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Advancements in Research on Non- Prostate cancer (Pca) is a significant malignancy affecting men's health, with its incidence
AR- Signaling Pathways and Targeted steadily increasing worldwide in recent years. Among its various subtypes, castration-
Therapies for Castration-Resistant resistant prostate cancer (CRPC) holds particular importance due to its pivotal role in the

Prostate Cancer. Ann Urol Oncol 2025, progression and management of Pca. The treatment options for Pca range from surgery to
8(1): 12-20. https://doi.org/10.32948/ medication. However, the mechanisms underlying CRPC remain complex, with abnormal
auo.2024.12.25 signal transduction pathways identified as a key factor in its development and progression.

While the androgen receptor (AR) signaling pathway is widely recognized as central to CRPC
pathogenesis, emerging research highlights the critical involvement of the non-AR signaling
pathway in the disease. Prominent pathways in the disease include PI3K-Akt-mTOR, Wnt,
Hippo, Hedgehog, Notch, HOXB13, and Jak2-Stat5a/b. Understanding the interplay between
non-AR signaling pathways is vital for advancing therapeutic strategies for Pca. This work
provides a comprehensive review of recent research progress on the relationship between
non-AR signaling pathways and CRPC, aiming to offer insights and guidance for future
research.

Key words prostate cancer, androgen receptor, signal transduction, castration-resistant
prostate cancer

1. Department of Biomedical Science, University of Bergen, Bergen 5020, Norway.
Correspondence: Asger Hansen (Department of Biomedical Science, University of Bergen, Bergen 5020, Norway; Email: Hamdiabdbmw@gmail.com).

© Annals of Urologic Oncology | p-ISSN: 2617-7765, e-ISSN: 2617-7773 | www.asmepress.com | Asian Medical Press Ltd


http://www.asmepress.com/
https://doi.org/10.32948/auo.2024.12.25
https://doi.org/10.32948/auo.2024.12.25
https://doi.org/10.32948/auo.2024.12.25
https://crossmark.crossref.org/dialog/?doi=10.32948/auo.2024.12.25&domain=pdf&date_stamp=2024-12-27

H. Dad et al./Annals of Urologic Oncology 2025; 8(1): 12-20

Introduction

Globally, Pca is one of the most common malignancies in men
that seriously endangers men's health. According to 2018 statistics
from the World Health Organization (WHO), the incidence of Pca
remains high, ranking second in the incidence of all malignancies
in men globally, after lung cancer [1, 2]. In the US, Pca has the
highest incidence of all malignancies in men and the second
highest mortality rate, after lung cancer [3]. In the past few years,
the incidence of Pca in the Chinese population has increased
significantly. According to the data released by the China Cancer
Center in 2022, Pca ranks 6th in the incidence of malignant tumors
in Chinese men and 10th in the mortality rate [4]. Some studies
predict that in the next decade, the incidence of Pca in Chinese
men may rise to second place [5-8]. Although the incidence of Pca
in Western countries is higher than that in China, it has been on
the rise in recent years, with a high proportion of middle and late
stages of initial diagnosis and a large difference between urban
and rural populations, which makes Pca screening, diagnosis
and treatment face great challenges [9]. Treatment strategies for
Pca continue to advance, including surgery, radiation therapy,
hormone therapy, and the development of new drugs. In recent
years, the development of new drugs such as androgen receptor
(AR) signaling inhibitors, bone targeting drugs, PARP inhibitors,
and immune-modulating agents has significantly improved the
treatment level of prostate cancer. In addition, drugs targeting
other signaling pathways, such as CDK4/6, AKT, WNT, and
epigenetic markers, have also entered clinical trials. These
therapeutic advances have provided more treatment options and
better outcomes for Pca patients [10-15].

For patients with Pca, the commonly employed clinical
treatment methods primarily include targeting of the androgen
receptor (AR) signaling pathway, via androgen deprivation
therapy as a significant therapeutic strategy. However, after 18
to 36 months of ADT treatment, a large number of patients will
inevitably develop CRPC [4]. The mechanisms underlying CRPC
generation and progression remain unclear. In addition to AR-
related signaling pathways, non-AR-related signaling pathways
also play an important role in CRPC progression. The exploration
of these signaling pathways and their associated targeted therapies
offers a promising new avenue for the treatment of CRPC. This
article presents a comprehensive review of the latest advancements
in research on various non-AR-related signaling pathways and
their corresponding targeted drugs in the context of CRPC [5, 6].

PI3K-Akt-mTOR signaling pathway

Currently, endocrine therapy is the primary approach for treating
PCa. However, a significant limitation is that prolonged treatment
can lead to the transformation of PCa cells into androgen-
independent cells, rendering conventional endocrine therapy
ineffective [7]. mTOR (Mammalian target of rapamycin) is
a serine/threonine kinase, an enzyme that plays a vital role
in the transmission of multiple signaling pathways. mTOR
phosphorylates eukaryotic initiation factors and regulates cell
proliferation and apoptosis [8]. In Pca cells, abnormal activation
of the PI3K-AKT-mTOR signaling pathway promotes the
enhancement of cancer cells' resistance and promotes their
survival. Studies have demonstrated that specifically targeted
inhibitors of the PI3K-AKT-mTOR signaling pathway inhibit the
occurrence and development of a variety of tumors. In cell biology,
the PI3K-AKT-mTOR signaling pathway plays an important role,
in the regulation of cell survival, proliferation, differentiation,
angiogenesis and other key physiological processes [9-15]. The
abnormal activation of this pathway promotes the development
and progression of many diseases, including cancer. Activated Akt
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promotes the cell cycle through the phosphorylation of p21WAF1,
which affects the inhibition of cyclin-dependent protein kinase
CDK. PI3K transmits mitotic signals to p70S6K via Akt and
mTOR, promoting the progression of the G1 phase and accelerating
the cell cycle. mTORCI promotes cell cycle progression by
phosphorylating S6K1 and 4EBPI1, thereby increasing cell
proliferation. The PI3K-AKT-mTOR signaling pathway is also
involved in promoting blood vessel formation, which is critical
for tumor growth and metastasis. In Pca, activation of the PI3K-
AKT-mTOR signaling pathway plays a key role in promoting
disease progression. As a tumor suppressor protein, deletion or
downregulation of PTEN can cause the activation of the PI3K-
AKT-mTOR pathway, thus promoting the development of Pca
[16]. Studies have also shown that during the progression of Pca
to CRPC, PI3K and androgen receptor (AR) signaling pathways
interact, and the loss of PTEN and activation of PI3K/AKT can
prevent AR expression and activation. Loss of PTEN not only
affects the PI3K-AKT-mTOR signaling pathway, but may also
affect other signaling pathways, such as the MAPK signaling
pathway, which also plays an important role in cancer [9, 17-20].
In Pca, the loss of PTEN occasionally promotes the proliferation
of cancer cells independently of AR [21]. Current research suggest
that targeted therapy of the PI3K-AKT-mTOR signaling pathway
is a potential opportunity to overcome tumor complexity and
genomic heterogeneity. In addition, mMTORC1 and mTORC?2 play
critical roles in cell signaling, and their synergistic overactivation
may lead to neurological abnormalities. In summary, the PI3K-
AKT-mTOR signaling pathway plays a central role in the cellular
physiological processes, and its abnormal activation is related to
the development and progression of various diseases, making it
an important target for current medical research and therapeutic
strategy development.

Multidrug combination strategies are being extensively studied
for the treatment of metastatic castration-resistant prostate cancer
(mCRPC). Buparlisib (BKM120), an oral panPI3K inhibitor, did
not show a progression-free survival benefit in mCRPC patients
either alone or in combination with the AR inhibitor enzalutamide
[16]. Sonolisib (PX-866), as a pan-class I PI3K inhibitor, shows
moderate activity in patients with CRPC without chemotherapy
[17]. Dactolisib, a dual signal transduction inhibitor of PI3K and
mTOR. The study found that the NVP-BEZ235 combined with the
docetaxel treatment group was higher in terms of cytotoxicity, but
was able to inhibit the growth of CRPC cell line C4-2BT6 than the
monotherapy group [18-20]. However, a Phase I/1I trial of the drug
in combination with abiraterone in non-chemotherapy mCRPC
patients was stopped at Phase I due to multiple toxic side effects
[21, 22]. In the Phase II study, the efficacy of ipatasertib, an AKT
inhibitor in combination with abiraterone versus abiraterone alone,
was evaluated in patients with mCRPC who had been treated with
metaxel chemotherapy, and there was no statistical difference in
radiographic progression-free survival (rPFS) benefit between
the two groups [23]. However, subgroup analysis showed that
patients with PTEN deletion had rPFS benefits with different doses
of ipatasertib combined with abiraterone. Results from a Phase
I study with AZD5363 suggest that it may be able to overcome
mCRPC resistance to enzalutamide [24]. Phase I clinical trial with
10 mg/ day of everolimus, an mTOR inhibitor, combined with 60
mg/ day of docetaxel in patients with CRPC achieved significant
efficacy and safety [25]. However, in two Phase II trials of the
combination of evolimus and bicalutamide in patients with CRPC,
one did not show a benefit of the combination regimen, possibly
due to acquired resistance to bicalutamide in these patients prior
to enrollment [26]. Results from another trial showed that nearly
half of the patients treated with everolimus and bicalutamide had
grade 3 or 4 adverse events, but 75 percent had PSA reductions of
>30 percent [27]. Studies have shown that the AR and PI3K-AKT-
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Figure 1. Graphical representation explaining the operational mechanisms underlying seven vital signaling cascades. 1. The deletion or

downregulation of PTEN, a tumor suppressor protein, can lead to the activation of the PI3K-AKT-mTOR pathway, subsequently promoting

the development of Pca. 2. The Hippo signaling pathways YAP/TAZ components synergize with B-catenin from the WNT signaling cascade

to facilitate DNA repair signal transduction. 3. AR/NOTCH signaling pathway acts directly on cells to activate signaling pathways and

promote DNA repair. 4. The Hh signaling pathway promotes DNA repair through PTCH. 5. Prolactin activates Stat5a/b through the prolactin

receptor, which further activates JAK2 to promote DNA repair. 6. Extracellular matrix growth factor receptors work with tyrosine kinase

receptors to promote DNA repair through the PI3K-AKt-mTOR signaling pathway. 7. HOXB13 activates CDK2, which in turn activates E2F1,

which recognizes cell membrane surface receptors through downstream factors such as E2Fs, p107, c-myc, and other factors, playing a signal

transduction role.

mTOR signaling pathways are not independent but interrelated.
Monotherapy for patients with CRPC may not be satisfactory, and
developing the best combination strategy for these drugs remains a
challenge (Figure 1).

'What signal pathway

The Wnt signaling pathway plays a central role in cell proliferation,
differentiation, migration and tissue homeostasis, and is an
essential intracellular signaling system [28, 29]. The Wnt signaling
pathway consists of several components, mainly Wnt family
ligands, curly receptors, and low-density lipoprotein receptor-
associated protein 5/6 (Irr-5/6) [30]. In the absence of a Wnt ligand,
B-catenin is phosphorylated, ubiquitinated, and degraded via the
proteasome pathway, maintaining a low cytoplasmic concentration
and inhibiting the expression of downstream target genes. When
the Wnt ligand is present, it binds to frizzed and LRP5/6 receptors,
preventing B-catenin degradation and allowing it to accumulate
and transfer to the nucleus. Abnormally activated Wnt signaling
pathway plays an essential role in the genesis, development and

metastasis of tumors. Tumor stem cells (CSCs) are believed to
be the origin of cancer progression, drug resistance, and distant
metastasis [31]. With the help of surface markers (CD44, ALDHI,
CD133), CSCs can be identified and studied. CD44 not only
serves as a marker for CSCs, but also plays other key roles, such
as positively regulating the Wnt/B-catenin signaling pathway
through its interaction with low density lipoprotein receptor-
associated protein 6 (LRP6). Moreover, silencing its expression
can inhibit the accumulation of B-catenin in the nucleus and
reduce the invasion and metastasis of Pca. The Wnt signaling
pathway promotes epithelial-mesenchymal transition (EMT) by
influencing cell proliferation and polarity, and is a key step in
tumor metastasis and progression. In addition, the Wnt signaling
pathway regulates the expression of metalloproteinases and
extracellular matrix related factors, which are closely associated
with tumor invasion and metastasis. Studies have shown that
patients with metastatic castration-resistant prostate cancer
(mCRPC) have abnormal Wnt pathways characterized by periodic
changes in key proteins such as APC, -catenin, and r-spondin.
These findings suggest that alterations in Wnt signaling pathways
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Figure 2. Interpretation of the relevant molecules contained in the PI3K-AKt-mTOR signaling pathway included p85/p110, PKB, and PTEN.

Wnt signaling pathway includes APC, B-catenin, R-Spondin. The Notch signaling pathway includes Hesl and the G0/G1 phase. The Jak2-

Stat5a/b signaling pathway includes prolactin, AZD1480, and AR. The Hippo signaling pathway includes YAP/TAZ, statins, diphosphate, and

G-protein inhibitors. The Hh signaling pathway includes PTCH,Smo,TAK441,Vimedji, Itraconazole. The HOXB13 signaling pathway includes
p21, CKD2/RB, E2F1, E2Fs, P107, and c-Myc. AR: androgen receptor; PI3K: phosphatidylinositol 3-kinase; mTOR: mammalian target of

rapamycin; PTEN: phosphatase and tensin homolog deleted on chromosometen; APC: adenomatous polyposis coli; PKB: Protein kinase B.

may play an important role in the progression of CRPC [32]. In the
absence of Wnt ligands, f-catenin is phosphorylated and degraded
by APC and axin complexes. When the Wnt signaling pathway is
activated, f-catenin avoids proteasome degradation, accumulates
in the cytoplasm, and is transferred to the nucleus to activate
transcription of Wnt target genes [33]. R-spondins can not only
enhance the activity of the Wnt ligand as a co-activator, but also as
an inhibitor to prevent the degradation of Wnt signaling receptors
[34]. Non-classical Wnt signaling pathways can inhibit anti-
androgen resistance in tumor cells [35]. At present, the research of
small molecule therapy and biologics targeting the Wnt signaling
pathway is still in the preliminary stage [36]. Ursolic acid, as a Wnt
inhibitor, has shown antitumor activity in vitro. In addition, some
polyphenols (such as quercetin, curcumin and resveratrol, etc.) can
also limit the proliferation of Pca cells by inhibiting Wnt signaling
pathways. Despite their potential in in vitro studies, the clinical
benefit of these agents in patients with CRPC is not significant,
and their potential clinical significance remains controversial [37].
Some small molecule therapeutics and biologics target the Wnt
pathway, and it is necessary to further explore the potential anti-
tumor mechanisms subsequent to inhibiting the Wnt pathway. In
conclusion, the Wnt signaling pathway plays a crucial role in the
occurrence and development of Pca, and the targeted therapy of
this pathway offers a novel research direction for the treatment

of CRPC. Nevertheless, converting these findings into practical
clinical treatment strategies still presents numerous challenges
(Figure 2).

Hippo signaling pathway

The Hippo pathway was first discovered more than 20 years ago in
related experimental studies in fruit flies, and has been extended
to mammals, where this signaling pathway has been extensively
studied. Similarly, in tumor stem cells, the Hippo signaling
pathway plays an important role [38]. Studies on tumor suppressors
in fruit flies have yielded sufficient and correct conclusions that
this signaling pathway is present in all species, including humans
[39]. It plays an important role in cell growth, proliferation,
regeneration, homeostasis and organ development [40]. The Hippo
pathway is influenced by factors such as cell density/polarity,
mechanical conduction, nutrients, and G protein-coupled receptors
[41, 42]. Independent regulation of epigenetic kinase cascades
exists in YES-related proteins in the Hippo pathway (YAP) or
transcriptional coactivators with PDZ-binding motifs (TAZ)
[43]. Up-regulation of YAP /TAZ affects the downstream Hippo
pathway and plays a central role in a variety of solid tumors [38,
40, 41]. Therefore, increased YAP /TAZ activity plays a key role
in the occurrence and development of Pca. The hippo signaling
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pathway plays a crucial role in regulating cell proliferation,
differentiation, and apoptosis, and its abnormal activation is closely
related to the occurrence and development of many cancers. In
Pca, YAP and TAZ act as major effectors of the Hippo signaling
pathway, promoting the dryness, metastasis, and drug resistance of
tumor cells [44, 45]. Studies have shown that the expression level
of YAP protein is significantly increased in Pca tissues, especially
in CRPC, and the increase of YAPI is particularly significant
[46]. Targeted treatment strategies for YAP and TAZ may have
potential efficacy in inhibiting the occurrence and progression
of Pca [47, 48]. Some drugs, such as end-anchor polymerase
inhibitors, statins, bisphosphonates, geranylgeranylgeranyl
converting enzyme-1, and G-protein inhibitors, are considered
modulators of the YAP/TAZ pathway. Still, the exact mechanism
by which these drugs inhibit the Hippo signaling pathway is not
fully understood. This may be due to the difficulty in determining
whether these drugs are involved in specific interactions that
regulate YAP/TAZ activity, thus hindering the application of these
drugs in Pca research. In addition, the study also found that the
Hippo and Wnt signaling pathways interact and jointly regulate
the development of Pca. For example, studies have shown that the
Hippo signaling pathway and the abnormal activation of the Wnt
signaling pathway can lead to the occurrence and development of
CRPC. Although some drugs have been shown to inhibit the YAP/
TAZ signaling pathway in vitro studies, such as ursolic acid, the
clinical benefits of these drugs in Pca patients are insignificant, and
their potential clinical significance is still controversial. Therefore,
an in-depth study of the strong link between the Hippo signaling
pathway and Pca is essential for the development of new targeted
therapeutic strategies. Future studies are needed to explore further
the potential anti-tumor mechanisms of inhibition of the YAP/
TAZ signaling pathway to advance the development and clinical
application of these drugs (Figure 1).

Hh signaling pathway

The Hedgehog (Hh) signaling pathway plays an important role in
the onset and development of cancer, including Pca. Hh signaling
pathway plays an important role in embryonic development,
regulating wound and tissue healing, and maintaining cell drying
in vertebrates and invertebrates [49]. The Hh signaling pathway
usually consists of Hh ligands, two transmembrane receptors
(Ptch, Smo), downstream nuclear transcription factor Gli, and
some intermediate transfer molecules. In general, the Hh signaling
pathway is less active [50]; Under normal circumstances, the Hh
signaling pathway is involved in embryonic development and
tissue regeneration, but in adults, its abnormal activation has
been linked to the development of cancer. In Pca, activation of
the Hh signaling pathway usually involves the following steps:
Binding of Hh protein to its receptor PTCH: Hh protein (e.g.,
Sonic Hedgehog, SHH) binds to its receptor PTCH, resulting
in the inhibition of PTCH being disengaged. In Pca, the Hh
protein binds to its receptor, PTCH, resulting in the activation
of the otherwise inhibited G-protein-coupled receptor, Smo,
which generates a cascade of signals involved in the regulation of
epithelial-mesenchymal interactions, cell survival, cell metastasis,
and angiogenesis [51-54]. Itraconazole is an inhibitor of the Hh
signaling pathway, and a Phase II clinical trial found that high
doses of itraconazole prolonged PFS in patients with mCRPC
without chemotherapy, with less toxic effects [55]. TAK-441 is
a highly potent Smo inhibitor that delays the progression of Pca
models in vivo trials by interfering with the Hh signaling pathway
[56-58]. Vermodej is a selective inhibitor of the Hh signaling
pathway. Studies have shown that Vermodej can synergistically
promote docetaxel-induced apoptosis of prostate tumor cells [56].
Trials evaluating the efficacy of Vimodej in mCRPC patients
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are ongoing. These results suggest that the abnormal activation
of the Hh signaling pathway may be related to the occurrence
and development of CRPC. The mechanism of the Hh pathway
inducing Pca and its clinical significance as a therapeutic target
for Pca still need further study. In addition, the study showed that
the BRAF protein was activated in PTEN-deficient Pca cells. In
addition, Vemurafenib has been shown to inhibit PTK6, providing
a new perspective for the treatment of Pca. These findings provide
a scientific basis for the potential use of the Hedgehog (Hh)
signaling pathway in prostate cancer treatment and carve the way
for future research (Figure 1).

Notch signaling pathway

The notch signaling pathway has distinct characteristics and is
highly conserved during evolution. In mammals, this complex
signal transduction pathway consists of four receptors (NOTch1-4)
[56], five ligands (Jagged1/2 and DLL1/4), and several downstream
components [57]. Notch receptor is a single transmembrane protein
that regulates a variety of cell development functions, including
cell proliferation, differentiation, migration, and death [58].
Dysregulation of Notch activity can cause a variety of diseases,
including cancer [59]. The role of Notch signaling pathway in
Pca is multifaceted, and its role in tumor may have the dual
characteristics of carcinogenesis and tumor inhibition. Studies
have shown that the Notch signaling pathway is involved in the
regulation of cell survival, proliferation, differentiation, apoptosis
and tissue and organ formation [59]. In Pca tissues, Notch
signaling pathway-related proteins such as Notchl, Notch3, and
their downstream target gene Hesl are up-regulated, especially
Notch and Hh signaling are significantly enhanced in CRPC cell
lines, suggesting that the activation of the Notch signaling pathway
may be related to the occurrence and progression of Pca. However,
some studies have found that when Notchl is overexpressed in
Pca cells, it can promote the GO/G1 phase arrest of cells, inhibit
cell proliferation, and thus play a role in cancer inhibition. This
indicates that the Notch signaling pathway plays a complex role in
Pca, which can not only promote the dryness, metastasis, and drug
resistance of tumor cells but also inhibit tumor growth by inducing
cell cycle arrest and apoptosis [60-65]. Because of the complex
role of the Notch signaling pathway in Pca, its use as a therapeutic
target is controversial. Some drugs and natural compounds,
such as sufentanil, have been found to affect the proliferation,
apoptosis, and cell cycle of Pca cells through the Notch signaling
pathway [66-71]. In addition, some polyphenols (such as quercetin,
curcumin and resveratrol, etc.) can also limit the proliferation
of Pca cells by inhibiting Notch signaling pathways [72]. These
studies provide a scientific basis for the potential application of
the Notch signaling pathway in the treatment of Pca, but further
studies are needed to understand further the mechanism of action
of a Notch signaling pathway in the occurrence and development
of Pca, as well as its clinical significance as a therapeutic target
(Figure 1).

HOXB13 signal path

HOXBI3 is a homeobox protein specifically expressed in the
prostate, which plays an important role in the development of Pca
[73]. HOXBI13 not only promotes the proliferation, differentiation
and metastasis of Pca cells by regulating the transcription of
androgen receptor (AR) target genes, but also promotes the
development of CRPC independently of androgens. Studies
have shown that HOXBI13 can be expressed in about 51.7% of
Pca tumor tissues, and tumors with high HOXB13 expression
tend to have more clinicopathological factors that predict poor
prognosis, including high pT stage, high Gleason score, lymph
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node metastasis, high PSA level, and increased risk of biochemical
recurrence [74]. Studies have shown that HOXB13 may promote
the activation of cyclin-dependent kinase (CDK) 2 by inhibiting
the expression of p21 protein, leading to the phosphorylation
of its downstream substrate RB protein, and then release E2F1
transcription factor, resulting in the expression of oncogenes
such as E2Fs, pl07 and c-myc, thus promoting the occurrence of
CRPC [75]. Numerous studies have demonstrated that HOXBI13
plays a variety of roles, such as regulating hormone-activated
androgen receptor signaling pathways, DNA-linked transcription
factors, and directly inhibiting AR [76]. Cells with abnormal
HOXBI13 expression clustered in the G1 phase, possibly because
HOXBI13 promoted the ubiquitination of CyclinDI. It degraded
CyclinD1, thereby reducing CyclinDI levels, while decreasing
phosphorylation of pRb and slowing the entry into the S phase.
Conversely, knocking out HOXB13 with siRNA increases Cyclin
levels, stabilizes E2F1 and CDC25C, and thus increases pRB
phosphorylation. The increase of CyclinB1 and CDC25C, through
the dephosphorylation of CDK1, jointly promotes the activation of
the CyclinB complex and restarts the G2/M transformation [77].
In addition, it has been found that BEZ bromine domain kinase
inhibitors can inhibit the expression of HOXBI3 protein and
induce apoptosis, thus inhibiting the proliferation of CRPC tumor
cells. This suggests that therapeutic strategies targeting HOXB13
may have potential efficacy in patients with CRPC. However,
the specific pharmacological mechanisms of these drugs still
require further studies. By inhibiting the expression of JNK/c-Jun,
HOXBI13 down-regulates the AP-1 pathway. Similarly, through the
regulation of the JNK signal, HOXBI3 can inhibit the expression
of p21, and the change of p21 will further affect the activity of
c-Jun and AP-1 [78]. Studies have shown the upregulation of
ZnT transporters in Pca cells, including SLC30A10 (ZnT10)
and SLC30A4 (ZnT4), which are highly HOXB13-induced zinc
transporters [79]. The T allele increases HOXB13's ability to bind
to transcriptional stimulators in rs339331, resulting in upregulation
of RFX6, a gene associated with rs339331 [80]. By inhibiting the
expression of PDEF, HOXBI13 increases the expression of MMP-
9 and survivin, which counteracts the inhibitory effect of PDEF
on MMP-9 and survivin [81]. In summary, HOXBI13 plays a vital
role in the occurrence and progression of Pca, and therapeutic
strategies targeting HOXB13 may provide a new direction for the
treatment of CRPC [82]. Future studies are needed to explore the
mechanism of action of HOXB13 in Pca more profoundly and to
develop more effective targeted treatment strategies (Figure 1).

Jak2-Stat5a/b signaling pathway

The JAK2-STAT5A/B signaling pathway plays an important role
in CRPC. STAT5A/B is a dual-functional protein, which is both
a signaling molecule and a nuclear transcription factor and plays
a crucial role in the survival of Pca cells in vitro and the growth
of xenograft tumors in vivo [83, 84]. Activation of the JAK2-
STATSA /B signaling pathway is usually triggered by the binding
of prolactin to its receptor. It is initiated by the autophosphorylation
of JAK?2 kinase, which in turn regulates target genes, including
cell proliferation, apoptosis, and metastasis [85, 86]. Studies
have shown functional interaction between STAT5A/B and AR
(androgen receptor), and activation of STATSA/B increases the
nuclear localization and transcriptional activity of AR in Pca cells
[87, 88]. In addition, blocking STAT5A/B induced apoptosis of
AR-negative Pca cells. These findings suggest that STATSA/B, in
addition to directly affecting AR function, may also promote Pca
growth through mechanisms independent of AR. Inhibition of the
STATSA/B cascade signaling pathway can block the expression of
STAT5A/B target genes, including cytokine receptor activation,
JAK?2 kinase-mediated phosphorylation, STAT5A/B dimerization,
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DNA binding and transcriptional activity, thereby inhibiting tumor
cell proliferation and inducing tumor cell apoptosis. AZD1480 is a
potent JAK?2 kinase inhibitor that inhibits tumor growth in CRPC
xenografted mouse models by inhibiting JAK2 kinase activation
and blocking STAT5A/B signaling. Studying this signaling
pathway will provide new directions for therapeutic strategies
for CRPC. It is currently a challenge to understand the specific
mechanisms by which STATSA/B maintains and promotes the
survival of AR-independent Pca cells, and to determine whether
inhibiting STATS can induce apoptosis of AR-negative cells
in CRPC [89]. These findings suggest that inhibitors targeting
the JAK2-STATSA/B signaling pathway may be a potential
therapeutic strategy for CRPC (Figure 2) [90].

Summary and prespectives

Prostate cancer (Pca) is a common malignancy in men whose
treatment strategies continue to advance with a deeper
understanding of the disease mechanisms. CRPC poses a
significant challenge in prostate cancer treatment, as it represents a
more aggressive disease state where cancer cells become resistant
to conventional androgen deprivation therapy (ADT). In CRPC,
the androgen receptor (AR) signaling pathway still plays an
important role. Although the expression level of AR may increase,
the activation mechanism of the AR signaling pathway may be
more complex, including AR gene mutation, AR overexpression,
changes in androgen biosynthesis, AR splicing variants, and
changes in androgen cofactors. Targeted therapies focusing on the
AR signaling pathway, such as abiraterone and enzalutamide, have
become an important part of CRPC therapy. These drugs work
by inhibiting AR activity, effectively slowing disease progression
and prolonging patient survival. In addition to the AR signaling
pathway, other signal transduction pathways also play an important
role in the development and progression of CRPC. For example, the
role of the JAK2-STAT5A/B signaling pathway in CRPC has also
received attention. STATSA/B is a dual-function protein, which is
both a signaling molecule and a nuclear transcription factor and is
essential for the survival and growth of Pca cells. Inhibition of the
JAK2-STAT5A/B signaling pathway can inhibit the proliferation
of CRPC tumor cells. In addition, HOXB13 is a homeobox protein
specifically expressed in the prostate. Its mechanism of action in
CRPC may be to inhibit the expression of p21 protein, promote the
activation of CDK2, lead to the phosphorylation of RB protein,
and then release the E2F1 transcription factor, resulting in the
expression of oncogenes, resulting in CRPC progression. In terms
of therapeutic strategies, traditional chemotherapy drugs such
as docetaxel and cabataxel, new drugs such as PARP inhibitors
(such as olaparib) and psma targeted radionuclide therapy (such
as 177Lu-PSMA-617) also show potential in the treatment of
CRPC. The development and application of these drugs provide
more treatment options for patients with CRPC. Overall, treatment
strategies for CRPC continue to advance, and the development of
new targeted drugs and therapies offers new hope for improving
the prognosis of patients with CRPC. However, due to the
heterogeneity and complexity of CRPC, more research is still
needed to gain insight into the molecular mechanisms of the
disease and develop more effective and personalized treatment
strategies.
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