (AA/P) treatment and genomic alterations associated with 

AA/P resistance were analyzed. After 12 weeks, the primary resistance was investigated 

using serum prostate-specific antigen, and bone and computerized tomography imaging. 

Genes in the Wnt/β-catenin pathway were having frequent mutation and negative regulators 

of Wnt signaling were deleted or had lower expression at mRNA level [69]. AR activation 

can prevent the interaction between β-catenin and TCF/LEF hence suppressing the Wnt 

signaling pathway. AR signaling suppresses the TCF7 by miR 1 mediated downregulation of 

TCF7 and overexpression of TCF7 or disruption of miR-1 promotes androgen-independent 

proliferation of PCa cells [70].

The second generation of anti-androgen therapy is widely used as a new strategy for the 

treatment of CRPC but it is linked to the development of spinal epidural lipomatosis. 

The pathophysiology of adipose tissue growth after the treatment with second-generation 

antiandrogen therapy involves canonical as well as noncanonical Wnt signaling pathways 

[71]. Wnt signaling pathway gene transcriptomic signature reveals that Wnt signaling 

genes are significantly higher in enzalutamide resistant patients and genomic alteration 

in CTNNB1 is the main player in the process [37]. β-catenin upregulation is partially 

caused by βTrCP mediated ubiquitination and activation of Wnt signaling in enzalutamide 
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sensitive cancer cells leading to drug resistance [72]. Wnt pathway signature is enriched 

in enzalutamide-resistant C4-2B-MDVR (MDVR) cells compared to parental C4-2B cells. 

MDVR cells had upregulated Wnt signaling pathways and overexpression of WLS. The 

suppression of WLS has decreased the Wnt signaling pathway, induces cell death in PCa 

cells, and re-sensitized enzalutamide resistant cells to the drug treatment [73].

Inhibition of protein kinase C δ (PKCδ) activates the Wnt/β-catenin pathway and Aurora 

kinase A. In the absence of PKCδ, the combined treatment with paclitaxel and Wnt/β-

catenin inhibitor improves the response of paclitaxel by inducing more cell death. The 

high Gleason score PCa has suppressed PKCδ, higher β-catenin, inactivation of GSK3β, 

and higher Aurora kinase and Mcl-1. In PKCδ silenced PC3 and LNCaP cells, the β-

catenin target genes c-Myc and cyclin D1 both were increased and Aurora kinase A and 

phsopho-Akt were high. Paclitaxel treatment decreased the active β-catenin but there was no 

change in total β-catenin level. Primary prostate tumor samples studied by immunostaining 

had shown different levels of cytoplasmic expression of PKCδ, Aurora kinase A, 

phosphoGSK3β, and Mcl-1 proteins, and β-catenin had active nuclear localization. The 

expression of PKCδ was correlated with the expression of β-catenin, Aurora kinase A, 

phosphoGSK3β, and Mcl-1 expression [74]. The patients having circulating tumor cell 

(CTC) AR-V7 positive mCRPC show the worst result when treated with enzalutamide/

abiraterone however most of the men lack CTC AR-V7 [75]. After the progression despite 

abiraterone/enzalutamide treatment, clonal evolution of CTCs was shown to harbor TP53 

mutation and gain of ATM, KDM6A, and MYC, and loss of nuclear receptor corepressor 1 

(NCOR1), PTEN, RB1, and runt-related transcription factor 2 (RUNX2) [76].

Wnt Signaling in Stem Cells and Epithelial Mesenchymal Transition Related 

Resistant Mechanisms

Epithelial mesenchymal transition (EMT) is a molecular program that controls cell 

morphology and function in embryonic development and tissue differentiation. EMT is 

involved in tumor development, invasion, and metastasis. Wnt signaling pathway is one 

of the major signaling pathways which has an established role in the induction of epithelial-

mesenchymal transition in cancer. Endothelial cell-specific molecule 1 (ESM1), a secretory 

proteoglycan, promotes Wnt signaling and is positively related to PCa stemness and 

progression. Elevated ESM1 correlates with poor survival and metastasis. Nuclear ESM1 

interacts with β-catenin to stabilize the β-catenin-TCF4 complex and activates Wnt signaling 

and promotes PCa stemness. Further, it was shown that β-catenin interacts with ESM1 

through the ARM domain, primarily the region repeats 3–8 and cysteine rich region, 

especially 1–46 amino acids [77].

Protein kinase cAMP-dependent type II regulatory subunit beta (PRKAR2B) is upregulated 

in CRPC and induces metastasis. PRKAR2B is markedly increased in androgen independent 

LNCaP cell line and mCRPC tissues compared to LNCaP cells and primary PCa tissues. 

PRKAR2B induces invasion and metastasis and is correlated with Gleason score and 

lymph node metastasis in PCa. PRKAR2B suppresses E-cadherin and induces Vimentin, 

N cadherin, and Fibronectin. PRKAR2B induces Wnt signaling and inhibition of Wnt 
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signaling suppresses PRKAR2B induced EMT and invasion. Androgen independent LNCaP 

(LNCaP-AI) had increased AR expression and PRKAR2B. PRKAR2B expression was very 

high in mCRPC tissues compared to primary PCa tissue. Inhibition of Wnt signaling by 

IWR-1 suppressed PRKAR2B induced EMT and invasion [78].

The role of bone morphogenetic factor 6 (BMP6) was investigated in the development 

of CRPC in the context of bone metastasis. The median time to the emergence of PSA 

progression was shorter in men with bone metastasis than in those without bone metastasis 

[79]. The skeletal microenvironment could trigger resistance to castration in PCa cells. 

BMP6 mediated cellular proliferation of PCa cells in androgen reduced media requires 

BMP-RII, ALK2, Smad5, and β-catenin. Wnt5A factor secreted by bone marrow stromal 

cell line induces the BMP6 expression in PCa cells in androgen deprived conditions. 

Wnt5A induces BMP6 expression through the NF-kB noncanonical Wnt pathway [80]. Aryl 

hydrocarbon receptor and RUNX1 which are linked to stem cell maintenance, and ROR1, a 

noncanonical Wnt5a coreceptor are involved in PCa stemness and primes for noncanonical 

Wnt signaling through ROR1. Autocrine Wnt production acts as a nongenomic driver 

for noncanonical and canonical Wnt signaling in PCa [81]. Cuprous oxide nanoparticles 

(CONPs) decreased the expression of stem cell transcription factors Oct4, Sox2, and KLF4. 

CONP was able to suppress Wnt1A, FZD7, cMYC, and Cyclin D1 in PC3 cells in a 

dose-dependent manner. CONPs induce selective apoptosis and inhibit cancer cell growth in 

CRPC. It also inhibits the stemness and Wnt signaling pathway in PCa cells [82].

We have also demonstrated that the expression of secreted Wnt inhibitors, such as FrzB and 

WIF1, was loss in CRPC cell lines and re-expression of FrzB and WIF1 in CRPC cell lines 

reverses the EMT process by increasing the expression of E-cadherin and downregulation of 

N-Cadherin and inhibits cell migration and invasion leading to potent antitumor effects in 

xenograft models [83••, 84].

Cancer cells shift to less efficient glycolysis from oxidative phosphorylation to fuel the 

aggressive proliferation. Cancer stem cells (CSCs) show a metabolic shift depending on the 

cancer type and can be highly glycolytic or dependent on oxidative phosphorylation [85]. 

Wnt signaling is known to promote glycolysis and tumor growth hence the effect of Wnt 

antagonist secreted frizzled-related protein 4 (sFRP4) on CSC metabolism was investigated. 

sFRP4 plays an important role in basal glucose uptake in CSCs in PCa cell lines. CSCs 

treated with sFRP4 show metabolic reprogramming by relocating metabolic flux between 

glycolysis and oxidative phosphorylation. sFRP4 treatment dysregulate cell proliferation 

and affects viability through glucose transporter, pyruvate conversion, mammalian target of 

rapamycin, and apoptosis [86].

Wnt Signaling and Immune Evasion

PCa is generally a slow progressing disease and hence the use of immune based 

therapy should provide an advantage for the treatment of advanced PCa and induce 

antitumor immunity. Cancer immunotherapy efficacy in PCa is low due to the complex 

immune evasion mechanism (IEM). In an integrative analysis of RNA-seq data for 

prostate adenocarcinoma from TCGA, eight clusters with different IEM combinations 
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were identified. Prostate tumors utilize different combinations of IEM to evade the 

immune system. The majority of PCa patients had immunological ignorance, upregulated 

cytotoxic T lymphocyte-associated protein 4 (CTLA4), and upregulated decoy receptor 3 

(DcR3). PCa expresses prostate-associated antigens such as prostate-specific antigen (PSA), 

prostate-specific membrane antigen (PSMA), prostate stem-cell antigen, and prostatic acid 

phosphatase (PAP) but these self-antigens do not induce an immune response. The prostate 

has an immunosuppressive tumor microenvironment and hence immunotherapies have very 

diminished efficacy in PCa treatment [87•].

Double negative prostate cancer (DNPC), an advanced CRPC without AR receptor and 

neuroendocrine signaling, is prevalent in patients treated with AR signaling inhibitors. 

DNPC has increased Dickkopf-1 (DKK1) expression relative to PSA in mCRPC. DKK1 

expression is regulated by Wnt signaling and correlates with Wnt signaling mutations and 

low PSA mRNA in mCRPC biopsies. DKK1 high mCRPC tumors are infiltrated with a 

higher number of quiescent NK cells and a lower number of activated NK cells. Patients 

with mCRPC and a low level of PSA have a higher level of circulating DKK1. When 

Wnt signaling was activated by overexpression of mutant stabilized β-catenin or knockdown 

of APC, DKK1 mRNAs were significantly increased along with AXIN2, a well-known 

Wnt target gene. Wnt signaling acts as an upstream regulator of DKK1 in PCa [88]. Bone 

morphogenetic protein 6 (BMP6) induces CRPC via tumor-infiltrating macrophages and 

Wnt5A/BMP6 loop in PCa bone metastasis leads to resistance against androgen. Wnt5A is 

associated with increased expression of CCL2 in LNCaP and it is mediated by MAPK/ERK 

pathways. Overexpression of Wnt5A in LNCaP cells lead to castration resistance and the 

resistance was nullified by the removal of macrophages. A high level of Wnt5A is correlated 

with an increased level of CCL2 and BMP6 [89].

Noncanonical Wnt Signaling in Prostate Cancer

The noncanonical Wnt signaling is well known to be involved in embryonic development 

and growth but their role in cancer is emerging. A newly discovered non canonical 

Wnt signaling pathway mediated through Wnt5/Fzd2 is shown to induce EMT in cancer. 

Increased activity of Wnt5a/Fzd2 is observed in prostate cancer and it is associated with 

increased EMT marker and higher Gleason score in prostate cancer [90]. Noncanonical 

Wnt signaling is activated in Cabazitaxel resistant DU145 prostate cancer cells [91] . 

Wnt5a is highly expressed in prostate tumor tissue and cancer cell lines. Wnt 5a 

regulates cytoskeleton through Wnt/Ca + 2/CaMKII axis in prostate cells and inhibition 

of CaMKII inhibits cell motility and wound healing in-vitro [92]. Increased activation of 

noncanonical Wnt5a/Fzd2 pathway stimulates the Wnt pathway and it enhances the EMT 

and metastasis [93]. Noncanonical Wnt11 is overexpressed in aggressive prostate tumors, 

hormone independent prostate cancer cells and poorly differentiated prostate cancer. Wnt11 

might affect transcription independent of AR and regulates LNCaP cell growth. Diminished 

androgen activates Wnt11 dependent pathways and inhibits androgen dependent cell growth. 

Wnt11 is correlated with Wnt receptor Fzd8 in prostate cancer and Fzd8 interacts and 

colocalizes with Wnt11 [94]. Fzd8 knockdown leads to inhibition of organoid cell growth, 

EMT marker expression, cell migration, and invasion. The extracellular domain of Fzd8 

interacts with TGFβ receptor 1 and regulates downstream Smad pathways [95]. Hence the 
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noncanonical Wnt signaling seems to be playing an important role in prostate cancer and it 

can be further harnessed to find potential drug targets for prostate cancer management.

Wnt Signaling Targeted Therapy

The subset of cancers having overexpression of the Wnt signaling pathway can be 

theoretically managed by Wnt inhibitors. This basic idea has generated a lot of interest in the 

development of novel Wnt inhibitors [96, 97]. IWPs and LGK974 have been shown to block 

Porcupine resulting in inhibition of Wnt ligand secretion [98]. Mutation of RNF43 results 

in dependency of pancreatic adenocarcinoma on Wnt ligands [99] and mutation of RNF43 

and R-spondin fusion proteins in colorectal cancer is a predictor of effective treatment 

[100]. A clinical trial for LGK974 was conducted in metastatic colorectal cancer having 

mutations in RNF43 and R-spondin fusion proteins [101]. Porcupine inhibitor ETC-159 

was shown to prevent the growth of R-spondin fusionpositive CRC [102]. OMP-54F28 is 

a fusion protein that can inhibit the Wnt ligands and reduces the size of the xenografts 

and tumors in hepatocellular carcinoma and ovarian cancer [103]. OMP131R10 is also 

believed to be a promising candidate against colorectal cancer [104]. OMP18R5 is an 

antibody designed to block five different types of Fzd receptors [105]. OTSA 101 is a 

radioactive anti-Fzd10 antibody undergoing clinical trial for advanced synovial sarcoma 

[106]. PRI-724 and ICG-001 target the β-catenin and CBP complex formation and enhance 

the β-catenin/p300 complex formation in ALL cells [107]. XAV939, a tankyrase inhibitor 

that stabilizes Axin, acts as a Wnt inhibitor [108]. Foxy-5 and Box-5 have been developed 

as Wnt5a analogs to control Wnt5a-directed signaling and suppress metastasis [109]. Recent 

studies have identified several cancer-specific Wnt signaling regulators which might be 

a druggable vulnerabilities to treat Wnt signaling dependent cancers. In the strive to get 

Wnt signaling suppressed, potential therapeutic agents have been tried against various 

components of Wnt signaling pathway. Some of the important and promising clinical trial 

drugs are against the major and important Wnt signaling components such as porcupine, 

Wnt-receptor interaction, and β-catenin. LGK974 and ETC-159 act as porcupine inhibitors 

[110], Ipafricept (OMP-54F28) binds to Wnt ligand and interfere its binding with the 

receptor [111], Vantictumab (OMP-18R5) interacts with Frizzled receptors to inhibit the 

Wnt ligands [112]. PRI-724 blocks the interaction between β-catenin and CBP [113], and 

CWP232291 (CWP291) acts on Wnt/β-catenin transcriptional products [114]. Several drugs 

clinically approved for other diseases have been repurposed as Wnt signaling inhibitors 

and they can be utilized for Wnt dependent cancer treatment such as loop diuretic drug 

Ethacrynic Acid [115], antiparasitic drug Pyrvinium pamoate [116], psychotic disease drug 

Pimozide [116], NSAID drug Celecoxib [117], and anti-parasitic drug Niclosamide [118]. 

Looking at the promising clinical drugs and repurposed drugs it gives a positive hope that 

we will get Wnt targeting clinically approved drugs very soon and hopefully they could be 

utilized in Wnt fueled prostate cancer as well.

The evolutionarily conserved Wnt pathway is crucial in normal embryonic development in 

most of the tissue and organ system. The Wnt signaling is involved in the development of 

the brain, eye, spinal cord, bone, cartilage, skin, lung, teeth, mammary gland, gut, heart, 

liver, kidney pancreas, and hematopoietic and reproductive system [119]. In the adults, 

Wnt signaling is involved in tissue homeostasis and skin and hair regeneration [120]. Wnt 
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signaling is involved in liver and lung repair after injury to maintain the organ function and 

neurogenesis in adults [121]. Wnt signaling plays an important role in cell migration, genetic 

stability, and apoptosis. Wnt signaling dysregulation is associated with many types of 

cancer, and other diseases like fibrosis, metabolic disorders, and neurodegenerative disorders 

[122]. Hence, getting a Wnt targeting drugs will be a great arsenal for management of 

various diseases but looking at the wide roles played by Wnt signaling, the side effects 

and toxicity seem unavoidable. Some of the challenges in targeting Wnt signaling is 19 

types of Wnt ligands [123], more than 15 receptors and coreceptors distributed over seven 

protein families in mammals [124]. Components of Wnt signaling pathway also might 

act independently of β-catenin [125]. Wnt proteins can also initiate alternative responses 

collectively known as non-canonical Wnt signaling pathway. Crosstalk from non Wnt factors 

can also influence the nuclear β-catenin accumulation [126]. This diversity in ligand and 

receptor helps the pathway easily adapt and develop an alternative mechanism to bypass the 

therapeutic inhibition.

Wnt signaling being one of the crucial signaling pathways involved in development, its 

targeting can have devastating effect on embryonic patterning similar to hedgehog inhibitor 

induced cyclopia [127] and thalidomide induced phocomelia [128]. Wnt4 is involved in 

development of female reproductive system and during mammalian embryogenesis Wnt4 is 

expressed in the gonads of both sexes and downregulated in male gonad later [129]. The 

FDA-approved Hedgehog signaling inhibitor vismodegib that antagonizes Smoothened has 

been shown to have side effects such as muscle spasms and cramps, alopecia, diarrhea, 

dysgeusia, weight loss, and fatigue. But these side effects are reversible after the treatment 

or over or can be clinically managed [130]. We believe that similar manageable side effects 

are expected with Wnt inhibitors in cancer treatment. Wnt signaling is a major pathway that 

maintains the stem cells hence targeting the activated Wnt signaling in cancer stem cells can 

also have severe effects on the normal somatic stem cells of different organs of the body.

In short, Wnt signaling, which is involved in maintenance of multiple physiological and 

regulatory pathways, is dysregulated in many diseases including cancer. There is enormous 

effort to develop Wnt signaling target based therapeutic drugs but so far there is no clinically 

approved Wnt target specific drugs. The great excitement and potential in the preclinical and 

clinical trials of Wnt inhibitors in different types of cancer gives us a hope that soon Wnt 

dependent or regulated PCa will also be managed well using these drugs.

Conclusion

Wnt signaling is extensively involved in CRPC development and progression and the 

resistance to anti-androgen through multiple mechanisms as summarized in Fig. 1. 

Therapeutic manipulation of the pathway can be useful for CRPC management. Wnt 

signaling implications in prostate carcinogenesis can be studied using organoid models of 

PCa and prostate organoids can be helpful in drug screening and personalized treatment 

plans. In anti-androgen therapy resistant PCa, the non-canonical Wnt signaling pathway is 

emerging as a potential new target.

Kishore and Zi Page 14

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

This work was supported in part by VA merit award I01BX005105 and NIH award R01CA260351-02 (to X. Zi.).

References

Papers of particular interest, published recently, have been highlighted as:

• Of importance

•• Of major importance

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global Cancer 
Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 
185 Countries. CA Cancer J Clin. 2021;71:209–49. [PubMed: 33538338] 

2. Catalona WJ. Prostate Cancer Screening. Med Clin North Am. 2018;102(2):199–214. [PubMed: 
29406053] 

3•. Sumanasuriya S, De Bono J. Treatment of advanced prostate cancer—a review of current 
therapies and future promise. Cold Spring Harb Perspect Med. 2018;8:ă35.This article provides a 
comprehensive review of treatment options in advanced prostate cancer.

4•. Sayegh N, Swami U, Agarwal N. Recent advances in the management of metastatic prostate cancer. 
JCO Oncol Pract. 2022;18:45–55. [PubMed: 34473525] This article provides an update on the 
latest progress in novel therapies useful for advanced prostate cancer management.

5. Yokoyama NN, Shao S, Hoang BH, Mercola D, Zi X. Wnt signaling in castration-resistant prostate 
cancer: implications for therapy. Am J Clin Exp Urol. 2014;2:27–44. [PubMed: 25143959] 

6. Schweizer L, Rizzo CA, Spires TE, Platero JS, Wu Q, Lin TA, Gottardis MM, Attar RM. The 
androgen receptor can signal through Wnt/beta-Catenin in prostate cancer cells as an adaptation 
mechanism to castration levels of androgens. BMC Cell Biol. 2008;24(9):4.

7. Zhang Z, Cheng L, Li J, Farah E, Atallah NM, Pascuzzi PE, Gupta S, Liu X. Inhibition of the 
Wnt/β-catenin pathway overcomes resistance to enzalutamide in castration-resistant prostate cancer. 
Cancer Res. 2018;78(12):3147–62. [PubMed: 29700003] 

8. Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro RJ, Mosquera JM, et al. Integrative 
clinical genomics of advanced prostate cancer. Cell. 2015;161(5):1215–28. [PubMed: 26000489] 

9. Miyamoto DT, Zheng Y, Wittner BS, Lee RJ, Zhu H, Broderick KT, et al. RNA-Seq of 
single prostate CTCs implicates noncanonical Wnt signaling in antiandrogen resistance. Science. 
2015;349(6254):1351–6. [PubMed: 26383955] 

10. Isaacsson Velho P, Fu W, Wang H, Mirkheshti N, Qazi F, Lima FAS, et al. Wnt-pathway activating 
mutations are associated with resistance to first-line abiraterone and enzalutamide in castration-
resistant prostate cancer. Eur Urol. 2020;77(1):14–21. [PubMed: 31176623] 

11. Rajan P, Sudbery IM, Villasevil MEM, Mui E, Fleming J, Davis M, et al. Next-generation 
sequencing of advanced prostate cancer treated with androgen-deprivation therapy. Eur Urol. 
2014;66:32–9. [PubMed: 24054872] 

12. Tang DG. Understanding and targeting prostate cancer cell heterogeneity and plasticity. Semin 
Cancer Biol. 2022;82:68–93. [PubMed: 34844845] 

13. Nakazawa M, Fang M, Marshall CH, Lotan TL, Isaacsson Velho P, Antonarakis ES. Clinical and 
genomic features of SPOP-mutant prostate cancer. Prostate. 2022;82:260–8. [PubMed: 34783071] 

14••. Tang F, Xu D, Wang S, Wong CK, Martinez-Fundichely A, Lee CJ, et al. Chromatin 
profiles classify castration-resistant prostate cancers suggesting therapeutic targets. Science. 
2022;376:eabe1505. [PubMed: 35617398] This article suggests a new classification of advanced 
prostate cancer based on molecular dysregulation. It can be useful for targeted therapy 
development in prostate cancer.

15. Wan X, Liu J, Lu J-F, Tzelepi V, Yang J, Starbuck MW, et al. Activation of β-catenin signaling 
in androgen receptor-negative prostate cancer cells. Clin Cancer Res. 2012;18:726–36. [PubMed: 
22298898] 

Kishore and Zi Page 15

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Pakula H, Xiang D, Li Z. A tale of two signals: AR and WNT in development and tumorigenesis of 
prostate and mammary gland. Cancers (Basel). 2017;9(2):14. [PubMed: 28134791] 

17. Fraser M, Livingstone J, Wrana JL, Finelli A, He HH, van der Kwast T, et al. Somatic driver 
mutation prevalence in 1844 prostate cancers identifies ZNRF3 loss as a predictor of metastatic 
relapse. Nat Commun. 2021;12:6248. [PubMed: 34716314] 

18•. Fiorentino M, Zadra G, Palescandolo E, Fedele G, Bailey D, Fiore C, et al. Overexpression of 
fatty acid synthase is associated with palmitoylation of Wnt1 and cytoplasmic stabilization of 
beta-catenin in prostate cancer. Lab Invest. 2008;88:1340–8. [PubMed: 18838960] This article 
provides an insight into the role of fatty acid metabolism in prostate cancer.

19. Kumar A, White TA, MacKenzie AP, Clegg N, Lee C, Dumpit RF, et al. Exome sequencing 
identifies a spectrum of mutation frequencies in advanced and lethal prostate cancers. Proc Natl 
Acad Sci U S A. 2011;108:17087–92. [PubMed: 21949389] 

20. Wang F, Zhu Y, Wang F, Wang Y, Dong B-J, Wang N, et al. Wnt/β-catenin signaling contributes 
to prostate cancer heterogeneity through reciprocal suppression of H3K27 trimethylation. Biochem 
Biophys Res Commun. 2020;527:242–9. [PubMed: 32446375] 

21. Leibold J, Ruscetti M, Cao Z, Ho Y-J, Baslan T, Zou M, et al. Somatic tissue engineering in mouse 
models reveals an actionable role for WNT pathway alterations in prostate cancer metastasis. 
Cancer Discov. 2020;10:1038–57. [PubMed: 32376773] 

22. Lee GT, Rosenfeld JA, Kim WT, Kwon YS, Palapattu G, Mehra R, et al. TCF4 induces 
enzalutamide resistance via neuroendocrine differentiation in prostate cancer. PLoS ONE. 
2019;14:e0213488. [PubMed: 31536510] 

23. Wen Y-C, Liu Y-N, Yeh H-L, Chen W-H, Jiang K-C, Lin S-R, et al. TCF7L1 regulates cytokine 
response and neuroendocrine differentiation of prostate cancer. Oncogenesis. 2021;10:1–11. 
[PubMed: 33419963] 

24. Yang X, Chen M-W, Terry S, Vacherot F, Chopin DK, Bemis DL, et al. A Human- and male-
specific protocadherin that acts through the Wnt signaling pathway to induce neuroendocrine 
transdifferentiation of prostate cancer cells. Can Res. 2005;65:5263–71.

25•. Kothari V, Goodwin JF, Zhao SG, Drake JM, Yin Y, Chang SL, et al. DNA-dependent protein 
kinase drives prostate cancer progression through transcriptional regulation of the Wnt signaling 
pathway. Clin Cancer Res. 2019;25:5608–22. [PubMed: 31266829] This article connects DNA 
repair mechanism dysregulation with prostate cancer development.

26. Stefanski CD, Prosperi JR. Wnt-independent and Wnt-dependent effects of APC loss on the 
chemotherapeutic response. Int J Mol Sci. 2020;21:E7844.

27. Chism DD, De Silva D, Whang YE. Mechanisms of acquired resistance to androgen receptor 
targeting drugs in castration resistant prostate cancer. Expert Rev Anticancer Ther. 2014;14:1369–
78. [PubMed: 24927631] 

28. Testa U, Castelli G, Pelosi E. Cellular and molecular mechanisms underlying prostate cancer 
development: therapeutic implications. Medicines (Basel). 2019;6:82. [PubMed: 31366128] 

29. Wu L, Zhao JC, Kim J, Jin H-J, Wang C-Y, Yu J. ERG is a critical regulator of Wnt/LEF1 signaling 
in prostate cancer. Cancer Res. 2013;73:6068–79. [PubMed: 23913826] 

30. Kim S, Jeong S. Mutation hotspots in the β-catenin gene: lessons from the human cancer genome 
databases. Mol Cells. 2019;42:8–16. [PubMed: 30699286] 

31. Bjerke GA, Pietrzak K, Melhuish TA, Frierson HF Jr, Paschal BM, Wotton D. Prostate cancer 
induced by loss of Apc is restrained by TGFβ signaling. PLoS ONE. 2014;9:e92800. [PubMed: 
24651496] 

32. Lee GT, Kwon SJ, Kim J, Kwon YS, Lee N, Hong JH, et al. WNT5A induces castration-resistant 
prostate cancer via CCL2 and tumour-infiltrating macrophages. Br J Cancer. 2018;118:670–8. 
[PubMed: 29381686] 

33. Zheng D, Decker KF, Zhou T, Chen J, Qi Z, Jacobs K, et al. Role of WNT7B-induced 
noncanonical pathway in advanced prostate cancer. Mol Cancer Res. 2013;11:482–93. [PubMed: 
23386686] 

34. Sun Y, Campisi J, Higano C, Beer TM, Porter P, Coleman I, et al. Treatment-induced damage to the 
tumor microenvironment promotes prostate cancer therapy resistance through WNT16B. Nat Med. 
2012;18:1359–68. [PubMed: 22863786] 

Kishore and Zi Page 16

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Uysal-Onganer P, Kawano Y, Caro M, Walker MM, Diez S, Darrington RS, et al. Wnt-11 promotes 
neuroendocrine-like differentiation, survival and migration of prostate cancer cells. Mol Cancer. 
2010;9:55. [PubMed: 20219091] 

36. Zhang S, Chen L, Wang-Rodriguez J, Zhang L, Cui B, Frankel W, et al. The onco-embryonic 
antigen ROR1 is expressed by a variety of human cancers. Am J Pathol. 2012;181:1903–10. 
[PubMed: 23041612] 

37. Zhang Z, Cheng L, Li J, Farah E, Atallah NM, Pascuzzi PE, et al. Inhibition of the Wnt/β-catenin 
pathway overcomes resistance to enzalutamide in castration-resistant prostate cancer. Cancer Res. 
2018;78:3147–62. [PubMed: 29700003] 

38. Gupta S, Iljin K, Sara H, Mpindi JP, Mirtti T, Vainio P, et al. FZD4 as a mediator of ERG 
oncogene-induced WNT signaling and epithelial-to-mesenchymal transition in human prostate 
cancer cells. Cancer Res. 2010;70:6735–45. [PubMed: 20713528] 

39. Thiele S, Zimmer A, Göbel A, Rachner TD, Rother S, Fuessel S, et al. Role of WNT5A receptors 
FZD5 and RYK in prostate cancer cells. Oncotarget. 2018;9:27293–304. [PubMed: 29930766] 

40. Chakravarthi BVSK, Chandrashekar DS, Hodigere Balasubramanya SA, Robinson AD, Carskadon 
S, Rao U, et al. Wnt receptor Frizzled 8 is a target of ERG in prostate cancer. Prostate. 
2018;78:1311–20. [PubMed: 30051493] 

41. Kawano Y, Diez S, Uysal-Onganer P, Darrington RS, Waxman J, Kypta RM. Secreted Frizzled-
related protein-1 is a negative regulator of androgen receptor activity in prostate cancer. Br J 
Cancer. 2009;100:1165–74. [PubMed: 19277043] 

42. O’Hurley G, Perry AS, O’Grady A, Loftus B, Smyth P, O’Leary JJ, et al. The role of 
secreted frizzled-related protein 2 expression in prostate cancer. Histopathology. 2011;59:1240–8. 
[PubMed: 22175903] 

43. Clines KL, Clines GA. DKK1 and Kremen expression predicts the osteoblastic response to bone 
metastasis. Transl Oncol. 2018;11:873–82. [PubMed: 29772510] 

44. Al Shareef Z, Kardooni H, Murillo-Garzón V, Domenici G, Stylianakis E, Steel JH, et al. 
Protective effect of stromal Dickkopf-3 in prostate cancer: opposing roles for TGFBI and ECM-1. 
Oncogene. 2018;37:5305–24. [PubMed: 29858602] 

45. Velho PI, Fu W, Wang H, Mirkheshti N, Qazi F, Lima FAS, et al. Wnt-pathway activating 
mutations are associated with resistance to first-line abiraterone and enzalutamide in castration-
resistant prostate cancer. Eur Urol. 2020;77:14–21. [PubMed: 31176623] 

46. ter Steege EJ, Bakker ERM. The role of R-spondin proteins in cancer biology. Oncogene. 
2021;40:6469–78. [PubMed: 34663878] 

47. Reya T, Clevers H. Wnt signalling in stem cells and cancer. Nature. 2005;434:843–50. [PubMed: 
15829953] 

48. Zheng L, Sun D, Fan W, Zhang Z, Li Q, Jiang T. Diagnostic value of SFRP1 as a 
favorable predictive and prognostic biomarker in patients with prostate cancer. PLoS ONE. 
2015;10:e0118276. [PubMed: 25719802] 

49. Chu HY, Chen Z, Wang L, Zhang Z-K, Tan X, Liu S, et al. Dickkopf-1: a promising target for 
cancer immunotherapy. Front Immunol. 2021;12:658097. [PubMed: 34093545] 

50. Hao H-X, Jiang X, Cong F. Control of Wnt receptor turnover by R-spondin-ZNRF3/RNF43 
signaling module and its dysregulation in cancer. Cancers (Basel). 2016;8:54. [PubMed: 
27338477] 

51. Wnt signaling in cancer. therapeutic targeting of Wnt signaling beyond β-catenin and the 
destruction complex. Exp Mol Med. 2020;52:183–91. [PubMed: 32037398] 

52. Steinhart Z, Angers S. Wnt signaling in development and tissue homeostasis. Development. 
2018;145:dev146589. [PubMed: 29884654] 

53. Morrison SJ, Spradling AC. Stem cells and niches: mechanisms that promote stem cell 
maintenance throughout life. Cell. 2008;132:598–611. [PubMed: 18295578] 

54. Clevers H Wnt/β-catenin signaling in development and disease. Cell. 2006;127:469–80. [PubMed: 
17081971] 

55. Kessler M, Hoffmann K, Brinkmann V, Thieck O, Jackisch S, Toelle B, et al. The Notch and Wnt 
pathways regulate stemness and differentiation in human fallopian tube organoids. Nat Commun. 
2015;6:8989. [PubMed: 26643275] 

Kishore and Zi Page 17

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



56. Urbischek M, Rannikmae H, Foets T, Ravn K, Hyvönen M, de la Roche M. Organoid culture 
media formulated with growth factors of defined cellular activity. Sci Rep. 2019;9:6193. [PubMed: 
30996238] 

57. Michels BE, Mosa MH, Grebbin BM, Yepes D, Darvishi T, Hausmann J, et al. Human colon 
organoids reveal distinct physiologic and oncogenic Wnt responses. J Exp Med. 2019;216:704–20. 
[PubMed: 30792186] 

58. Merenda A, Fenderico N, Maurice MM. Wnt signaling in 3D: recent advances in the applications 
of intestinal organoids. Trends Cell Biol. 2020;30:60–73. [PubMed: 31718893] 

59. Bond CE, McKeone DM, Kalimutho M, Bettington ML, Pearson S-A, Dumenil TD, et al. RNF43 
and ZNRF3 are commonly altered in serrated pathway colorectal tumorigenesis. Oncotarget. 
2016;7:70589–600. [PubMed: 27661107] 

60. Drost J, Clevers H. Translational applications of adult stem cell-derived organoids. Development. 
2017;144:968–75. [PubMed: 28292843] 

61. Zhou L, Zhang C, Zhang Y, Shi C. Application of organoid models in prostate cancer research. 
Front Oncol. 2021;11:736431. [PubMed: 34646778] 

62. Wei X, Zhang L, Zhou Z, Kwon O-J, Zhang Y, Nguyen H, et al. Spatially-restricted stromal 
wnt signaling restrains prostate epithelial progenitor proliferation through direct and indirect 
mechanisms. Cell Stem Cell. 2019;24:753–768.e6. [PubMed: 30982770] 

63. Liu Y, Wang J, Horton C, Katzman S, Cai T, Wang ZA. Modulation of the canonical 
Wnt activity by androgen signaling in prostate epithelial basal stem cells. BioRxiv. 2020. 
10.1101/2020.01.10.902270.

64. Wei X, Roudier MP, Kwon O-J, Lee JD, Kong K, Dumpit R, et al. Paracrine Wnt signaling is 
necessary for prostate epithelial proliferation. Prostate. 2022;82:517–30. [PubMed: 35014711] 

65. Isaacsson Velho P, Fu W, Wang H, Mirkheshti N, Qazi F, Lima FAS, et al. Wnt-pathway activating 
mutations are associated with resistance to first-line abiraterone and enzalutamide in castration-
resistant prostate cancer. Eur Urol. 2020;77(1):14–21. [PubMed: 31176623] 

66. Miyamoto DT, Zheng Y, Wittner BS, Lee RJ, Zhu H, Broderick KT, et al. RNA-Seq of 
single prostate CTCs implicates non-canonical Wnt signaling in antiandrogen resistance. Science. 
2015;349:1351–6. [PubMed: 26383955] 

67. Wu K, Xie D, Zou Y, Zhang T, Pong R-C, Xiao G, et al. The mechanism of DAB2IP in 
chemoresistance of prostate cancer cells. Clin Cancer Res. 2013;19:4740–9. [PubMed: 23838317] 

68. Bland T, Wang J, Yin L, Pu T, Li J, Gao J, et al. WLS-Wnt signaling promotes neuroendocrine 
prostate cancer. iScience. 2021;24:101970. [PubMed: 33437943] 

69. Wang L, Dehm SM, Hillman DW, Sicotte H, Tan W, Gormley M, et al. A prospective genome-wide 
study of prostate cancer metastases reveals association of wnt pathway activation and increased 
cell cycle proliferation with primary resistance to abiraterone acetate-prednisone. Ann Oncol. 
2018;29:352–60. [PubMed: 29069303] 

70. Siu MK, Chen W-Y, Tsai H-Y, Chen H-Y, Yin JJ, Chen C-L, et al. TCF7 is suppressed 
by the androgen receptor via microRNA-1-mediated downregulation and is involved in the 
development of resistance to androgen deprivation in prostate cancer. Prostate Cancer Prostatic 
Dis. 2017;20:172–8. [PubMed: 28220803] 

71. Mattei TA, Goulart CR, Rai SS, Rehman AA, Williams M, Mendel E. Rapid development of 
spinal epidural lipomatosis after treatment of metastatic castration-resistant prostate cancer with 
second-generation androgen receptor antagonists. World Neurosurg. 2019;125:222–7. [PubMed: 
30763756] 

72. Chen WS, Aggarwal R, Zhang L, Zhao SG, Thomas GV, Beer TM, et al. Genomic drivers of poor 
prognosis and enzalutamide resistance in metastatic castration-resistant prostate cancer. Eur Urol. 
2019;76:562–71. [PubMed: 30928160] 

73. Lombard AP, Liu C, Armstrong CM, D’Abronzo LS, Lou W, Evans CP, et al. Wntless promotes 
cellular viability and resistance to enzalutamide in castration-resistant prostate cancer cells. Am J 
Clin Exp Urol. 2019;7:203–14. [PubMed: 31511827] 

74. Flores ML, Castilla C, Gasca J, Medina R, Pérez-Valderrama B, Romero F, et al. Loss of PKCδ 
induces prostate cancer resistance to paclitaxel through activation of Wnt/β-catenin pathway and 
Mcl-1 accumulation. Mol Cancer Ther. 2016;15:1713–25. [PubMed: 27196755] 

Kishore and Zi Page 18

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



75. Gupta S, Halabi S, Kemeny G, Anand M, Giannakakou P, Nanus DM, et al. Circulating tumor 
cell genomic evolution and hormone therapy outcomes in men with metastatic castration-resistant 
prostate cancer. Mol Cancer Res. 2021;19:1040–50. [PubMed: 33771885] 

76. Sennoune SR, Nelius T, Jarvis C, Pruitt K, Kottapalli KR, Filleur S. The Wnt non-
canonical signaling modulates cabazitaxel sensitivity in prostate cancer cells. PLoS ONE. 
2020;15:e0234078. [PubMed: 32484838] 

77. Pan K-F, Lee W-J, Chou C-C, Yang Y-C, Chang Y-C, Chien M-H, et al. Direct interaction 
of β-catenin with nuclear ESM1 supports stemness of metastatic prostate cancer. EMBO J. 
2021;40:e105450. [PubMed: 33347625] 

78. Sha J, Han Q, Chi C, Zhu Y, Pan J, Dong B, et al. PRKAR2B promotes prostate cancer metastasis 
by activating Wnt/β-catenin and inducing epithelial-mesenchymal transition. J Cell Biochem. 
2018;119:7319–27. [PubMed: 29761841] 

79. Lee GT, Kang DI, Ha Y-S, Jung YS, Chung J, Min K, et al. Prostate cancer bone metastases 
acquire resistance to androgen deprivation via WNT5A-mediated BMP-6 induction. Br J Cancer. 
2014;110:1634–44. [PubMed: 24518599] 

80. Lee GT, Kang DI, Ha YS, Jung YS, Chung J, Min K, Kim TH, Moon KH, Chung JM, Lee DH, 
Kim WJ, Kim IY. Prostate cancer bone metastases acquire resistance to androgen deprivation via 
WNT5A-mediated BMP-6 induction. Br J Cancer. 2014;110(6):1634–44. [PubMed: 24518599] 

81. Ma F, Arai S, Wang K, Calagua C, Yuan AR, Poluben L, et al. Autocrine canonical Wnt signaling 
primes noncanonical signaling through ROR1 in metastatic castration-resistant prostate cancer. 
Cancer Res. 2022;82(8):1518–33. [PubMed: 35131873] 

82. Wang Y, Yang Q-W, Yang Q, Zhou T, Shi M-F, Sun C-X, et al. Cuprous oxide nanoparticles inhibit 
prostate cancer by attenuating the stemness of cancer cells via inhibition of the Wnt signaling 
pathway. Int J Nanomedicine. 2017;12:2569–79. [PubMed: 28408824] 

83••. Zi X, Guo Y, Simoneau AR, Hope C, Xie J, Holcombe RF, et al. Expression of Frzb/secreted 
Frizzled-related protein 3, a secreted Wnt antagonist, in human androgen-independent prostate 
cancer PC-3 cells suppresses tumor growth and cellular invasivenes. Cancer Res. 2005;65:9762–
70. [PubMed: 16266997] This article provides the first evidence that inhibition of Wnt signaling 
in CRPC cell lines by a secreted Wnt inhibitor can reverse the EMT process and inhibit tumor 
growth.

84. Yee DS, Tang Y, Li X, Liu Z, Guo Y, Ghaffar S, et al. The Wnt inhibitory factor 1 restoration 
in prostate cancer cells was associated with reduced tumor growth, decreased capacity of cell 
migration and invasion and a reversal of epithelial to mesenchymal transition. Mol Cancer. 
2010;9:162. [PubMed: 20573255] 

85. Yadav UP, Singh T, Kumar P, Sharma P, Kaur H, Sharma S, et al. Metabolic adaptations in cancer 
stem cells. Front Oncol. 2020;10:1010. [PubMed: 32670883] 

86. Deshmukh A, Arfuso F, Newsholme P, Dharmarajan A. Regulation of cancer stem cell metabolism 
by secreted frizzled-related protein 4 (sFRP4). Cancers (Basel) 2018;10:40. [PubMed: 29385093] 

87•. Bou-Dargham MJ, Sha L, Sang Q-XA, Zhang J. Immune landscape of human prostate cancer: 
immune evasion mechanisms and biomarkers for personalized immunotherapy. BMC Cancer. 
2020;20:572. [PubMed: 32552802] This article covers the challenges and progress in prostate 
cancer immunotherapy.

88. Wise DR, Schneider JA, Armenia J, Febles VA, McLaughlin B, Brennan R, et al. Dickkopf-1 
can lead to immune evasion in metastatic castration-resistant prostate cancer. JCO Precis Oncol. 
2020;4:P0.20.00097. 10.1200/P0.20.00097.

89. Lee GT, Kwon SJ, Kim J, Kwon YS, Lee N, Hong JH, et al. WNT5A induces castration-resistant 
prostate cancer via CCL2 and tumour-infiltrating macrophages. Br J Cancer. 2018;118:670–8. 
(Nature Publishing Group). [PubMed: 29381686] 

90. Sandsmark E, Hansen AF, Selnms KM, Bertilsson H, Bofin AM, Wright AJ, et al. A novel 
non-canonical Wnt signature for prostate cancer aggressiveness. Oncotarget. 2017;8:9572–86. 
[PubMed: 28030815] 

91. Sennoune SR, Nelius T, Jarvis C, Pruitt K, Kottapalli KR, Filleur S. The Wnt non-
canonical signaling modulates cabazitaxel sensitivity in prostate cancer cells. PLoS ONE. 
2020;15:e0234078. [PubMed: 32484838] 

Kishore and Zi Page 19

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



92. Lai S-L, Chien AJ, Moon RT. Wnt/Fz signaling and the cytoskeleton: potential roles in 
tumorigenesis. Cell Res. 2009;19:532–45. [PubMed: 19365405] 

93. Gujral TS, Chan M, Peshkin L, Sorger PK, Kirschner MW, Mac-Beath G. A 
noncanonical Frizzled2 pathway regulates epithelial-mesenchymal transition and metastasis. Cell. 
2014;159:844–56. [PubMed: 25417160] 

94. Uysal-Onganer P, Kawano Y, Caro M, Walker MM, Diez S, Darrington RS, et al. Wnt-11 promotes 
neuroendocrine-like differentiation, survival and migration of prostate cancer cells. Mol Cancer. 
2010;9:55. [PubMed: 20219091] 

95. Murillo-Garzón V, Gorroño-Etxebarria I, Åkerfelt M, Puustinen MC, Sistonen L, Nees M, et al. 
Frizzled-8 integrates Wnt-11 and transforming growth factor-β signaling in prostate cancer. Nat 
Commun. 2018;9:1747. [PubMed: 29717114] 

96. Kishore C, Sundaram S, Karunagaran D. Vitamin K3 (menadione) suppresses epithelial-
mesenchymal-transition and Wnt signaling pathway in human colorectal cancer cells. Chem Biol 
Interact. 2019;309:108725. [PubMed: 31238027] 

97. Zhang Y, Wang X. Targeting the Wnt/β-catenin signaling pathway in cancer. J Hematol Oncol. 
2020;13:165. [PubMed: 33276800] 

98. Tang Y, Jiang M, Chen A, Qu W, Han X, Zuo J, et al. Porcupine inhibitor LGK-974 inhibits 
Wnt/β-catenin signaling and modifies tumor-associated macrophages resulting in inhibition of the 
malignant behaviors of non-small cell lung cancer cells. Mol Med Rep. 2021;24:550. [PubMed: 
34080032] 

99. Jiang X, Hao H-X, Growney JD, Woolfenden S, Bottiglio C, Ng N, et al. Inactivating mutations of 
RNF43 confer Wnt dependency in pancreatic ductal adenocarcinoma. Proc Natl Acad Sci U S A. 
2013;110:12649–54. [PubMed: 23847203] 

100. Seeber A, Battaglin F, Zimmer K, Kocher F, Baca Y, Xiu J, et al. Comprehensive analysis of 
R-spondin fusions and RNF43 mutations implicate novel therapeutic options in colorectal cancer. 
Clin Cancer Res. 2022;28:1863–70. [PubMed: 35254413] 

101. Liu J, Pan S, Hsieh MH, Ng N, Sun F, Wang T, et al. Targeting Wnt-driven cancer through 
the inhibition of Porcupine by LGK974. Proc Natl Acad Sci. 2013;110:20224–9. [PubMed: 
24277854] 

102. Madan B, Ke Z, Harmston N, Ho SY, Frois AO, Alam J, et al. Wnt addiction of genetically 
defined cancers reversed by PORCN inhibition. Oncogene. 2016;35:2197–207. [PubMed: 
26257057] 

103. Yeung P, Beviglia L, Cancilla B, Dee-Hoskins C, Evans JW, Fischer MM, et al. Abstract 
1907: Wnt pathway antagonist OMP-54F28 (FZD8-Fc) inhibits tumor growth and reduces tumor-
initiating cell frequency in patient-derived hepatocellular carcinoma and ovarian cancer xenograft 
models. Can Res. 2014;74:1907.

104. Flanagan DJ, Woodcock SA, Phillips C, Eagle C, Sansom OJ. Targeting ligand-dependent wnt 
pathway dysregulation in gastrointestinal cancers through porcupine inhibition. Pharmacol Ther. 
2022;238:108179. [PubMed: 35358569] 

105. Gurney A, Axelrod F, Bond CJ, Cain J, Chartier C, Donigan L, et al. Wnt pathway inhibition 
via the targeting of Frizzled receptors results in decreased growth and tumorigenicity of human 
tumors. Proc Natl Acad Sci U S A. 2012;109:11717–22. [PubMed: 22753465] 

106. Giraudet A-L, Cassier PA, Iwao-Fukukawa C, Garin G, Badel J-N, Kryza D, et al. A first-in-
human study investigating biodistribution, safety and recommended dose of a new radiolabeled 
MAb targeting FZD10 in metastatic synovial sarcoma patients. BMC Cancer. 2018;18:646. 
[PubMed: 29884132] 

107. Hirakawa T, Nasu K, Miyabe S, Kouji H, Katoh A, Uemura N, et al. β-catenin signaling 
inhibitors ICG-001 and C-82 improve fibrosis in preclinical models of endometriosis. Sci Rep. 
2019;9:20056. [PubMed: 31882904] 

108. Stakheev D, Taborska P, Strizova Z, Podrazil M, Bartunkova J, Smrz D. The Wnt/β-catenin 
signaling inhibitor XAV939 enhances the elimination of LNCaP and PC-3 prostate cancer cells 
by prostate cancer patient lymphocytes in vitro. Sci Rep. 2019;9:4761. [PubMed: 30886380] 

109. Canesin G, Evans-Axelsson S, Hellsten R, Krzyzanowska A, Prasad CP, Bjartell A, et al. 
Treatment with the WNT5A-mimicking peptide Foxy-5 effectively reduces the metastatic 

Kishore and Zi Page 20

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spread of WNT5A-low prostate cancer cells in an orthotopic mouse model. PLoS ONE. 
2017;12:e0184418. [PubMed: 28886116] 

110. Shah K, Panchal S, Patel B. Porcupine inhibitors: novel and emerging anti-cancer therapeutics 
targeting the Wnt signaling pathway. Pharmacol Res. 2021;167:105532. [PubMed: 33677106] 

111. Jimeno A, Gordon M, Chugh R, Messersmith W, Mendelson D, Dupont J, et al. A First-in-Human 
Phase I Study of the Anticancer Stem Cell Agent Ipafricept (OMP-54F28), a decoy receptor 
for Wnt ligands, in patients with advanced solid tumors. Clin Cancer Res. 2017;23:7490–7. 
[PubMed: 28954784] 

112. Diamond JR, Becerra C, Richards D, Mita A, Osborne C, O’Shaughnessy J, et al. Phase Ib 
clinical trial of the anti-frizzled antibody vantictumab (OMP-18R5) plus paclitaxel in patients 
with locally advanced or metastatic HER2-negative breast cancer. Breast Cancer Res Treat. 
2020;184:53–62. [PubMed: 32803633] 

113. Kimura K, Kanto T, Shimoda S, Harada K, Kimura M, Nishikawa K, et al. Safety, tolerability, 
and anti-fibrotic efficacy of the CBP/β-catenin inhibitor PRI-724 in patients with hepatitis 
C and B virus-induced liver cirrhosis: An investigator-initiated, open-label, non-randomised, 
multicentre, phase 1/2a study. EBioMedicine. 2022;80:104069. [PubMed: 35605429] 

114. Lee J-H, Faderl S, Pagel JM, Jung CW, Yoon S-S, Pardanani AD, et al. Phase 1 study of 
CWP232291 in patients with relapsed or refractory acute myeloid leukemia and myelodysplastic 
syndrome. Blood Adv. 2020;4:2032–43. [PubMed: 32396615] 

115. Lu D, Liu JX, Endo T, Zhou H, Yao S, Willert K, et al. Ethacrynic acid exhibits selective 
toxicity to chronic lymphocytic leukemia cells by inhibition of the Wnt/beta-catenin pathway. 
PLoS ONE. 2009;4:e8294. [PubMed: 20011538] 

116. Li H, Liu S, Jin R, Xu H, Li Y, Chen Y, et al. Pyrvinium pamoate regulates MGMT expression 
through suppressing the Wnt/β-catenin signaling pathway to enhance the glioblastoma sensitivity 
to temozolomide. Cell Death Discov. 2021;7:288. [PubMed: 34642308] 

117. Huang C, Chen Y, Liu H, Yang J, Song X, Zhao J, et al. Celecoxib targets breast cancer stem cells 
by inhibiting the synthesis of prostaglandin E2 and down-regulating the Wnt pathway activity. 
Oncotarget 2017;8:115254–69. [PubMed: 29383157] 

118. Wang J, Ren X-R, Piao H, Zhao S, Osada T, Premont RT, et al. Niclosamide-induced Wnt 
signaling inhibition in colorectal cancer is mediated by autophagy. Biochem J. 2019;476:535–46. 
[PubMed: 30635359] 

119. Steinhart Z, Angers S. Wnt signaling in development and tissue homeostasis. Development. 
2018;145.

120. Liu J, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, et al. Wnt/β-catenin signalling: function, biological 
mechanisms, and therapeutic opportunities. Signal Transduct Target Ther. 2022;7:3. [PubMed: 
34980884] 

121. Nejak-Bowen K, Monga SP. Wnt/β-catenin in hepatobiliary homeostasis, injury, and repair. 
Hepatology. 2023.

122. Hayat R, Manzoor M, Hussain A. Wnt signaling pathway: a comprehensive review. Cell Biol Int. 
2022;46:863–77. [PubMed: 35297539] 

123. Mikels AJ, Nusse R. Wnts as ligands: processing, secretion and reception. Oncogene. 
2006;25:7461–8. [PubMed: 17143290] 

124. Niehrs C The complex world of WNT receptor signalling. Nat Rev Mol Cell Biol. 2012;13:767–
79. [PubMed: 23151663] 

125. Acebron SP, Niehrs C. β-catenin-independent roles of Wnt/LRP6 signaling. Trends Cell Biol. 
2016;26:956–67. [PubMed: 27568239] 

126. Chen Y, Chen Z, Tang Y, Xiao Q. The involvement of non-canonical Wnt signaling in cancers. 
Biomed Pharmacother. 2021;133:110946. [PubMed: 33212376] 

127. Chen JK, Taipale J, Cooper MK, Beachy PA. Inhibition of Hedgehog signaling by direct binding 
of cyclopamine to Smoothened. Genes Dev. 2002;16:2743–8. [PubMed: 12414725] 

128. Vargesson N Thalidomide-induced teratogenesis: history and mechanisms. Birth Defects Res C 
Embryo Today. 2015;105:140–56. [PubMed: 26043938] 

129. Vainio S, Heikkilä M, Kispert A, Chin N, McMahon AP. Female development in mammals is 
regulated by Wnt-4 signalling. Nature. 1999;397:405–9. [PubMed: 9989404] 

Kishore and Zi Page 21

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



130. Proctor AE, Thompson LA, O’Bryant CL. Vismodegib: an inhibitor of the Hedgehog signaling 
pathway in the treatment of basal cell carcinoma. Ann Pharmacother. 2014;48:99–106. [PubMed: 
24259609] 

Kishore and Zi Page 22

Curr Pharmacol Rep. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
A schematic presentation of Wnt signaling to regulate drug resistance in CRPC through 

multiple mechanisms. (1) Wnt/β-catenin signaling can interact with androgen receptor 

signaling to affect the responses to ADT and anti-androgens. (2) A subset of CRPC tumors 

have high activities of Wnt signaling due to the dysregulation of multiple Wnt signaling 

components in CRPC. (3) Wnt transcriptional factor LEF1 interacts with DNAPK to affect 

DNA repair process and androgen receptor signaling. (4) Wnt signaling plays a key role 

in the EMT process and cancer stem cells and inhibition of Wnt signaling by secreted 

inhibitors, such as Frzb and WIF1, can reverse the process of EMT and reduce invasiveness 

of CRPC. (5) Prostate cancer tumor microenvironment secretes several canonical and non-

canonical Wnts leading to anti-androgen resistance and immune evasion. (6) Wnt signaling 

is involved in cell plasticity and neuroendocrine transdifferentiation through Wntless and 

Wnt transcriptional factor TCF4
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