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Prostate cancer is one of the most prevalent malignant tumors in men,
particularly in regions with a high Human Development Index. While the long-
term survival rate for localized prostate cancer is relatively high, the mortality rate
remains significantly elevated once the disease progresses to advanced stages,
even with various intensive treatment modalities. The primary obstacle to curing
advanced prostate cancer is the absence of comprehensive treatment strategies
that effectively target the highly heterogeneous tumors at both genetic and
molecular levels. Prostate cancer development is a complex, multigenic, and
multistep process that involves numerous gene mutations, alteration in gene
expression, and changes in signaling pathways. Key genetic and pathway
alterations include the amplification and/or mutation of the androgen
receptor, the loss of Rb, PTEN, and p53, the activation of the WNT signaling
pathway, and the amplification of the MYC oncogene. This review summarizes
the mechanisms by which these genes influence the progression of prostate
cancer and highlights the interactions between multiple genes and their
relationship with prostate cancer. Additionally, we reviewed the current state
of treatments targeting these genes and signaling pathways, providing a
comprehensive overview of therapeutic approaches in the context of
prostate cancer.
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1 Introduction

Prostate cancer is currently the most common malignancy among men in the United
States, with an incidence of 29% (1). In 2024, it is the most common cause of male cancer
death after lung and bronchial cancer (1). Globally, prostate cancer mortality is slightly
lower than that of lung cancer in the male population (2). Therefore, prostate cancer ranks
high in both incidence and mortality rates. Prostate cancer is influenced by various risk
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factors, including age, family history, obesity, and unhealthy dietary
habits (3). Age is a primary risk factor for prostate cancer. The
incidence is rare in men under 50 years old (1 in 350), but it
increases sharply to 1 in 52 by age 59, and by age 65, the rate rises to
more than 1 in 2. Men with a family history of the disease have
more than double the risk of developing prostate cancer compared
to those without such a history (4-6). Additionally, race plays a role
in prostate cancer risk. Research from 2010 found, compared to
White male patients, Black male patients exhibit a more rapid
progression of prostate cancer and may develop invasive prostate
cancer at an earlier stage (7, 8).

Early-stage prostate cancer often lacks noticeable symptoms,
making it difficult to detect and delaying timely and effective
treatment. Currently, the screening and diagnosis of prostate cancer
mainly include serum Prostate-specific Antigen (PSA), Magnetic
Resonance Imaging fusion ultrasound-guided prostate biopsy (MRI-
TRUS), and digital rectal examination. Despite the availability of these
methods, PSA remains the most widely used screening tool for early
diagnosis of prostate cancer worldwide. Although PSA is highly
sensitive for early detection, it lacks specificity of the properties of
prostate tissue. This means it cannot differentiate between high-risk
and low-risk tumors and may also be elevated in cases of enlarged
prostate, aging, prostatitis, certain urological diseases, and specific drug
treatments. Consequently, PSA screening may lead to overtreatment of
prostate cancer (9).

In recent years, alongside PSA, other tumor markers such as
P53, MDM2 and Ki67 have been used to monitor the progression
and treatment of prostate cancer. Additionally, the application of
next generation sequencing (NGS) technology in cancer diagnosis
and treatment has deepened researchers’ understanding of prostate
cancer and its molecular biology. Drug therapies targeting prostate
cancer-related genes are also under investigation and some of them
have been used in clinical treatment, but none of the therapeutic
effects are very satisfactory, and the treatment of advanced prostate
cancer is still an urgent problem to be solved. This article primarily
reviews the treatment, drug resistance, and prognosis of genes
related to prostate cancer. The interactions between related genes
are further summarized and it is suggested that combination
therapy targeting such multiple genes may be more effective in
the treatment of advanced prostate cancer.

2 Androgen receptor
2.1 Role of AR in prostate cancer

Androgen receptor (AR), a nuclear transcription factor in the
steroid hormone receptor family, is central to prostate cancer
pathogenesis. When testosterone or 5-alpha-dihydrotestosterone
(DHT) binds to AR, the receptor dimerizes and translocations to
the nucleus, where it binds to the androgen response element (ARE)
(10). This interplay participates in the transcriptional activity of
genes that prevent apoptosis and induce cell proliferation. AR
supports proper development in normal prostate, whereas
elevated AR expression drives disease progression in prostate
cancer (11).
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2.2 Mechanisms of resistance to ADT

Androgen deprivation therapy (ADT) is a treatment designed to
reduce or block the production of androgens (male hormones, such as
testosterone) that fuel the growth of prostate cancer. ADT is initially
effective in treating prostate cancer (12). As the disease progresses, most
patients eventually develop castrate-resistant prostate cancer (CRPC)
and metastases after ADT (Figure 1). There are two main mechanisms
behind this resistance. First, although early-stage prostate cancer is
primarily driven by androgen-dependent cancer cells, the disease is
heterogeneous, not only composed of androgen-dependent cells.
Castration resistance occurs due to the growth of androgen-
independent cells, which arises from genetic alterations in the AR
(13). Second, apart from the androgens produced by the adrenal glands
and testis that stimulate AR, intra-tumoral secretion of enzymes
involved in testosterone synthesis, such as cytochrome P450 17-alpha
hydroxysteroid dehydrogenase (CYP17), also supports tumor survival
and growth (14). Moreover, a new mechanism about the resistance has
been found in recent years. AR splice variants are more common in
CRPC, and they are characterized primarily by the loss of ligand
domains, which retain the ability to bind to DNA in the absence of
androgens (15). There are many variants of AR spliceosome, among
which AR-V7 is one of the most studied variants. AR-V7 can complete
nuclear transfer in the absence of androgen binding and recruit
cofactors to complete transcriptional activation of downstream genes,
followed by aberrant activation of the AR signaling pathway (16).
Interestingly, AR-V7 also predicted treatment response to AR-targeting
drugs, and AR-V7-positive patients who received enzalutamide and
abiraterone had shorter progression-free survival and shorter overall
survival than AR-V7-negative patients (17). This also provides strong
evidence for AR-V7 as a biomarker for prostate cancer.

2.3 Emerging therapies and challenges

To target CRPC, new drugs that inhibit androgen-producing
enzymes or block AR have been developed in recent years, such as
second-generation nonsteroidal AR antagonists (enzalutamide,
apalutamide, and darolutamide) and the androgen biosynthesis
inhibitor abiraterone (18). In a phase 3 trial of enzalutamide, which
randomized 1,125 male patients with metastatic castration sensitive
prostate cancer (mCSPC) into groups of ADT in combination with
either enzalutamide (N = 563) or a standard nonsteroidal antiandrogen
agent (bicalutamide, flutamide, or nilutamide; N = 562) until
progression or unacceptable toxicity. the enzalutamide arm had
fewer deaths than the standard-care group (102 vs 143; HR 0.67;
95% CI 0.52-0.86; P = 0.002) and 3-year overall survival (OS) estimated
at 80% (based on 94 events) vs 72% (based on 130 events), respectively
(19). In another clinical trial, 297 patients with high-risk metastatic
hormone-sensitive prostate cancer (mHSPC) treated with abiraterone,
127 with enzalutamide, and 142 with apalutamide were compared.
There were no differences in time to CRPC (p = 0.13), OS (p = 0.7), and
cancer-specific survival (CSS) (p=0.5) among the three ARPIs, but
abiraterone was significantly better in 99% PSA decline achievement
compared to apalutamide (72% vs. 57%, p = 0.003) (20). However, over
time, most patients still develop resistance to these treatments
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FIGURE 1

The process underlying the development of CRPC after ADT. PCa, Prostate cancer; ADT, Androgen deprivation therapy; CRPC, Castrate resistant
prostate cancer; AR, Androgen receptor; NEPC, neuroendocrine prostate cancer, Abiraterone and Enzalutamide: The androgen biosynthesis inhibitor
and the novel AR inhibitor.

(Table 1) (21). Some studies have found that after treatment with anti-

androgen drugs, prostate cancer cells undergo a lineage shift, which

refers to the conversion of cells from luminal and basal cells to Interaction
between genes

TABLE 1 Genes associated with prostate cancer progression.

Function

neuroendocrine-type cells caused by adaptation to the environment

(22-24). Thus, the prostate cancer cells can evade drug-targeted AR Regulation of AR signaling pathway Rb, p53, MYC, WNT
therapy, causing treatment-resistant neuroendocrine prostate cancer.
Rb Regulation of cell cycle AR, p53, PTEN

. PTEN Regu'latlo.n of PI3K/AKT Rb, p53, MYC

3 Retinoblastoma signaling pathway
Regulation of WNT/B-catenin
. . WNT o AR
3.1 Mechanisms of cell cycle regulation signaling pathway
by reti nOblaStoma p53 Regulation of cell cycle Rb, PTEN, AR
. ) . . ) Regulation of gene expression and key
Retinoblastoma is a malignant tumor, and Retinoblastoma (Rb) is MYC cellular processes AR, PTEN

a tumor suppressor gene identified in this tumor (25, 26). The Rb gene
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is located on chromosome 13q14.2 and was the first human tumor
suppressor gene to be cloned (25). The Rb protein family includes Rb,
p107 and p130, collectively referred to as “pocket proteins”, which are
involved in cell cycle regulation (27). The cell cycle is the series of
events in which cellular components are doubled, and then accurately
segregated into daughter cells. In eukaryotes, the cell cycle consists of
four phases, S-phase, in which DNA replication occurs, M-phase, in
which mitosis occurs, and two interphases, G1 and G2, between S-
phase and M-phase, which are the times when the cell acquires mass,
integrates growth signals, organizes the replication of the genome, and
prepares the chromosomes for segregation (28). In its low
phosphorylation state, Rb can inhibit the transcriptional activity of
E2F by binding to its downstream transcription factors (E2F), thereby
suppressing the expression of genes involved in the cell cycle and
arresting the cell cycle in the G1 phase (29). However, in late G1, Rb
transitions from a low phosphorylation state to a high phosphorylated,
inactive state, releasing E2F and allowing cells to enter the S-phase,
thereby promoting cell proliferation (29). The cyclin-cyclin dependent
kinase (CDK) complex promotes cell cycle progression by
phosphorylating members of the Rb family during G1. Cyclin D
expression leads to CDK4 (and CDK®6)- dependent phosphorylation
of Rb, reducing its binding to E2Fs and promoting early cell cycle gene
expression (30). CDK inhibitors (such as pl6 and p21) can prevent
CDK from phosphorylating Rb by inhibiting the activity of CDK4 and
CDKG®, thereby promoting Rb function (31).

3.2 Role of retinoblastoma in
prostate cancer

The inactivation of Rb is closely related to all stages of prostate
cancer formation (32). Rb-mediated loss of cell cycle control only
leads to the occurrence of prostatic proliferative diseases and is not
sufficient to cause malignant tumors (33). It has been shown that Rb
deletion can promote angiogenesis, metastasis and neuroendocrine
differentiation (NED), a process by which epithelial tumor cells
acquire features of neuroendocrine cells, resulting in a more
aggressive phenotype in human prostate cancer cells (34). In
addition, Rb can promote epithelial-mesenchymal transition
(EMT) and tumor cell invasion by regulating downstream target
genes (35). Recently, Jin, X,, et al. reported that the Rb-NF-kB axis
can be used to overcome cancer immune escape induced by
conventional or targeted therapies (36). Thus, while the absence
of Rb does not cause the occurrence of prostate cancer, it can lead to
the proliferation of prostate cells and plays an essential role in the
metastasis, EMT and NED of prostate cancer.

In addition to promoting the development of prostate cancer
through the aforementioned mechanisms, Rb loss also participates
in the AR signaling pathway. Androgens are known prostatic
epithelial cell growth factors (37) and play an important role in
prostate cancer development. Androgens can activate Rb by
regulating CDK4/cyclin D1 and CDK2 complexes, thereby
initiating the cell cycle (38). After androgen castration treatment,
the level of cyclin D protein is reduced, maintaining low Rb
phosphorylation, causing cell cycle arrest, and inhibiting tumor
development (39). Sharma, A., et al. have found that CRPC that

Frontiers in Oncology

10.3389/fonc.2025.1467540

develops after castration-resistant treatment shows decreased Rb
expression and increased AR expression (40). Subsequently, Gupta,
S. et al. also have found that AR overexpression in CRPC was
associated with Rb inactivation (41). we believe that there are
several mechanisms for this phenomenon: 1) deletion of Rb
activates E2F, which acts downstream of it to increase AR
expression (42, 43); 2) Rb loss increases AR recruitment to
homologous promoters, resulting in increased AR target gene
expression (44); 3) AR induces signals that promote CDK activity
and promotes phosphorylation of Rb to inactivate it (Figure 2) (45).

3.3 Emerging therapies and challenges

Given the above mechanism of cell cycle regulation by
Retinoblastoma in prostate cancer, inhibition of Rb phosphorylation
can be used as a therapeutic strategy for prostate cancer. By binding
CDK inhibitors to CDK4 and CDK®6, Rb phosphorylation is inhibited
to prevent the G1-S phase transition and induce cell cycle arrest. At
present, there is evidence that highly selective small molecule
inhibitors of CDK4 and CDK®6, Palbociclib, Ribociclib and
Abemaciclib, are effective in the treatment of breast cancer (46), but
the therapeutic effect of prostate cancer is not clear. In breast cancer,
data from the latest MONARCH-3 study showed that at a median
follow-up time of 8.1 years, treatment with Abemaciclib in
combination with an nonsteroidal aromatase inhibitor (NSAI)
numerically prolonged Overall Survival (OS) compared to NSAI
therapy alone in patients with HR+, HER2- advanced breast cancer,
however, unfortunately, the difference did not reach statistical
significance (P=0.0664) (47). Ribociclib is the only CDK4/6
inhibitor that has achieved positive OS results in all three phase III
studies, with stable and consistent OS benefit, whether targeting
premenopausal or postmenopausal populations, as a first- or
second-line treatment, or in combination with an aromatase
inhibitor (AI) or fulvestrant. This is based on several unique
mechanisms of action. Firstly, Ribociclib can induce tumors cell
senescence to achieve a long-term response (48); secondly,
Ribociclib significantly affects peripheral innate and adaptive
immune responses, and achieves long-term efficacy through
immune activation (49). These are all characteristics that
Abemaciclib does not possess. Likely due to the above reasons, the
most recent phase 3 study of Abemaciclib with abiraterone in patients
with metastatic CRPC (mCRPC) did not show a significant increase in
radiographic progression-free survival (rPFS) for the addition of
Abemaciclib to abiraterone, the medians rPES were 21.96 months
for the Abemaciclib plus abiraterone group vs 20.28 months for the
placebo (PBO) plus abiraterone group (50).

4 PTEN

4.1 Mechanisms of PTEN in cell
proliferation and apoptosis

Phosphatase and tensin homolog gene (PTEN) is a tumor
suppressor gene with phosphatase activity, which is located in
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FIGURE 2

Interaction between genes/pathways in prostate cancer (A) Rb deletion promotes the expression of genes downstream of the AR pathway through
transcriptional activation of E2F and facilitating promoter recruitment of the AR. (B) AR induces signals that promote CDK activity and promotes
phosphorylation of Rb to inactivate it. (C) AR can promote prostate cancer progression by reducing p53 expression through G3BP3, which promotes
the nuclear translocation of P53. (D) p53 overexpression inhibits androgen-induced transactivation of NKX3.1 by repressing the promoter of the AR
gene and blocking AR-DNA binding activity. Conversely, p53 deletion promotes prostate cancer progression by facilitating the AR signaling pathway.
(E) WNT can synergize with AR to promote the development of aggressive prostate cancer. (F) p53 and Rb deletion can mediate lineage plasticity,
thereby enabling prostate cancer to evade targeted therapies and progress to CRPC. (G) The deletion of PTEN and p53 can lead to changes in the
lineage of prostate cancer, resulting in the formation of CRPC. (H, 1) Rb loss facilitates lineage plasticity and metastasis of prostate adenocarcinoma
initiated by PTEN mutation. The additional loss of p53 causes resistance to antiandrogen therapy. (J) MYC overexpression or targeted PTEN loss can

each produce early prostate adenocarcinomas but are not sufficient to induce genetic instability or metastases with high penetrance. However, MYC

activation and PTEN deletion induced genomic instability and aggressive prostate cancer. (K) MYC promotes the development of mCRPC by

disrupting the transcriptional program of AR. PCa, Prostate cancer.

chromosome 10q23 and spans 200kb in full length (51). PTEN is
involved in tumor progress by inhibiting the phosphatidylinositol
3-kinase (PI3K)/serine-threonine kinase (AKT)/mammalian target
of the rapamycin (mTOR) pathway and its reduction or loss of
expression caused by methylation, mutation or deletion is closely
related to the occurrence and development of various tumors (52).
The PI3K/AKT/mTOR pathway is crucial for cell signal
transduction. PTEN enables dephosphorylate phosphatidylinositol
(3,4,5)-trisphosphate (PIP3) of PI3K/AKT/mTOR pathway to
generate Phosphatidylinositol (4,5)-bisphosphate (PIP2). When
PTEN is lost, PIP2 is phosphorylated to PIP3 by PI3K, activating
a series of kinases in the signaling pathway, including AKT. AKT
affects cell apoptosis through serine phosphorylation of Bcl-2-
associated death promoter (BAD) and Caspase-9, and influences

cell proliferation, differentiation, and survival through regulation of
transcription, translation, and cell cycle (53).

4.2 Role of PTEN in prostate cancer

The loss of PTEN promotes overactivation of the PI3K/AKT/
mTOR signaling pathway leading to cell transformation and
tumorigenesis (54). In a study on the PTEN deleted mouse model
of prostate cancer, a blockade of mTOR inhibited prostate
tumorigenesis in epithelial cells (55). Numerous studies have
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found that the occurrence of prostate cancer and its hormone-
independent transformation course are related to the loss of PTEN
gene expression (56, 57). Studies have shown that PTEN is absent in
15% to 20% of primary prostate cancers, and the frequency of PTEN
deletion is higher in CRPC and mCRPC tissues, reaching 40% to
60% (58). PTEN deletion is positively correlated with Gleason score,
pathological grade, clinical stage and metastasis of prostate cancer

(59). The above evidence suggests that PTEN loss is closely
associated with prostate cancer progression and tumorigenesis.

4.3 Emerging therapies and challenges

Several inhibitors (rapamycin analogs) targeting the PI3K/
AKT/mTOR pathway have been investigated to counteract the
mechanism by which PTEN deletion promotes prostate cancer
progression (60), but their antitumor effects have been
disappointing. Although rapamycin inhibited PI3K/AKT/mTOR
pathway, long-term treatment caused resistance and was not
suitable for monotherapy. Wang Y. et al. have found that
combination of rapamycin and bicalutamide (anti-androgenic
drug) improved anti-prostate cancer effect due to the suppression
of mTOR stimulated AR transcriptional activity (61). A clinical trial
for mCRPC demonstrated that the combination of the PI3K
inhibitor samotolisib with enzalutamide, which causes an
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improved PFS in mCRPC patients progressing on abiraterone,
median Prostate Cancer Clinical Trials Working Group criteria
(PCWG2)-PFS and rPFS was significantly longer in the samotolisib/
enzalutamide versus placebo/enzalutamide arm (3.8 vs. 2.8 months;
P = 0.003 and 10.2 vs. 5.5 months; P = 0.03), respectively (62).
Another phase 3 study combining the AKT inhibitor ipatasertib
with abiraterone acetate, which has shown a significant positive
impact on PFS in mCRPC patients with PTEN loss, in the 521
(47%) patients who had tumors with PTEN loss (261 in the placebo-
abiraterone group and 260 in the ipatasertib-abiraterone group),
median rPFS was 16.5 months (95% CI 13.9-17.0) in the placebo-
abiraterone group and 18.5 months (16.3-22.1) in the ipatasertib-
abiraterone group (hazard ratio [HR] 0.77 [95% CI 0.61-0.98];
p=0.034) (63). Combined AKT and androgen-receptor signaling
pathway inhibition is a potential treatment for men with PTEN-loss
mCRPC, a population with a poor prognosis. This result suggests
that combination therapy targeting multiple genes or pathways may
become a major direction for future prostate cancer treatment.
Moreover, several natural bioactive compounds including
afrocyclamin A, apigenin, arctigenin, curcumin, cryptotanshinone,
oridonin, salidroside, and vitexin were reported to target the PI3K/
AKT/mTOR pathway, however, some compounds are currently
under examination in clinical trials (64).

5 WNT

5.1 Mechanisms of WNT in cell
proliferation and apoptosis

WNT codes a family of proteins involved in the cell signaling
process. The WNT signaling pathway is a highly conserved signaling
pathway with multiple downstream channels stimulated by the binding
of WNT ligand proteins to membrane protein receptors. This pathway
plays a crucial in embryonic development, cell proliferation, cell
migration and apoptosis. Abnormalities in the WNT signaling
pathway are closely associated with the development and progression
of various diseases, including cancer (65).

The WNT/B-catenin pathway is the canonical pathway of WNT
signaling. Extracellular WNT signaling molecules prevent the
phosphorylation of B-catenin, allowing it to accumulate in the
cytoplasm. When the concentration of B-catenin in the cytoplasm
reaches a certain level, it translocated to the nucleus and combines
with the intracellular transcription factor T-cell factor/lymphoid
enhancer factor (TCF/LEF) to form a complex. This complex
activates the proto-oncogenes Cyclin D1 and ¢-MYC, leading to
tumor cell proliferation, differentiation and maturation (66).

5.2 Role of WNT in prostate cancer

Bisson, I. and D.M. Prowse have shown that the WNT/B-
catenin signaling pathway is highly active in tumor stem cells and
may play a role in the self-renewal of prostate cancer stem cells (67).
Wang, B.E,, et al. have found that targeting prostate cancer stem
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cells with WNT/B-catenin signaling inhibitors has been shown to
enhance the therapeutic effect of prostate cancer treatments (68).
Similar to other genes, WNT signaling is strongly associated with
advanced prostate cancer, and Wang, Y., et al. have found that
WNT signaling promotes bone metastasis of prostate cancer (69).
In addition, B-catenin can interact with other pathways (AR) to
coordinate proliferation during tumor growth (70). The above
findings suggest that the WN'T/B-catenin signaling pathway plays
an important role in prostate cancer, especially advanced prostate
cancer. This feature may provide a key therapeutic target for the
treatment of advanced prostate cancer.

5.3 Emerging therapies and challenges

Currently, there is still no effective drug therapy targeting the
WNT/B-catenin signaling pathway. However, there are a number of
drugs in clinical trials. A new PB-catenin mimic small molecule
inhibitor, CWP232291, is currently in clinical trials. CWP232291
induce endoplasmic reticulum stress and cell apoptosis, ultimately
leading to [3-catenin degradation (71). In addition, Cirmtuzumab and
Foxy-5 are in Phase 1 trials. Cirmtuzumab is a monoclonal antibody
that targets the receptor called RORI of the non-canonical Wnt
pathway and is suspected to contribute to prostate cancer growth
and progression (72). Foxy-5 mimic the effects of Wnt-5a to impair
migration of epithelial cancer cells and thereby acting anti-metastatic
(73). Given the correlative role of the wnt pathway with AR and MYC,
combination therapy with an AR inhibitor or a MYC inhibitor may be
useful in the treatment of advanced prostate cancer in the future.

6 p53

6.1 Mechanisms of p53 in cell cycle and
DNA repair

The p53 gene is an important tumor suppressor gene in human
cancer, first identified in extracts of transformed cells (74). It plays a
vital role in regulating cell cycle and DNA repair. p53 regulate both
the GI-S phase (75) and the G2-M arrest (76), thus providing a
checkpoint function and repair of genes in the cell cycle. In terms of
apoptosis, p53 can induce apoptosis by directly activating its
downstream apoptotic genes, such as Bax, Puma and Noxa, etc.
in cells that fail to repair DNA damage (77).

6.2 Role of p53 in prostate cancer

Deletion of p53 or loss of function due to p53 mutations is
detectable in many cancers (78). There are various types of p53
mutations in prostate cancer, including deep deletion, Fusion,
shallow deletion, missense mutation, truncating mutation, splice
mutation, in-frame mutation and amplification (79). Cotter et al.
found that in localized prostate cancer the mutation types of p53 were
mainly deep deletion and mutation, while in advanced prostate
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cancer the mutation types of p53 were deep deletion, mutation and
amplification (80). The incidence of p53 mutations is not the same at
different stages of prostate cancer, ranging from 31.4% in CRPC to
66.7% in neuroendocrine prostate cancer (81-83). Wang, Y., et al.
found that p53 deletion promotes invasion and metastasis in
advanced prostate cancer, via enhancing the FAK-Src signaling
pathway (84). Actually, p53 mutations occur not only in the
advanced stage of prostate cancer but also in its early stage (85).
The frequency of these mutations gradually increases as the cancer
progresses, reaching the highest level in CRPC (77, 86). These
findings suggest that p53 plays a key role in multiple stages of
prostate cancer development. In addition, Fonseca, G.N., et al. have
shown that the expression of mutant p53 is positively correlated with
tumor staging (87). More p53 mutations are found in metastatic
prostate cancers than in early-stage prostate cancers, making p53 a
potential independent predictor of recurrence of low- and
intermediate-grade prostate cancers (88).

In 2006, a study specifically knocked out the Rb and p53 genes
in mouse prostate epithelium, and found that after knocking out the
Rb gene or p53 gene alone, mice could only develop prostate
intraepithelial neoplasia (PIN), but could not develop prostate
cancer (89). Only after the simultaneous knockout of Rb and p53
genes, the mice can develop prostate cancer and become highly
metastatic (89). It suggests that the loss of Rb and p53 may play a
synergistic role in the development and progression of prostate
cancer. In a recent study, it was found that in prostate cancer with
p53 and Rb deletion, overexpression of the transcription factor
SOX2 can mediate lineage plasticity, thereby enabling prostate
cancer to evade targeted therapies and lead to CRPC (90). In
addition, the deletion of PTEN and p53 can also lead to changes
in the lineage of prostate cancer, resulting in the formation of CRPC
(91, 92). Ku, S.Y,, et al. have found that Rb loss facilitates lineage
plasticity and metastasis of prostate adenocarcinoma initiated by
PTEN mutation, additional loss of p53 causes resistance to
antiandrogen therapy (93). These results indicate that the lineage
change of prostate cancer is involved in the deletion of multiple
genes, and the specific mechanism of the lineage change of prostate
cancer remains to be further studied. This also makes the treatment
of advanced prostate cancer more difficult and complex.

Androgen castration is a common treatment for prostate cancer,
but most cancers eventually develop androgen independence.
Relevant studies have proved that the loss of p53 is associated with
CRPC. Inhibition of p53 expression can reduce AR-mediated signal
transduction, while overexpression of wild-type p53 can reduce
androgen function (94). This is because p53 overexpression inhibits
androgen-induced transactivation of NKX3.1 by repressing the
promoter of the AR gene and blocking AR-DNA binding activity
(95). Therefore, the basic physiological level of wild-type p53 is
necessary for AR signal and has a protective effect on it, but the
balance between p53 and AR is eliminated as cancer progresses (94),
and deletion of p53 leads to androgen-induced transactivation of
NKX3.1, which promotes prostate cancer progression. AR also
promotes the inactivation of p53. A Study in 2017 showed that AR
can induce the translocation of p53 from the nucleus to the cytoplasm
via the downstream target gene G3BP2, thereby inhibiting the
function of p53 (96).
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6.3 Emerging therapies and challenges

p53 inactivation may limit the effectiveness of radiation therapy
in localized prostate cancer because the effectiveness of treatment
relies on p53-mediated cell senescence and apoptosis.
Consequently, the p53 pathway can be used as a specific target to
enhance the radiosensitivity of prostate cancer cells. For example,
using potent radiosensitizers for prostate cancer cells that retain the
functional allele of p53 can improve the efficacy of radiation therapy
(97). For p53-deficient CRPC, flubendazole is a well-known anti-
malarial drug and a potential anti-tumor drug that has been shown
to induce cell cycle arrest in the G2/M phase, promote cell death in
vitro by inducing p53 expression, and inhibit the growth of CRPC
tumors in xenograft models (98). But these drugs have had limited
clinical trials and their safety has not been proven, there are still
many challenges in the treatment of advanced prostate cancer. The
findings that p53 interacts with Rb, PTEN and AR in advanced
prostate cancer, and synergizes with Rb in the development of
prostate cancer, have important implications for the treatment of
advanced prostate cancer, and that exploring gene interactions and
combining therapies may be of immense help in addressing drug
resistance in advanced prostate cancer.

7 MYC

7.1 Mechanisms of MYC in cell proliferation
and apoptosis

The MYC family of proto-oncogenes consists of three
homologs: ¢-MYC (MYC), n-MYC (MYCN), and I-MYC
(MYCL), located on chromosomes 8, 2, and 1, respectively.
Although MYC family genes encode proteins with similar
structural architecture and function, different timing of expression
and tissue specificity is exhibited during development (99-101).
These genes are involved in regulating integral gene expression and
key cellular processes including proliferation, differentiation, cell
cycle, metabolism and apoptosis.

7.2 Role of MYC in prostate cancer

c-MYC (MYC) is a major promoter of prostate cancer
tumorigenesis and progression (102, 103). Under normal
conditions, its expression and function are strictly controlled, but
overexpression of MYC is frequently observed in prostate cancer
(104). Amplification of MYC has been reported to be associated with
aggressiveness and poor prognosis in prostate cancer (103). Studies
have shown that MYC overexpression in normal luminal cells of the
mouse prostate is sufficient to cause PIN and prostate cancer (105,
106). This indicates that dysregulated MYC protein expression is a
key oncogenic event driving prostate carcinogenesis. Furthermore,
overexpression of MYCN mediates the transformation of CRPC to
neuroendocrine prostate cancer (107).

The interplay of MYC with other signaling pathways also exerts a
significant role in the development of prostate cancer. Overexpression
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of MYC leads to the pausing of RNA polymerase II at the promoter-
proximal regions of AR-dependent genes, disrupting the AR
transcriptional program promote the initiation and progression of
prostate tumors (102). Arriaga et al. have recently reported a MYC
and RAS co-activation signature associated with metastatic
progression and failure to anti-androgen treatments (108). Gretchen
et al. found that MYC activation and PTEN deletion in mouse prostate
luminal cells induced genomic instability and aggressive prostate
cancer in the absence of induced telomere dysfunction or p53 loss
of function (109). These studies indicate that MYC can cooperate with
other pathways to promote the development of prostate cancer.

7.3 Emerging therapies and challenges

Given its key role in prostate cancer, MYC is considered a
potential therapeutic target. MYC inhibitors that disrupt MYC and
Max dimerization sensitize enzalutamide-resistant prostate cancer
cells to growth inhibition by enzalutamide (110). Bromodomain
extra-terminal enhancer inhibitors can affect MYC transcription by
targeting upstream MYC pathways and have shown preclinical
efficacy in MYC-driven CRPC models (111, 112). Kirchner et al.
reported that inhibition of PIM, a family of serine-threonine kinase,
with the pan-PIM kinases inhibitor AZD-1208 was effective in
limiting MYC-driven lesion progression (113). Additionally, a study
found that dual inhibitors targeting MYCN and Aurora A kinase
(AURKA) could be potential therapies for neuroendocrine prostate
cancer (114). Despite these advances, there are still no clinically
approved drugs targeting MYC for the treatment of prostate cancer.

8 Discussion

In recent years, the incidence of prostate cancer has been
steadily increasing. The continuous proliferation and metastasis
of prostate cancer cells are critical clinical features and the main
causes of mortality in advanced prostate cancer. These processes are
regulated by a series of genetic alterations (Table 1). It is challenging
to elucidate the mechanisms underlying prostate cancer through a
single gene mutation or deletion.

The development of prostate cancer involves complex
interactions among multiple genes and pathways (Figure 2). The
molecular mechanisms involving the interaction among multiple
genes and pathways remain to be further explored. Further
investigation into the synergistic effects of Rb and p53, MYC and
PTEN, and WNT and AR in prostate cancer, as well as the
identification of common downstream target genes among these
interacting genes or pathways, could lead to the discovery of novel
targeted therapies. Such research may offer new avenues for treating
CRPC and addressing the lineage plasticity of prostate cancer.
Currently, resistance to prostate cancer treatment remains a
significant challenge. There are many ongoing clinical trials
targeting different genes and pathways for the treatment of
different stages of prostate cancer, but they still have different
limitations, which further suggests that it is critical to explore the
interactions of multiple genes and pathways (Table 2).
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The co-deletion of Rb, PTEN and p53 has been shown to confer
resistance to antiandrogen therapy. By exploring the molecular
mechanisms associated with this co-deletion, we may uncover more
effective and sensitive tumor markers and therapeutic targets,
thereby improving treatment strategies for advanced prostate
cancer. There is still no effective solution to the problem of
chemotherapy drug resistance in advanced prostate cancer, but in
breast cancer it has been found that drug resistance can be solved
through multigene interactions. In HR+/HER2-advanced breast
cancer, the medical community has been exploring new
therapeutic options for patients who develop resistance after
CDK4/6 inhibitors combined with endocrine therapy. Some
researchers have found that PI3K pathway inhibitors can alleviate
resistance to chemotherapy drug, CDK4/6 inhibitors, in advanced-
stage patients. In patients with HR/HER2-advanced breast cancer
after progression on the CDK4/6 inhibitor, the patients who applied
endocrine therapy in combination with the mTOR inhibitor had a
median PES benefit of 5.1 months (115). This evidence suggests that
exploring the mechanisms of multigene interactions could help
address chemotherapy resistance in advanced tumors.

In addition to the genes discussed in above, there are a number
of genes associated with prostate progression. For example, breast
cancer susceptibility gene 1 (BRCA1) and breast cancer
susceptibility gene 2 (BRCA2) have been shown to be closely
associated with prostate cancer aggressiveness and patient
prognosis (116). Both are oncogenes, which can regulate the cell
cycle through synergistic effects with other repair mechanisms in
the organism and other oncogenes, ensuring the proliferation and
apoptosis of normal cells (117). The correlation between BRCA
mutation and prostate cancer is still in the research stage, and it is
controversial whether BRCA mutation carriers are the high-risk
group for prostate cancer, and at present, there is no evidence to
show the most suitable method for the treatment of BRCA
mutation-associated prostate cancer. Studies have shown that
BRCA mutation carriers in the mCRPC population have better
treatment outcomes compared to non-carriers, and that patients
with either BRCAI or BRCA2 mutations benefit from treatment
with abiraterone or enzalutamide (118). Therefore, exploring the
interrelationships of BRCA1 or BRCA2 with other genes and
pathways may offer further assistance in the treatment of BRCA
mutation-associated prostate cancer.

Src/Ras/extracellular signal-regulated kinase (Erk) pathway also
associated with prostate cancer progression. Src is a non-receptor
protein tyrosine kinase (119). Src could activate multiple
downstream signaling pathways, including the PI3K/AKT
pathway and the Ras/Erk pathway, which are important for cell
proliferation and DNA synthesis (120, 121). In prostate cancer cells,
androgens trigger the binding of AR to Src, this interaction activates
Src/Ras/Erk pathway and affects G1 to S cell cycle progression
(122). Migliaccio et al. identified an amino acid peptide that inhibits
the AR/Src interaction, which inhibits the binding of AR to Src and
the activation of the Src/Ras/Erk pathway (123). However, the
peptide had no such inhibitory effect in AR-negative prostate
cancer cell lines, suggesting that the peptide can only inhibit the
androgen receptor-dependent Src pathway in prostate cancer. In
addition, Src/Ras/Erk plays an important role in breast cancer,
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TABLE 2 The clinical trials that are ongoing to treat prostate cancer at different stages.

Gene PCa (Phase) CPRC (Phase)
Apalutamide (2)
NCTO01790126 Enzalutamide (3)
AR Goserelin (2) NCT00298155 NCT00974311

ARN-509 (2) NCT01790126
SHR3680 (3) NCT03520478

Abemaciclib (1/2)
Rb (CDK4/6) NCT05617885 N

Apalutamide (4) NCT04108208

mMCRPC (Phase) Limitations

Enzalutamide (4) NCT02116582
ARV-110 (1/2) NCT03888612

Apalutamide (1) NCT03523442

JNJ-56021927 (1) NCT02162836
TRC253 (1/2) NCT02987829
ARV-110 (1) NCT05177042

Inevitability of castration resistance

Palbociclib (2) NCT02905318
Ribociclib (1/2) NCT02494921
Abemaciclib (2/3) NCT03706365
TQB3616 (2) NCT05156450

Limited clinical trials
Questionable safety profile

Perifosine (2) NCT00060437

PTEN AZD2014 (1) NCT02064608 LY3023414 (2) NCT02407054 GSK2636771(1) NCT02215096 Limited clinical trials
(PI3K/AKT) ? AZD8186 (1) NCT01884285 Afuresertib (1/2) NCT04060394 Biomarkers needed for patient selection
Ipatasertib (3) NCT03072238
. . Bone-related toxicity
WNT FOXY-5 (1) NCT02020291 - Cirmtuzumab (1) NCT05156905 L. L. R
Limited clinical trials
APR-246 (1) NCT00900614 L. .. .
T Limited clinical trials
p53 PC14586 (1/2) NCT04585750 - Arsenic trioxide K
N Questionable safety profile
(2) NCT00004149
MYC - - ZEN-3694 (2) NCT04471974 Limited clinical trials

which has led to several studies of Src inhibitors (124). In an
ongoing phase 2 trial in prostate cancer, the effect of combining an
Src inhibitor with an AR inhibitor versus an AR inhibitor alone on
the development of EMT in prostate cancer was compared, but no
definitive results have been published (125).

In recent years, the development of immune checkpoint inhibitors
(ICIs) has transformed the treatment landscape for various
genitourinary malignancies. ICIs are innovative tumor therapeutic
agents that restore the body’s anti-tumor immunity by blocking the
tumor immune escape mechanism. However, the efficacy of ICIs in
prostate cancer remains limited, especially in cases of CRPC, which is
challenging to control with traditional therapies. Prostate cancer is
often considered an “immune-cold” tumor, characterized by a tumor
microenvironment with low immune activity, low tumor mutational
burden, interferon signaling dysregulation, and a complex
microenvironment, making it less responsive to monotherapy with
immunotherapy (126, 127). Recent studies have reported interactions
between genetic mutations and immune checkpoints in prostate
cancer, indicating that the loss of PTEN and p53 induces the
expression of B7-H3, an immune checkpoint molecule, and that
elevated B7-H3 contributes to tumor growth and immune
suppression of T cells and NK cells in PTEN/p53-deficient tumors
(128). Additionally, anti-angiogenesis therapy not only prunes blood
vessels essential for cancer growth and metastasis but also reprograms
the tumor immune microenvironment (129). Consequently,
combination therapy with ICIs and anti-angiogenesis agents can
effectively induce tumor regression in some cancer patients.
Nevertheless, achieving durable remission remains challenging for
advanced prostate cancer patients. Further research has revealed a
connection between gene mutations and anti-angiogenic therapy. In
prostate cancer, restoring PTEN activity by inhibiting the PI3K-Akt
pathway can re-sensitize cancer cells to anti-angiogenic therapy (130).
AR can upregulate epidermal growth factor receptor expression in
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prostate cancer cells (131). These findings suggest that further
exploration into the relationship between genomic mutations,
immune checkpoints, and anti-angiogenesis may offer innovative
approaches to prostate cancer treatment.

The treatment for patients with metastatic prostate cancer
includes radiopharmaceuticals in addition to the drugs listed above.
There are many types of radiopharmaceuticals used in mCRPC
patients. Strontium-89 (89Sr) has been shown to be very effective in
the treatment of patients with chemotherapy-refractory bone
metastases (132). Samarium-153 (153Sm) lexidronam (EDTMP) has
also been shown to provide significant pain relief in patients with bone
metastases (133). The most recent radiopharmaceutical available is
lutetium-177 (177Lu). The newest radiopharmaceutical currently on
the market is lutetium-177 (177Lu)-PSMA-617, which was approved
on 23 March 2022 by the US Food and Drug Administration. Patients
are eligible for this treatment if they have mCRPC, have been
previously treated with Androgen pathway inhibitors (ARPI) and
type chemotherapy, and have positive prostate-specific membrane
antigen (PSMA) imaging, indicating PSMA expression in metastatic
lesions (134). More research into PSMA-targeted therapies is currently
underway. Over the next decade, radiopharmaceuticals may play a
central role in the treatment of patients with advanced prostate cancer.

9 Conclusion

Rb, PTEN, WNT, p53, MYC and AR and their interactions play
important roles in regulating prostate cancer development.
Investigating the mechanisms of interaction between various
pathways and genes can help to identify new common target
genes and provide more effective therapeutic strategies to address
drug resistance in CRPC. In addition, treatment of these genes and
pathways in combination with immune checkpoints, anti-
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angiogenesis and radiopharmaceuticals may offer innovative
approaches to prostate cancer treatment. Such insights could
inform the selection of therapeutic strategies, thereby establishing
a robust foundation for the treatment of prostate cancer.

Author contributions

FW: Writing - original draft, Writing - review & editing. HZ:
Writing - review & editing. MH: Writing — review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer ] Clin.
(2024) 74:12-49. doi: 10.3322/caac.21820

2. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2024) 74:229-63. doi: 10.3322/
caac.21834

3. Bergengren O, Pekala KR, Matsoukas K, Fainberg J, Mungovan SF, Bratt O, et al.
2022 Update on prostate cancer epidemiology and risk factors-A systematic review. Eur
Urol. (2023) 84:191-206. doi: 10.1016/j.eururo.2023.04.021

4. Steinberg GD, Carter BS, Beaty TH, Childs B, Walsh PC. Family history and the
risk of prostate cancer. Prostate. (1990) 17:337-47. doi: 10.1002/pros.2990170409

5. Oczkowski M, Dziendzikowska K, Pasternak-Winiarska A, Wtodarek D,
Gromadzka-Ostrowska J. Dietary factors and prostate cancer development,
progression, and reduction. Nutrients. (2021) 13:496. doi: 10.3390/nu13020496

6. Rivera-Izquierdo M, Pérez de Rojas J, Martinez-Ruiz V, Pérez-Gomez B, Sanchez
M-], Khan KS, et al. Obesity as a risk factor for prostate cancer mortality: A systematic
review and dose-response meta-analysis of 280,199 patients. Cancers. (2021) 13:4169.
doi: 10.3390/cancers13164169

7. Dovey ZS, Nair SS, Chakravarty D, Tewari AK. Racial disparity in prostate cancer
in the African American population with actionable ideas and novel immunotherapies.
Cancer Rep (Hoboken NJ). (2021) 4:¢1340. doi: 10.1002/cnr2.1340

8. Powell IJ, Bock CH, Ruterbusch JJ, Sakr W. Evidence Supports a Faster Growth
Rate and/or Earlier Transformation to Clinically Significant Prostate Cancer in Black
than in White American Men, and Influences Racial Progression and Mortality
Disparity. J Urol. (2010) 183:1792-6. doi: 10.1016/j.juro.2010.01.015

9. Hamdy FC, Donovan JL, Lane JA, Mason M, Metcalfe C, Holding P, et al. Active
monitoring, radical prostatectomy and radical radiotherapy in PSA-detected clinically
localised prostate cancer: the protecT three-arm RCT. Health Technol Assess. (2020)
24:1-176. doi: 10.3310/hta24370

10. Senapati D, Kumari S, Heemers HV. Androgen receptor co-regulation in
prostate cancer. Asian J Urol. (2020) 7:219-32. doi: 10.1016/j.ajur.2019.09.005

11. Schweizer MT, Yu EY. AR—signaling in human Malignancies: prostate cancer
and beyond. Cancers (Basel). (2017) 9:7. doi: 10.3390/cancers9010007

12. Nanda JS, Koganti P, Perri G, Ellis L. Phenotypic plasticity - alternate
transcriptional programs driving treatment resistant prostate cancer. Crit Rev Oncog.
(2022) 27:45-60. doi: 10.1615/CritRevOncog.2022043096

13. Pienta KJ, Bradley D. Mechanisms underlying the development of androgen-
independent prostate cancer. Clin Cancer Res. (2006) 12:1665-71. doi: 10.1158/1078-
0432.CCR-06-0067

14. Montgomery RB, Mostaghel EA, Vessella R, Hess DL, Kalhorn TF, Higano CS,
et al. Maintenance of intratumoral androgens in metastatic prostate cancer: A
mechanism for castration-resistant tumor growth. Cancer Res. (2008) 68:4447-54.
doi: 10.1158/0008-5472.CAN-08-0249

15. Cato L, Shomali M. AR structural variants and prostate cancer. Adv Exp Med
Biol. (2022) 1390:195-211. doi: 10.1007/978-3-031-11836-4_11

16. Fletcher C. AR-v7 liquid biopsy for treatment stratification in prostate cancer:
how close are we? Curr Opin Urol. (2017) 27:500-9. doi: 10.1097/
MOU.0000000000000416

Frontiers in Oncology

10.3389/fonc.2025.1467540

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

17. Antonarakis ES, Lu C, Luber B, Wang H, Chen Y, Nakazawa M, et al. Androgen
receptor splice variant 7 and efficacy of taxane chemotherapy in patients with
metastatic castration-resistant prostate cancer. JAMA Oncol. (2015) 1:582-91.
doi: 10.1001/jamaoncol.2015.1341

18. Desai K, McManus JM, Sharifi N. Hormonal therapy for prostate cancer. Endocr
Rev. (2021) 42:354-73. doi: 10.1210/endrev/bnab002

19. Davis ID, Martin AJ, Stockler MR, Begbie S, Chi KN, Chowdhury S, et al.
Enzalutamide with standard first-line therapy in metastatic prostate cancer. N Engl |
Med. (2019) 381:121-31. doi: 10.1056/NEJM0al1903835

20. Yanagisawa T, Fukuokaya W, Hatakeyama S, Narita S, Muramoto K, Katsumi K,
et al. Comparison of abiraterone, enzalutamide, and apalutamide for metastatic
hormone-sensitive prostate cancer: A multicenter study. Prostate. (2024) 85(2):165—
74. doi: 10.1002/pros.24813

21. Lu C, Terbuch A, Dolling D, Yu J, Wang H, Chen Y, et al. Treatment with
abiraterone and enzalutamide does not overcome poor outcome from metastatic
castration-resistant prostate cancer in men with the germline homozygous HSD3B1
¢.1245C genotype. Ann Oncol. (2020) 31:1178-85. doi: 10.1016/j.annonc.2020.04.473

22. Scher HI, Fizazi K, Saad F, Taplin M-E, Sternberg CN, Miller K, et al. Increased
survival with enzalutamide in prostate cancer after chemotherapy. N Engl ] Med. (2012)
367:1187-97. doi: 10.1056/NEJMoal207506

23. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, Chu L, et al. Abiraterone
and increased survival in metastatic prostate cancer. N Engl ] Med. (2011) 364:1995—
2005. doi: 10.1056/NEJMoal014618

24. Nijhout HF. Development and evolution of adaptive polyphenisms. Evol Dev.
(2003) 5:9-18. doi: 10.1046/j.1525-142x.2003.03003.x

25. Lee WH, Bookstein R, Hong F, Young LJ, Shew JY, Lee EY. Human
retinoblastoma susceptibility gene: cloning, identification, and sequence. Science.
(1987) 235:1394-9. doi: 10.1126/science.3823889

26. Friend SH, Bernards R, Rogelj S, Weinberg RA, Rapaport JM, Albert DM, et al.
Human DNA segment with properties of the gene that predisposes to retinoblastoma
and osteosarcoma. Nature. (1986) 323:643-6. doi: 10.1038/323643a0

27. Henley SA, Dick FA. The retinoblastoma family of proteins and their regulatory
functions in the mammalian cell division cycle. Cell Div. (2012) 7:10. doi: 10.1186/
1747-1028-7-10

28. Barnum KJ, O’Connell MJ. Cell cycle regulation by checkpoints. Methods Mol
Biol. (2014) 1170:29-40. doi: 10.1007/978-1-4939-0888-2_2

29. Weinberg RA. The retinoblastoma protein and cell cycle control. Cell. (1995)
81:323-30. doi: 10.1016/0092-8674(95)90385-2

30. Narasimha AM, Kaulich M, Shapiro GS, Choi Y], Sicinski P, Dowdy SF. Cyclin D
activates the rb tumor suppressor by mono-phosphorylation. Elife. (2014) 3:¢02872.
doi: 10.7554/eLife.02872

31. Serrano M, Hannon GJ, Beach DA. New regulatory motif in cell-cycle control
causing specific inhibition of cyclin D/CDK4. Nature. (1993) 366:704-7. doi: 10.1038/
366704a0

32. Qiu X, Pascal LE, Song Q, Zang Y, Ai J, O’Malley KJ, et al. Physical and
functional interactions between ELL2 and RB in the suppression of prostate cancer cell
proliferation, migration, and invasion. Neoplasia. (2017) 19:207-15. doi: 10.1016/
jneo.2017.01.001

frontiersin.org


https://doi.org/10.3322/caac.21820
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/j.eururo.2023.04.021
https://doi.org/10.1002/pros.2990170409
https://doi.org/10.3390/nu13020496
https://doi.org/10.3390/cancers13164169
https://doi.org/10.1002/cnr2.1340
https://doi.org/10.1016/j.juro.2010.01.015
https://doi.org/10.3310/hta24370
https://doi.org/10.1016/j.ajur.2019.09.005
https://doi.org/10.3390/cancers9010007
https://doi.org/10.1615/CritRevOncog.2022043096
https://doi.org/10.1158/1078-0432.CCR-06-0067
https://doi.org/10.1158/1078-0432.CCR-06-0067
https://doi.org/10.1158/0008-5472.CAN-08-0249
https://doi.org/10.1007/978-3-031-11836-4_11
https://doi.org/10.1097/MOU.0000000000000416
https://doi.org/10.1097/MOU.0000000000000416
https://doi.org/10.1001/jamaoncol.2015.1341
https://doi.org/10.1210/endrev/bnab002
https://doi.org/10.1056/NEJMoa1903835
https://doi.org/10.1002/pros.24813
https://doi.org/10.1016/j.annonc.2020.04.473
https://doi.org/10.1056/NEJMoa1207506
https://doi.org/10.1056/NEJMoa1014618
https://doi.org/10.1046/j.1525-142x.2003.03003.x
https://doi.org/10.1126/science.3823889
https://doi.org/10.1038/323643a0
https://doi.org/10.1186/1747-1028-7-10
https://doi.org/10.1186/1747-1028-7-10
https://doi.org/10.1007/978-1-4939-0888-2_2
https://doi.org/10.1016/0092-8674(95)90385-2
https://doi.org/10.7554/eLife.02872
https://doi.org/10.1038/366704a0
https://doi.org/10.1038/366704a0
https://doi.org/10.1016/j.neo.2017.01.001
https://doi.org/10.1016/j.neo.2017.01.001
https://doi.org/10.3389/fonc.2025.1467540
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wu et al.

33. Maddison LA, Sutherland BW, Barrios RJ, Greenberg NM. Conditional deletion
of Rb causes early stage prostate cancer. Cancer Res. (2004) 64:6018-25. doi: 10.1158/
0008-5472.CAN-03-2509

34. Labrecque MP, Takhar MK, Nason R, Santacruz S, Tam KJ, Massah §, et al. The
retinoblastoma protein regulates hypoxia-inducible genetic programs, tumor cell
invasiveness and neuroendocrine differentiation in prostate cancer cells. Oncotarget.
(2016) 7:24284-302. doi: 10.18632/oncotarget.8301

35. Thangavel C, Boopathi E, Liu Y, Haber A, Ertel A, Bhardwaj A, et al. RB loss
promotes prostate cancer metastasis. Cancer Res. (2017) 77:982-95. doi: 10.1158/0008-
5472.CAN-16-1589

36. Jin X, Ding D, Yan Y, Li H, Wang B, Ma L, et al. Phosphorylated RB promotes
cancer immunity by inhibiting NF-xB activation and PD-L1 expression. Mol Cell.
(2019) 73:22-35.e6. doi: 10.1016/j.molcel.2018.10.034

37. Cunha GR, Donjacour AA, Cooke PS, Mee S, Bigsby RM, Higgins SJ, et al. The
endocrinology and developmental biology of the prostate. Endocr Rev. (1987) 8:338-62.
doi: 10.1210/edrv-8-3-338

38. Fribourg AF, Knudsen KE, Strobeck MW, Lindhorst CM, Knudsen ES.
Differential requirements for ras and the retinoblastoma tumor suppressor protein in
the androgen dependence of prostatic adenocarcinoma cells. Cell Growth Differ. (2000)
11:361-72.

39. Knudsen KE, Arden KC, Cavenee WK. Multiple GI regulatory elements control
the androgen-dependent proliferation of prostatic carcinoma cells. J Biol Chem. (1998)
273:20213-22. doi: 10.1074/jbc.273.32.20213

40. Sharma A, Yeow W-S, Ertel A, Coleman I, Clegg N, Thangavel C, et al. The
retinoblastoma tumor suppressor controls androgen signaling and human prostate
cancer progression. J Clin Invest. (2010) 120:4478-92. doi: 10.1172/JCI44239

41. Gupta S, Vanderbilt C, Abida W, Fine SW, Tickoo SK, Al-Ahmadie HA, et al.
Immunohistochemistry-based assessment of androgen receptor status and the AR-null
phenotype in metastatic castrate resistant prostate cancer. Prostate Cancer Prostatic
Dis. (2020) 23:507-16. doi: 10.1038/s41391-020-0214-6

42. Han W, Liu M, Han D, Li M, Toure AA, Wang Z, et al. RB1 loss in castration-
resistant prostate cancer confers vulnerability to LSD1 inhibition. Oncogene. (2022)
41:852-64. doi: 10.1038/s41388-021-02135-3

43. Mandigo AC, Shafi AA, McCann JJ, Yuan W, Laufer TS, Bogdan D, et al. Novel
oncogenic transcription factor cooperation in RB-deficient cancer. Cancer Res. (2022)
82:221-34. doi: 10.1158/0008-5472.CAN-21-1159

44. Macleod KF. The RB tumor suppressor: A gatekeeper to hormone independence
in prostate cancer? J Clin Invest. (2010) 120:4179-82. doi: 10.1172/JCI45406

45. Balk SP, Knudsen KE. AR, the cell cycle, and prostate cancer. Nucl Recept Signal.
(2008) 6:¢001. doi: 10.1621/nrs.06001

46. Finn RS, Rugo HS, Gelmon KA, Cristofanilli M, Colleoni M, Loi S, et al. Long-
term pooled safety analysis of palbociclib in combination with endocrine therapy for
hormone receptor-positive/human epidermal growth factor receptor 2-negative
advanced breast cancer: updated analysis with up to 5 Years of follow-up. Oncologist.
(2021) 26:€749-55. doi: 10.1002/0nco.13684

47. Goetz MP, Toi M, Huober J, Sohn J, Tredan O, Park IH, et al. Abemaciclib plus a
nonsteroidal aromatase inhibitor as initial therapy for HR+, HER2- advanced breast
cancer: final overall survival results of MONARCH 3. Ann Oncol. (2024) 35:718-27.
doi: 10.1016/j.annonc.2024.04.013

48. Mayayo-Peralta I, Faggion B, Hoekman L, Morris B, Lieftink C, Goldsbrough I,
et al. Ribociclib induces broad chemotherapy resistance and EGFR dependency in ESR1
wildtype and mutant breast cancer. Cancers. (2021) 13:6314. doi: 10.3390/
cancers13246314

49. Peuker CA, Yaghobramzi S, Grunert C, Keilholz L, Gjerga E, Hennig S, et al.
Treatment with ribociclib shows favourable immunomodulatory effects in patients with
hormone receptor-positive breast cancer-findings from the RIBECCA trial. Eur ]
Cancer (Oxford England: 1990). (2022) 162:45-55. doi: 10.1016/j.ejca.2021.11.025

50. Smith MR, Piulats JM, Todenhofer T, Lee J-L, Arranz Arija JA, Mazilu L, et al.
CYCLONE 2: A phase 3 study of abemaciclib with abiraterone in patients with
metastatic castration-resistant prostate cancer. JCO. (2024) 42:5001-1. doi: 10.1200/
JC0.2024.42.16_suppl.5001

51. Georgescu MM, Kirsch KH, Akagi T, Shishido T, Hanafusa H. The tumor-
suppressor activity of PTEN is regulated by its carboxyl-terminal region. Proc Natl
Acad Sci U.S.A. (1999) 96:10182-7. doi: 10.1073/pnas.96.18.10182

52. Fruman DA, Chiu H, Hopkins BD, Bagrodia S, Cantley LC, Abraham RT. The
PI3K pathway in human disease. Cell. (2017) 170:605-35. doi: 10.1016/
j.cell.2017.07.029

53. Maehama T, Dixon JE. The tumor suppressor, PTEN/MMACI,
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. J Biol Chem. (1998) 273:13375-8. doi: 10.1074/jbc.273.22.13375

54. Choudhury AD. PTEN-PI3K pathway alterations in advanced prostate cancer
and clinical implications. Prostate. (2022) 82 Suppl 1:560-72. doi: 10.1002/pros.24372

55. Majumder PK, Febbo PG, Bikoff R, Berger R, Xue Q, McMahon LM, et al. nTOR
inhibition reverses Akt-dependent prostate intraepithelial neoplasia through regulation
of apoptotic and HIF-1-dependent pathways. Nat Med. (2004) 10:594-601.
doi: 10.1038/nm1052

56. Abou-Ouf H, Assem H, Ghosh S, Karnes R]J, Stoletov K, Palanisamy N, et al.
High serine-arginine protein kinase 1 expression with PTEN loss defines aggressive

Frontiers in Oncology

11

10.3389/fonc.2025.1467540

phenotype of prostate cancer associated with lethal outcome and decreased overall
survival. Eur Urol Open Sci. (2021) 23:1-8. doi: 10.1016/j.euros.2020.11.005

57. Alzoubi A, Al Bashir S, Smairat A, Alrawashdeh A, Haddad H, Kheirallah K.
PTEN loss is not a determinant of time to castration-resistance following androgen-
deprivation therapy in prostate cancer: A study from Jordan. ] Med Life. (2023) 16:593—
8. doi: 10.25122/jml-2023-0034

58. Jamaspishvili T, Berman DM, Ross AE, Scher HI, De Marzo AM, Squire JA, et al.
Clinical implications of PTEN loss in prostate cancer. Nat Rev Urol. (2018) 15:222-34.
doi: 10.1038/nrurol.2018.9

59. Lotan TL, Wei W, Morais CL, Hawley ST, Fazli L, Hurtado-Coll A, et al. PTEN
loss as determined by clinical-grade immunohistochemistry assay is associated with
worse recurrence-free survival in prostate cancer. Eur Urol Focus. (2016) 2:180-8.
doi: 10.1016/j.euf.2015.07.005

60. Roudsari NM, Lashgari N-A, Momtaz S, Abaft S, Jamali F, Safaiepour P, et al.
Inhibitors of the PI3K/Akt/mTOR pathway in prostate cancer chemoprevention and
intervention. Pharmaceutics. (2021) 13:1195. doi: 10.3390/pharmaceutics13081195

61. Wang Y, Mikhailova M, Bose S, Pan C-X, deVere White RW, Ghosh PM.
Regulation of androgen receptor transcriptional activity by rapamycin in prostate
cancer cell proliferation and survival. Oncogene. (2008) 27:7106-17. doi: 10.1038/
onc.2008.318

62. Sweeney CJ, Percent IJ, Babu S, Cultrera JL, Mehlhaft BA, Goodman OB, et al.
Phase Ib/IT study of enzalutamide with samotolisib (LY3023414) or placebo in patients
with metastatic castration-resistant prostate cancer. Clin Cancer Res. (2022) 28:2237-
47. doi: 10.1158/1078-0432.CCR-21-2326

63. Sweeney C, Bracarda S, Sternberg CN, Chi KN, Olmos D, Sandhu S, et al.
Ipatasertib plus abiraterone and prednisolone in metastatic castration-resistant prostate
cancer (IPATential150): A multicentre, randomised, double-blind, phase 3 trial. Lancet.
(2021) 398:131-42. doi: 10.1016/S0140-6736(21)00580-8

64. Nitulescu GM, Margina D, Juzenas P, Peng Q, Olaru OT, Saloustros E, et al. Akt
inhibitors in cancer treatment: the long journey from drug discovery to clinical use
(Review). Int J Oncol. (2016) 48:869-85. doi: 10.3892/ij0.2015.3306

65. Nusse R, Clevers H. Wnt/B-catenin signaling, disease, and emerging therapeutic
modalities. Cell. (2017) 169:985-99. doi: 10.1016/j.cell.2017.05.016

66. Clevers H, Nusse R. Wnt/B-catenin signaling and disease. Cell. (2012) 149:1192-
205. doi: 10.1016/j.cell.2012.05.012

67. Bisson I, Prowse DM. WNT signaling regulates self-renewal and differentiation
of prostate cancer cells with stem cell characteristics. Cell Res. (2009) 19:683-97.
doi: 10.1038/cr.2009.43

68. Wang B, Wang X, Long JE, Eastham-Anderson J, Firestein R, Junttila MR.
Castration-resistant Lgr5(+) cells are long-lived stem cells required for prostatic
regeneration. Stem Cell Rep. (2015) 4:768-79. doi: 10.1016/j.stemcr.2015.04.003

69. Wang Y, Singhal U, Qiao Y, Kasputis T, Chung J-S, Zhao H, et al. Wnt signaling
drives prostate cancer bone metastatic tropism and invasion. Transl Oncol. (2020)
13:100747. doi: 10.1016/j.tranon.2020.100747

70. Lee SH, Luong R, Johnson DT, Cunha GR, Rivina L, Gonzalgo ML, et al.
Androgen signaling is a confounding factor for B-catenin-mediated prostate
tumorigenesis. Oncogene. (2016) 35:702-14. doi: 10.1038/0nc.2015.117

71. Pak S, Park S, Kim Y, Park J-H, Park C-H, Lee K-J, et al. The small molecule
WNT/B-catenin inhibitor CWP232291 blocks the growth of castration-resistant
prostate cancer by activating the endoplasmic reticulum stress pathway. J Exp Clin
Cancer Res. (2019) 38:342. doi: 10.1186/s13046-019-1342-5

72. Mckay R. A Phase 1b Trial Investigating Docetaxel Combined with Cirmtuzumab
in Patients with Metastatic Castration Resistant Prostate Cancer. clinicaltrials.gov
(2024).

73. WntResearch AB. Phase I Dose Escalating Study to Evaluate the Safety,
Tolerability, Anti-Tumour Activity and Pharmacokinetic and Pharmacodynamic
Profiles of Foxy-5 in Patients With Metastatic Breast, Colon or Prostate Cancer.
clinicaltrials.gov (2016).

74. Linzer DI, Levine AJ. Characterization of a 54K Dalton cellular SV40 tumor
antigen present in SV40-transformed cells and uninfected embryonal carcinoma cells.
Cell. (1979) 17:43-52. doi: 10.1016/0092-8674(79)90293-9

75. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. The P21 Cdk-
interacting protein Cipl is a potent inhibitor of G1 cyclin-dependent kinases. Cell.
(1993) 75:805-16. doi: 10.1016/0092-8674(93)90499-g

76. Martin-Caballero J, Flores JM, Garcia-Palencia P, Serrano M. Tumor
susceptibility of P21(Wafl/Cip1)-deficient mice. Cancer Res. (2001) 61:6234-8.

77. Heidenberg HB, Bauer JJ, McLeod DG, Moul JW, Srivastava S. The role of the
P53 tumor suppressor gene in prostate cancer: A possible biomarker? Urology. (1996)
48:971-9. doi: 10.1016/50090-4295(96)00365-2

78. Donehower LA, Soussi T, Korkut A, Liu Y, Schultz A, Cardenas M, et al.
Integrated analysis of TP53 gene and pathway alterations in the cancer genome atlas.
Cell Rep. (2019) 28:1370-1384.¢5. doi: 10.1016/j.celrep.2019.07.001

79. Ding D, Blee AM, Zhang ], Pan Y, Becker NA, Maher L], et al. Gain-of-function
mutant P53 together with ERG proto-oncogene drive prostate cancer by beta-catenin
activation and pyrimidine synthesis. Nat Commun. (2023) 14:4671. doi: 10.1038/
541467-023-40352-4

80. Cotter K, Rubin MA. The evolving landscape of prostate cancer somatic
mutations. Prostate. (2022) 82:513-S24. doi: 10.1002/pros.24353

frontiersin.org


https://doi.org/10.1158/0008-5472.CAN-03-2509
https://doi.org/10.1158/0008-5472.CAN-03-2509
https://doi.org/10.18632/oncotarget.8301
https://doi.org/10.1158/0008-5472.CAN-16-1589
https://doi.org/10.1158/0008-5472.CAN-16-1589
https://doi.org/10.1016/j.molcel.2018.10.034
https://doi.org/10.1210/edrv-8-3-338
https://doi.org/10.1074/jbc.273.32.20213
https://doi.org/10.1172/JCI44239
https://doi.org/10.1038/s41391-020-0214-6
https://doi.org/10.1038/s41388-021-02135-3
https://doi.org/10.1158/0008-5472.CAN-21-1159
https://doi.org/10.1172/JCI45406
https://doi.org/10.1621/nrs.06001
https://doi.org/10.1002/onco.13684
https://doi.org/10.1016/j.annonc.2024.04.013
https://doi.org/10.3390/cancers13246314
https://doi.org/10.3390/cancers13246314
https://doi.org/10.1016/j.ejca.2021.11.025
https://doi.org/10.1200/JCO.2024.42.16_suppl.5001
https://doi.org/10.1200/JCO.2024.42.16_suppl.5001
https://doi.org/10.1073/pnas.96.18.10182
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1074/jbc.273.22.13375
https://doi.org/10.1002/pros.24372
https://doi.org/10.1038/nm1052
https://doi.org/10.1016/j.euros.2020.11.005
https://doi.org/10.25122/jml-2023-0034
https://doi.org/10.1038/nrurol.2018.9
https://doi.org/10.1016/j.euf.2015.07.005
https://doi.org/10.3390/pharmaceutics13081195
https://doi.org/10.1038/onc.2008.318
https://doi.org/10.1038/onc.2008.318
https://doi.org/10.1158/1078-0432.CCR-21-2326
https://doi.org/10.1016/S0140-6736(21)00580-8
https://doi.org/10.3892/ijo.2015.3306
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1038/cr.2009.43
https://doi.org/10.1016/j.stemcr.2015.04.003
https://doi.org/10.1016/j.tranon.2020.100747
https://doi.org/10.1038/onc.2015.117
https://doi.org/10.1186/s13046-019-1342-5
https://doi.org/10.1016/0092-8674(79)90293-9
https://doi.org/10.1016/0092-8674(93)90499-g
https://doi.org/10.1016/s0090-4295(96)00365-2
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1038/s41467-023-40352-4
https://doi.org/10.1038/s41467-023-40352-4
https://doi.org/10.1002/pros.24353
https://doi.org/10.3389/fonc.2025.1467540
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wou et al.

81. Pa M, Kh V. Mutant P53 in cancer: new functions and therapeutic opportunities.
Cancer Cell. (2014) 25:304-17. doi: 10.1016/j.ccr.2014.01.021

82. Ecke TH, Schlechte HH, Schiemenz K, Sachs MD, Lenk SV, Rudolph BD, et al.
TP53 gene mutations in prostate cancer progression. Anticancer Res. (2010) 30:1579-86.

83. Beltran H, Prandi D, Mosquera JM, Benelli M, Puca L, Cyrta J, et al. Divergent
clonal evolution of castration-resistant neuroendocrine prostate cancer. Nat Med.
(2016) 22:298-305. doi: 10.1038/nm.4045

84. Wang Y, Zhang YX, Kong CZ, Zhang Z, Zhu YY. Loss of P53 facilitates invasion
and metastasis of prostate cancer cells. Mol Cell Biochem. (2013) 384:121-7.
doi: 10.1007/s11010-013-1789-1

85. Liu W, Xie CC, Thomas CY, Kim S-T, Lindberg J, Egevad L, et al. Genetic
markers associated with early cancer-specific mortality following prostatectomy.
Cancer. (2013) 119:2405-12. doi: 10.1002/cncr.27954

86. Navone NM, Troncoso P, Pisters LL, Goodrow TL, Palmer JL, Nichols WW,
et al. P53 protein accumulation and gene mutation in the progression of human
prostate carcinoma. J Natl Cancer Inst. (1993) 85:1657-69. doi: 10.1093/jnci/85.20.1657

87. Fonseca GN, Srougi M, Leite KRM, Nesrallah L], Ortiz V. The role of HER2/
Neu, BCL2, P53 genes and proliferating cell nuclear protein as molecular prognostic
parameters in localized prostate carcinoma. Sao Paulo Med J. (2004) 122:124-7.
doi: 10.1590/s1516-31802004000300009

88. Schlomm T, Iwers L, Kirstein P, Jessen B, Kéllermann J, Minner S, et al. Clinical
significance of P53 alterations in surgically treated prostate cancers. Mod Pathol. (2008)
21:1371-8. doi: 10.1038/modpathol.2008.104

89. Zhou Z, Flesken-Nikitin A, Corney DC, Wang W, Goodrich DW, Roy-Burman
P, et al. Synergy of P53 and Rb deficiency in a conditional mouse model for metastatic
prostate cancer. Cancer Res. (2006) 66:7889-98. doi: 10.1158/0008-5472.CAN-06-0486

90. Mu P, Zhang Z, Benelli M, Karthaus WR, Hoover E, Chen C-C, et al. SOX2
promotes lineage plasticity and antiandrogen resistance in TP53- and RB1-deficient
prostate cancer. Science. (2017) 355:84-8. doi: 10.1126/science.aah4307

91. Blee AM, He Y, Yang Y, Ye Z, Yan Y, Pan Y, et al. TMPRSS2-ERG controls
luminal epithelial lineage and antiandrogen sensitivity in PTEN and TP53-mutated
prostate cancer. Clin Cancer Res. (2018) 24:4551-65. doi: 10.1158/1078-0432.CCR-18-
0653

92. Martin P, Liu Y-N, Pierce R, Abou-Kheir W, Casey O, Seng V, et al. Prostate
epithelial Pten/TP53 loss leads to transformation of multipotential progenitors and
epithelial to mesenchymal transition. Am ] Pathol. (2011) 179:422-35. doi: 10.1016/
j.ajpath.2011.03.035

93. Ku SY, Rosario S, Wang Y, Mu P, Seshadri M, Goodrich ZW, et al. Rbl and
Trp53 cooperate to suppress prostate cancer lineage plasticity, metastasis, and
antiandrogen resistance. Science. (2017) 355:78-83. doi: 10.1126/science.aah4199

94. Cronauer MV, Schulz WA, Burchardt T, Ackermann R, Burchardt M. Inhibition
of P53 function diminishes androgen receptor-mediated signaling in prostate cancer
cell lines. Oncogene. (2004) 23:3541-9. doi: 10.1038/sj.0nc.1207346

95. Jiang A, Yu C, Zhang P, Chen W, Liu W, Hu X, et al. P53 overexpression
represses androgen-mediated induction of NKX3.1 in a prostate cancer cell line. Exp
Mol Med. (2006) 38:625-33. doi: 10.1038/emm.2006.74

96. Ashikari D, Takayama K, Tanaka T, Suzuki Y, Obinata D, Fujimura T, et al.
Androgen induces G3BP2 and SUMO-mediated P53 nuclear export in prostate cancer.
Oncogene. (2017) 36:6272-81. doi: 10.1038/0nc.2017.225

97. Lehmann BD, McCubrey JA, Jefferson HS, Paine MS, Chappell WH, Terrian
DMA. Dominant role for P53-dependent cellular senescence in radiosensitization of
human prostate cancer cells. Cell Cycle. (2007) 6:595-605. doi: 10.4161/cc.6.5.3901

98. Zhou X, Zou L, Chen W, Yang T, Luo J, Wu K, et al. Flubendazole, FDA-
approved anthelmintic, elicits valid antitumor effects by targeting P53 and promoting
ferroptosis in castration-resistant prostate cancer. Pharmacol Res. (2021) 164:105305.
doi: 10.1016/j.phrs.2020.105305

99. Dalla-Favera R, Bregni M, Erikson J, Patterson D, Gallo RC, Croce CM. Human
C-Myc Onc gene is located on the region of chromosome 8 that is translocated in
Burkitt lymphoma cells. Proc Natl Acad Sci U.S.A. (1982) 79:7824-7. doi: 10.1073/
pnas.79.24.7824

100. Zelinski T, Verville G, White L, Hamerton JL, McAlpine PJ, Lewis M.
Confirmation of the assignment of MYCL to chromosome 1 in humans and its
position relative to RH, UMPK, and PGM1. Genomics. (1988) 2:154-6. doi: 10.1016/
0888-7543(88)90097-3

101. Ruiz-Pérez MV, Henley AB, Arsenian-Henriksson M. The MYCN protein in
health and disease. Genes (Basel). (2017) 8:113. doi: 10.3390/genes8040113

102. Qiu X, Boufaied N, Hallal T, Feit A, de Polo A, Luoma AM, et al. MYC drives
aggressive prostate cancer by disrupting transcriptional pause release at androgen
receptor targets. Nat Commun. (2022) 13:2559. doi: 10.1038/s41467-022-30257-z

103. Zhang E, Chen Z, Liu W, Lin L, Wu L, Guan J, et al. NCAPG2 promotes
prostate cancer Malignancy and stemness via STAT3/c-MYC signaling. ] Transl Med.
(2024) 22:12. doi: 10.1186/s12967-023-04834-9

104. Clegg NJ, Couto SS, Wongvipat ], Hieronymus H, Carver BS, Taylor BS, et al.
MYC cooperates with AKT in prostate tumorigenesis and alters sensitivity to mTOR
inhibitors. PloS One. (2011) 6:e17449. doi: 10.1371/journal.pone.0017449

Frontiers in Oncology

10.3389/fonc.2025.1467540

105. Ellwood-Yen K, Graeber TG, Wongvipat J, Iruela-Arispe ML, Zhang J, Matusik
R, et al. Myc-driven murine prostate cancer shares molecular features with human
prostate tumors. Cancer Cell. (2003) 4:223-38. doi: 10.1016/s1535-6108(03)00197-1

106. Iwata T, Schultz D, Hicks J, Hubbard GK, Mutton LN, Lotan TL, et al. MYC
overexpression induces prostatic intraepithelial neoplasia and loss of Nkx3.1 in mouse
luminal epithelial cells. PloS One. (2010) 5:¢9427. doi: 10.1371/journal.pone.0009427

107. Dardenne E, Beltran H, Benelli M, Gayvert K, Berger A, Puca L, et al. N-Myc
induces an EZH2-mediated transcriptional program driving neuroendocrine prostate
cancer. Cancer Cell. (2016) 30:563-77. doi: 10.1016/j.ccell.2016.09.005

108. Arriaga JM, Panja S, Alshalalfa M, Zhao ], Zou M, Giacobbe A, et al. A MYC
and RAS co-activation signature in localized prostate cancer drives bone metastasis and
castration resistance. Nat Cancer. (2020) 1:1082-96. doi: 10.1038/s43018-020-00125-0

109. Hubbard GK, Mutton LN, Khalili M, McMullin RP, Hicks JL, Bianchi-Frias D,
et al. Combined MYC activation and Pten loss are sufficient to create genomic
instability and lethal metastatic prostate cancer. Cancer Res. (2016) 76:283-92.
doi: 10.1158/0008-5472.CAN-14-3280

110. Bai S, Cao S, Jin L, Kobelski M, Schouest B, Wang X, et al. A positive role of C-
Myc in regulating androgen receptor and its splice variants in prostate cancer.
Oncogene. (2019) 38:4977-89. doi: 10.1038/s41388-019-0768-8

111. Wyce A, Degenhardt Y, Bai Y, Le B, Korenchuk S, Crouthame M-C, et al.
Inhibition of BET bromodomain proteins as a therapeutic approach in prostate cancer.
Oncotarget. (2013) 4:2419-29. doi: 10.18632/oncotarget.1572

112. Asangani IA, Dommeti VL, Wang X, Malik R, Cieslik M, Yang R, et al
Therapeutic targeting of BET bromodomain proteins in castration-resistant prostate
cancer. Nature. (2014) 510:278-82. doi: 10.1038/nature13229

113. Kirschner AN, Wang J, van der Meer R, Anderson PD, Franco-Coronel OE,
Kushner MH, et al. PIM kinase inhibitor AZD1208 for treatment of MYC-driven
prostate cancer. ] Natl Cancer Inst. (2015) 107:dju407. doi: 10.1093/jnci/dju407

114. Ton A-T, Singh K, Morin H, Ban F, Leblanc E, Lee J, et al. Dual-inhibitors of N-
myc and AURKA as potential therapy for neuroendocrine prostate cancer. Int ] Mol Sci.
(2020) 21:8277. doi: 10.3390/ijms21218277

115. Mo H, Renna CE, Moore HCF, Abraham J, Kruse ML, Montero A]J, et al. Real-
world outcomes of everolimus and exemestane for the treatment of metastatic hormone
receptor-positive breast cancer in patients previously treated with CDK4/6 inhibitors.
Clin Breast Cancer. (2022) 22:143-8. doi: 10.1016/.clbc.2021.10.002

116. Castro E, Goh C, Olmos D, Saunders E, Leongamornlert D, Tymrakiewicz M,
et al. Germline BRCA mutations are associated with higher risk of nodal involvement,
distant metastasis, and poor survival outcomes in prostate cancer. J Clin Oncology: Off ]
Am Soc Clin Oncol. (2013) 31:1748-57. doi: 10.1200/JC0O.2012.43.1882

117. Varol U, Kucukzeybek Y, Alacacioglu A, Somali I, Altun Z, Aktas S, et al. BRCA
genes: BRCA 1 and BRCA 2. ] BUON: Off ] Balkan Union Oncol. (2018) 23:862-6.

118. Antonarakis ES, Lu C, Luber B, Liang C, Wang H, Chen Y, et al. Germline
DNA-repair gene mutations and outcomes in men with metastatic castration-resistant
prostate cancer receiving first-line abiraterone and enzalutamide. Eur Urol. (2018)
74:218-25. doi: 10.1016/j.eururo.2018.01.035

119. Roskoski R. Src protein-tyrosine kinase structure, mechanism, and small
molecule inhibitors. Pharmacol Res. (2015) 94:9-25. doi: 10.1016/j.phrs.2015.01.003

120. Machida K, Matsuda S, Yamaki K, Senga T, Thant AA, Kurata H, et al. V-Src
suppresses SHPS-1 expression via the Ras-MAP kinase pathway to promote the
oncogenic growth of cells. Oncogene. (2000) 19:1710-8. doi: 10.1038/sj.0onc.1203497

121. Liu H, Xu J, Zhou L, Yun X, Chen L, Wang S, et al. Hepatitis B virus large
surface antigen promotes liver carcinogenesis by activating the Src/PI3K/Akt pathway.
Cancer Res. (2011) 71:7547-57. doi: 10.1158/0008-5472.CAN-11-2260

122. Migliaccio A, Castoria G, Di Domenico M, de Falco A, Bilancio A, Lombardi M,
et al. Steroid-induced androgen receptor-oestradiol receptor beta-Src complex triggers
prostate cancer cell proliferation. EMBO J. (2000) 19:5406-17. doi: 10.1093/emboj/
19.20.5406

123. Migliaccio A, Varricchio L, De Falco A, Castoria G, Arra C, Yamaguchi H, et al.
Inhibition of the SH3 domain-mediated binding of Src to the androgen receptor and its
effect on tumor growth. Oncogene. (2007) 26:6619-29. doi: 10.1038/sj.0nc.1210487

124. Migliaccio A, Di Domenico M, Castoria G, Nanayakkara M, Lombardi M, de
Falco A, et al. Steroid receptor regulation of epidermal growth factor signaling through
Src in breast and prostate cancer cells: steroid antagonist action. Cancer Res. (2005)
65:10585-93. doi: 10.1158/0008-5472.CAN-05-0912

125. Jonsson Comprehensive Cancer Center. An Open-Label, Neoadjuvant Phase 2
Study Comparing the Effects of AR Inhibition With and Without SRC or MEK Inhibition
on the Development of EMT in Prostate Cancer. clinicaltrials.gov (2024).

126. Venkatachalam S, McFarland TR, Agarwal N, Swami U. Immune checkpoint
inhibitors in prostate cancer. Cancers. (2021) 13:2187. doi: 10.3390/cancers13092187

127. Claps M, Mennitto A, Guadalupi V, Sepe P, Stellato M, Zattarin E, et al.
Immune-checkpoint inhibitors and metastatic prostate cancer therapy: learning by
making mistakes. Cancer Treat Rev. (2020) 88:102057. doi: 10.1016/j.ctrv.2020.102057

128. Shi W, Wang Y, Zhao Y,Kim JJ, LiH , Meng C, et al. Immune checkpoint B7-
H3 is a therapeutic vulnerability in prostate cancer harboring PTEN and TP53
deficiencies. Sci Transl Med. (2023) 15:eadf6724. doi: 10.1126/scitranslmed.adf6724

frontiersin.org


https://doi.org/10.1016/j.ccr.2014.01.021
https://doi.org/10.1038/nm.4045
https://doi.org/10.1007/s11010-013-1789-1
https://doi.org/10.1002/cncr.27954
https://doi.org/10.1093/jnci/85.20.1657
https://doi.org/10.1590/s1516-31802004000300009
https://doi.org/10.1038/modpathol.2008.104
https://doi.org/10.1158/0008-5472.CAN-06-0486
https://doi.org/10.1126/science.aah4307
https://doi.org/10.1158/1078-0432.CCR-18-0653
https://doi.org/10.1158/1078-0432.CCR-18-0653
https://doi.org/10.1016/j.ajpath.2011.03.035
https://doi.org/10.1016/j.ajpath.2011.03.035
https://doi.org/10.1126/science.aah4199
https://doi.org/10.1038/sj.onc.1207346
https://doi.org/10.1038/emm.2006.74
https://doi.org/10.1038/onc.2017.225
https://doi.org/10.4161/cc.6.5.3901
https://doi.org/10.1016/j.phrs.2020.105305
https://doi.org/10.1073/pnas.79.24.7824
https://doi.org/10.1073/pnas.79.24.7824
https://doi.org/10.1016/0888-7543(88)90097-3
https://doi.org/10.1016/0888-7543(88)90097-3
https://doi.org/10.3390/genes8040113
https://doi.org/10.1038/s41467-022-30257-z
https://doi.org/10.1186/s12967-023-04834-9
https://doi.org/10.1371/journal.pone.0017449
https://doi.org/10.1016/s1535-6108(03)00197-1
https://doi.org/10.1371/journal.pone.0009427
https://doi.org/10.1016/j.ccell.2016.09.005
https://doi.org/10.1038/s43018-020-00125-0
https://doi.org/10.1158/0008-5472.CAN-14-3280
https://doi.org/10.1038/s41388-019-0768-8
https://doi.org/10.18632/oncotarget.1572
https://doi.org/10.1038/nature13229
https://doi.org/10.1093/jnci/dju407
https://doi.org/10.3390/ijms21218277
https://doi.org/10.1016/j.clbc.2021.10.002
https://doi.org/10.1200/JCO.2012.43.1882
https://doi.org/10.1016/j.eururo.2018.01.035
https://doi.org/10.1016/j.phrs.2015.01.003
https://doi.org/10.1038/sj.onc.1203497
https://doi.org/10.1158/0008-5472.CAN-11-2260
https://doi.org/10.1093/emboj/19.20.5406
https://doi.org/10.1093/emboj/19.20.5406
https://doi.org/10.1038/sj.onc.1210487
https://doi.org/10.1158/0008-5472.CAN-05-0912
https://doi.org/10.3390/cancers13092187
https://doi.org/10.1016/j.ctrv.2020.102057
https://doi.org/10.1126/scitranslmed.adf6724
https://doi.org/10.3389/fonc.2025.1467540
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wu et al.

129. Yi M, Jiao D, Qin S, Chu Q, Wu K, Li A. Synergistic effect of immune
checkpoint blockade and anti-angiogenesis in cancer treatment. Mol Cancer. (2019)
18:60. doi: 10.1186/s12943-019-0974-6

130. Makhov PB, Golovine K, Kutikov A, Teper E, Canter DJ, Simhan J, et al.
Modulation of Akt/mTOR signaling overcomes sunitinib resistance in renal and prostate
cancer cells. Mol Cancer Ther. (2012) 11:1510-7. doi: 10.1158/1535-7163.MCT-11-0907

131. Pignon J-C, Koopmansch B, Nolens G, Delacroix L, Waltregny D, Winkler R.
Androgen receptor controls EGFR and ERBB2 gene expression at different levels in prostate
cancer cell lines. Cancer Res. (2009) 69:2941-9. doi: 10.1158/0008-5472.CAN-08-3760

Frontiers in Oncology

13

10.3389/fonc.2025.1467540

132. Gunawardana DH, Lichtenstein M, Better N, Rosenthal M. Results of
strontium-89 therapy in patients with prostate cancer resistant to chemotherapy.
Clin Nucl Med. (2004) 29:81-5. doi: 10.1097/01.rlu.0000109721.58471.44

133. Serafini AN, Houston SJ, Resche I, Quick DP, Grund FM, Ell PJ, et al. Palliation
of pain associated with metastatic bone cancer using samarium-153 lexidronam: A
double-blind placebo-controlled clinical trial. J Clin Oncol. (1998) 16:1574-81.
doi: 10.1200/JC0O.1998.16.4.1574

134. FDA approves pluvicto/locametz for metastatic castration-resistant prostate
cancer. ] Nucl Med: Off Publication Soc Nucl Med. (2022) 63:13N.

frontiersin.org


https://doi.org/10.1186/s12943-019-0974-6
https://doi.org/10.1158/1535-7163.MCT-11-0907
https://doi.org/10.1158/0008-5472.CAN-08-3760
https://doi.org/10.1097/01.rlu.0000109721.58471.44
https://doi.org/10.1200/JCO.1998.16.4.1574
https://doi.org/10.3389/fonc.2025.1467540
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Interactions between key genes and pathways in prostate cancer progression and therapy resistance
	1 Introduction
	2 Androgen receptor
	2.1 Role of AR in prostate cancer
	2.2 Mechanisms of resistance to ADT
	2.3 Emerging therapies and challenges

	3 Retinoblastoma
	3.1 Mechanisms of cell cycle regulation by retinoblastoma
	3.2 Role of retinoblastoma in prostate cancer
	3.3 Emerging therapies and challenges

	4 PTEN
	4.1 Mechanisms of PTEN in cell proliferation and apoptosis
	4.2 Role of PTEN in prostate cancer
	4.3 Emerging therapies and challenges

	5 WNT
	5.1 Mechanisms of WNT in cell proliferation and apoptosis
	5.2 Role of WNT in prostate cancer
	5.3 Emerging therapies and challenges

	6 p53
	6.1 Mechanisms of p53 in cell cycle and DNA repair
	6.2 Role of p53 in prostate cancer
	6.3 Emerging therapies and challenges

	7 MYC
	7.1 Mechanisms of MYC in cell proliferation and apoptosis
	7.2 Role of MYC in prostate cancer
	7.3 Emerging therapies and challenges

	8 Discussion
	9 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


