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Abstract

Prostate cancer remains one of the most frequently diagnosed malignancies in men world-
wide, and despite favorable outcomes for localized disease, progression to castration-
resistant prostate cancer (CRPC) represents a major clinical challenge associated with poor
prognosis. CRPC is characterized by disease progression despite castrate levels of circu-
lating testosterone and is most commonly diagnosed in the metastatic setting. Although
the introduction of second-generation androgen receptor-targeted therapies has improved
survival, resistance inevitably emerges. This review overviews the most recent findings in
the field of CRPC with particular emphasis on the current understanding of the biological
mechanisms of hormone-resistant cancer as well as the evidence on treatment strategies.
A comprehensive literature search was conducted across PubMed/MEDLINE, Scopus,
Web of Science, and Google Scholar, focusing mainly on studies published between 2015
and 2025 that investigated molecular and cellular mechanisms of resistance to androgen
deprivation therapy and androgen receptor (AR)-targeted treatments. Seventy-eight rel-
evant articles were included in the final synthesis. The reviewed evidence highlights
four major categories of resistance mechanisms. First, AR-dependent alterations remain
predominant, including AR gene amplification, activating mutations, dysregulation of
co-regulators, and expression of constitutively active AR splice variants such as AR-V7.
Second, AR-independent or bypass pathways, most notably PI3K/AKT/mTOR, Wnt/β-
catenin, MAPK, and glucocorticoid receptor signaling, enable tumor survival despite AR
blockade. Third, lineage plasticity and transdifferentiation to neuroendocrine prostate
cancer represent a distinct and increasingly recognized resistance mechanism driven by
loss of TP53 and RB1 and epigenetic reprogramming. Finally, additional contributors,
including intratumoral androgen synthesis, metabolic reprogramming, and tumor microen-
vironment interactions, further support disease progression. Together, these interconnected
mechanisms underscore the biological complexity of CRPC and emphasize the need for
biomarker-guided, combination-based therapeutic strategies to overcome resistance and
improve patient outcomes.
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1. Introduction
Prostate cancer (PCa) is one of the most common malignancies worldwide and repre-

sents a major public health burden. Globally, it is the second most frequently occurring
cancer in men, following lung cancer, with a projected increase to nearly 2.9 million annual
cases by 2040, largely due to population aging and increased life expectancy. Mortality
is also expected to rise proportionally, with an estimated 85% increase in deaths over the
same period [1].

Despite the generally favorable prognosis of localized prostate cancer, progression
to advanced disease remains a major clinical challenge. Following androgen deprivation
therapy (ADT), a substantial proportion of patients eventually develop castration-resistant
prostate cancer (CRPC), defined by disease progression despite castrate levels of serum
testosterone. According to the European Association of Urology (EAU) guidelines, CRPC is
diagnosed in the presence of castrate testosterone plus evidence of biochemical, radiological,
or clinical progression [2]. Population-based studies indicate that approximately 10–20%
of patients progress to CRPC within five years of initiating ADT, although this rate varies
according to baseline clinical and pathological risk factors [3].

In the metastatic setting, the median time from metastatic hormone-sensitive prostate
cancer (mHSPC) to CRPC has historically been reported in the range of approximately
2–3 years, although this interval is influenced in the contemporary era by the earlier use of
androgen receptor pathway inhibitors in the hormone-sensitive setting.

In higher-risk populations, including patients presenting with metastatic disease at
diagnosis, progression to CRPC may occur more rapidly, with reported median times of
approximately 20–26 months depending on disease burden and prognostic factors [3,4].

Emerging real-world evidence further suggests that the interval from initial prostate
cancer diagnosis to CRPC onset differs according to clinical presentation. Patients with de
novo or synchronous metastatic disease tend to progress more rapidly to CRPC compared
with patients initially diagnosed with non-metastatic disease (median 42 vs. 58 months
in a recent cohort, respectively) [3,4]. Once CRPC develops, particularly in the metastatic
setting, median overall survival historically ranged from approximately 9 to 30 months,
with pooled estimates around 14 months in earlier epidemiological analyses, although
outcomes have improved in the modern therapeutic era [3,4].

Collectively, these data highlight CRPC as a heterogeneous and lethal endpoint of
advanced prostate cancer, with variability in incidence, timing of progression, and survival
outcomes driven by disease stage at presentation, treatment exposure, and underlying
biological risk factors.

Recent advances in molecular imaging, particularly prostate-specific membrane anti-
gen (PSMA)-targeted positron emission tomography (PET), have significantly enhanced the
detection of metastatic prostate cancer compared with conventional imaging (computed
tomography (CT) and bone scan). PSMA PET exhibits superior sensitivity and specificity
for identifying both nodal and distant metastases, including small metastatic deposits
that were previously undetectable on conventional imaging, leading to earlier and more
accurate staging and frequently altering clinical management [5]. This improved diagnos-
tic accuracy enables better characterization of disease burden, including oligometastatic
disease, which may have implications for treatment decisions and the timing of systemic
therapy initiation [6].
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In parallel with advances in imaging technologies, translational and clinical research
has increasingly elucidated novel mechanisms of therapeutic resistance and disease pro-
gression leading to CRPC. These include persistent androgen receptor signaling, androgen
receptor (AR) splice variants, intratumoral androgen synthesis, lineage plasticity, and
alternative survival pathways, underscoring the biological heterogeneity of CRPC. The
integration of improved disease detection with a deeper understanding of the molecu-
lar drivers of resistance has reshaped the clinical and biological landscape of advanced
prostate cancer [7]. Notably, these mechanisms rarely act in isolation but instead reflect a
dynamic and adaptive tumor ecosystem, challenging the traditional linear model of disease
progression. In this context, the present review aims to summarize current evidence on the
mechanisms underlying progression to CRPC and resistance to therapy, with a focus on
their clinical implications.

2. Materials and Methods
A narrative review was conducted to identify and analyze studies investigating the

biological mechanisms underlying resistance to hormonal therapies in CRPC. The primary
literature search was conducted in PubMed/MEDLINE, while Scopus, Web of Science and
Google Scholar were used to identify additional relevant studies and reviews. Only articles
published in the English language were considered.

The search strategy combined Medical Subject Headings (MeSH) terms and free-text
keywords related to prostate cancer and therapeutic resistance. Specifically, the terms
castration resistant prostate cancer, hormone resistant prostate cancer, androgen receptor, androgen
receptor splice variants, mechanisms of resistance, neuroendocrine prostate cancer, and androgen-
independent prostate cancer were used in various combinations with Boolean operators
(AND/OR). In addition, the reference lists of relevant articles were manually screened to
identify further eligible studies.

The literature search included studies published between January 2015 and December
2025. Articles were considered eligible if they consisted of original research, narrative
reviews, or systematic reviews focusing on molecular, cellular, or biological mechanisms
of resistance to androgen deprivation therapy or androgen receptor-targeted treatments.
Studies conducted in human tissues, prostate cancer cell lines, or animal models were
included, provided that the full text was available in English.

Articles were excluded if they were case reports, small case series lacking mechanistic
insights, editorials, letters to the editor, conference abstracts without original experimental
data, or studies not directly addressing mechanisms of hormonal resistance in prostate
cancer. Duplicate publications identified across the different databases were also excluded.

While this work is presented as a narrative review rather than a systematic review,
we have included a Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)-style flow diagram to enhance clarity and transparency of the study selection
process, without implying full systematic review methodology. The focus was on biological
mechanisms of resistance to hormonal therapies. Both original research and reviews were
considered, and studies were evaluated for molecular, cellular, and biological pathways
associated with therapeutic resistance. This approach ensured a comprehensive identifica-
tion of relevant evidence. The study selection process is summarized in the PRISMA flow
diagram (Figure 1).
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram illustrating study selection progress.

3. Results
The literature search identified approximately 450 PubMed records on hormone-

resistant or castration-resistant prostate cancer. After removing duplicates and screening
titles and abstracts, 150 articles were evaluated in full text. Studies lacking mechanistic
relevance or focusing solely on clinical outcomes were excluded, leaving 78 articles for
the final narrative synthesis. Supplementary searches in Scopus, Web of Science, and
Google Scholar provided additional context but did not alter the selection. The included
studies covered a broad spectrum of resistance mechanisms, that could be grouped into
four primary foci:

- First, AR-dependent resistance remains the predominant mechanism, driven by
sustained or reactivated androgen receptor signaling despite castrate androgen levels.
This includes AR gene amplification, activating mutations, and the expression of
constitutively active AR splice variants, which collectively maintain tumor growth
and survival under AR-targeted therapies [8–12].

- Second, AR-independent or bypass resistance pathways enable tumor proliferation
in the context of effective AR blockade. These mechanisms involve the activation of al-
ternative signaling networks such as PI3K/AKT/mTOR, Wnt/β-catenin, MAPK, and
compensatory glucocorticoid receptor signaling, highlighting the signaling plasticity
of advanced prostate cancer [13–15].

- Third, lineage plasticity and neuroendocrine differentiation represent a distinct and
increasingly recognized resistance mechanism. Through genetic and epigenetic repro-
gramming, prostate cancer cells can transdifferentiate into AR-indifferent phenotypes,
including neuroendocrine prostate cancer, which are highly aggressive and largely
refractory to AR-directed therapies [16–19].

- Finally, additional contributing mechanisms, including intratumoral androgen
biosynthesis, metabolic reprogramming, and interactions with the tumor microenvi-
ronment, further support tumor adaptation and survival under therapeutic pressure,
underscoring the multifactorial nature of CRPC progression [20].

Importantly, these categories should not be interpreted as mutually exclusive. Increas-
ing evidence suggests that multiple resistance mechanisms frequently coexist within the
same tumor or emerge sequentially under therapeutic pressure, reflecting the high degree
of tumor plasticity in CRPC. A schematic overview of the major resistance mechanisms in
CRPC is shown in Figure 2.
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Figure 2. Schematic overview of key molecular mechanisms driving therapeutic resistance in CRPC,
highlighting the dynamic interplay between AR-dependent, AR-independent, lineage plasticity, and
microenvironmental processes. CRPC: castration-resistant prostate cancer; AR: androgen receptor;
ADT: androgen deprivation therapy.

4. Discussion
Understanding the molecular causes of therapeutic resistance in CRPC is crucial for

devising effective treatment strategies and guiding clinical decision-making. Up to now
four mechanisms have been recognized as causes of hormone-resistant prostate cancer
(HRPC)/CRPC. Specifically, they are as follows:

4.1. AR-Dependent Resistance

A central theme in CRPC is the continued reliance on AR signaling despite low cir-
culating androgens. In PCa, the physiological metabolic functions of the AR are altered,
allowing AR signaling to promote tumor growth. Moreover, genetic and epigenetic alter-
ations occurring during disease progression may confer additional oncogenic functions
on the AR [21]. Reactivation or enhancement of AR signaling remains a dominant driver
of resistance and is the most extensively reported mechanism among the included stud-
ies. AR gene amplification is a well-established mechanism that increases AR signaling
in low-androgen environments. Early work demonstrated frequent AR amplification in
recurrent tumors following ADT and suggested that this amplification confers proliferative
advantage under androgen deprivation, enabling tumor progression [22,23]. AR splice
variants, especially AR-V7, also contribute significantly to therapeutic escape. Expression
of androgen receptor variants (AR-Vs) is increased in CRPC compared to hormone-naive
(HN) bone metastases and associated with a particularly poor prognosis [24]. AR-V7 lacks
the ligand-binding domain, allowing constitutive transcriptional activity independent of
androgen binding. Sharp et al. showed that AR-V7 is rarely expressed in primary prostate
cancer but becomes highly prevalent after ADT and subsequent AR-targeted therapies,
where it correlates with poor clinical outcomes and differential gene expression signa-
tures in CRPC [8]. Likewise, AR splice variants have been shown to drive transcriptional
programs distinct from full-length AR, promoting metastasis and therapy resistance [9].

Beyond amplification and splicing, point mutations in the AR gene can also affect
responsiveness to therapy by broadening ligand specificity or converting antagonists into
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agonists, further undermining AR antagonists’ efficacy. Though such mutations are less
common than amplification and splicing, their functional impact contributes to the diversity
of AR dependence mechanisms [25]. Large-scale genomic profiling studies have reinforced
the centrality of AR pathway alterations in CRPC. Integrative sequencing in cohorts of
metastatic castration-resistant prostate cancer (mCRPC) identifies AR as one of the most
frequently aberrant genes, with alterations present in a majority of tumors and frequently
co-occurring with TP53 and PTEN aberrations, reinforcing AR’s role in resistance and
tumor evolution [26].

Collectively, these AR-dependent adaptations account for a large portion of resistance
mechanisms, explaining why therapies exclusively targeting classical AR signaling compo-
nents eventually fail. However, an exclusively AR-centric view of CRPC is increasingly
insufficient in explaining treatment failure, particularly in later disease stages where alter-
native or AR-independent mechanisms may predominate. This has important implications
for therapeutic sequencing and highlights the limitations of strategies solely targeting
AR signaling.

4.2. AR-Independent Resistance

A substantial proportion of CRPC tumors rely on AR-independent or bypass mecha-
nisms to maintain proliferation despite androgen receptor inhibition.

Numerous studies and reviews have emphasized the contribution of alternative sig-
naling pathways, including PI3K/AKT/mTOR, Wnt/β-catenin, MAPK, and hormone
receptor crosstalk, in promoting therapeutic resistance. Among these, PI3K/AKT/mTOR
signaling is commonly activated in CRPC, frequently following loss of the tumor sup-
pressor PTEN, which results in aberrant downstream pathway activation. As one of the
most frequently dysregulated pathways in advanced PCa, it represents a central hub that
coordinates growth factor signaling with key cellular functions, including protein synthesis,
proliferation, survival, metabolism, and differentiation. Through these effects, the pathway
enables cancer cells to adapt to and withstand the selective pressure imposed by androgen
deprivation. Preclinical investigations have also demonstrated a direct functional link be-
tween the PI3K-AKT-mTOR and AR signaling networks, highlighting a reciprocal interplay
between these pathways during the emergence of resistance to ADT [27–29]. Further-
more, inhibition of the PI3K/AKT pathway can prevent the compensatory upregulation of
the glucocorticoid receptor (GR) expression and activity that occurs following AR inhibi-
tion, thereby limiting a well-established bypass mechanism of therapeutic resistance [30].
However, suppression of AKT signaling has also been shown to promote neuroendocrine
differentiation in PCa cells through degradation of the REST protein. This observation
highlights a potential limitation of the combined targeting of AR and PI3K/AKT signal-
ing, as such an approach may inadvertently favor the development of treatment-related
neuroendocrine prostate cancer (t-NEPC) [31]. The Wnt/β-catenin pathway likewise plays
an important role in AR-independent resistance. Aberrant activation of Wnt signaling has
been identified in a subset of CRPC tumors, where it supports tumor growth and cell sur-
vival under androgen-deprived conditions. Moreover, pharmacological inhibition of Wnt
signaling has been reported to restore sensitivity of prostate cancer cells to AR antagonists,
further supporting its functional involvement in CRPC [32]. In addition, compensatory
upregulation of the GR represents another bypass mechanism of resistance, as GR is capable
of activating a subset of AR-regulated genes despite effective inhibition of AR signaling.
Although the molecular mechanisms underlying GR induction have not yet been fully
defined, accumulating evidence indicates that GR can circumvent AR blockade and sustain
tumor cell proliferation [15]. Furthermore, FGF/MAPK signaling has been implicated in
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both AR-null and neuroendocrine-null CRPC phenotypes, providing alternative pathways
that support tumor growth independently of AR activity [33].

The convergence of these alternative signaling pathways emphasizes the remarkable
plasticity of CRPC and its capacity to utilize multiple survival mechanisms beyond AR
signaling. The simultaneous presence of several bypass pathways further illustrates the
limited effectiveness of targeting a single signaling axis and provides a compelling bio-
logical rationale for the development of combination therapeutic strategies. Nevertheless,
translating these approaches into clinical practice remains challenging because of increased
treatment-related toxicity and the absence of validated predictive biomarkers.

4.3. Lineage Plasticity & Neuroendocrine Differentiation

Beyond the reactivation or bypass of AR signaling, a distinct mechanism of resis-
tance involves lineage plasticity with transdifferentiation to AR-indifferent phenotypes,
particularly neuroendocrine prostate cancer (NEPC) [34–36]. This process is increasingly
recognized as a major driver of resistance, especially in tumors treated with potent AR
pathway inhibitors. Multiple studies demonstrate that therapy-induced lineage plasticity
can lead to the emergence of tumor cells that no longer depend on AR signaling [37].
Genetic events such as RB1, TP53, and PTEN loss and amplification of drivers like MYCN
and AURKA are associated with the NEPC phenotype and with poor responses to AR an-
tagonists. Epigenetic alterations also play a significant role in lineage switching. Modifiers
such as EZH2 contribute to epigenetic reprogramming that suppresses AR expression and
activates lineage-specific gene programs characteristic of NEPC. These changes can result in
aggressive, AR-independent tumors with distinct biological and clinical behaviors [18,19].

Lineage plasticity indicates a fundamental shift in tumor identity rather than simply a
change in pathway activity, emphasizing the need for therapeutic strategies that address
not only signaling circuits but also cell fate determinants [38]. Importantly, lineage plasticity
represents a mechanism of resistance but also a shift toward a fundamentally different
disease state, which is often underrecognized in clinical practice and may require distinct
therapeutic approaches.

4.4. Additional Contributors

While the preceding categories represent the major classes of resistance, other mecha-
nisms also contribute to CRPC progression, though they are less frequently reported [39].
These mechanisms include intratumoral androgen biosynthesis, metabolic reprogramming,
and tumor microenvironment interactions [40]. Intratumoral androgen synthesis allows
tumors to maintain sufficient local androgen levels to activate AR even when systemic
androgen is depleted. Tumors can express steroidogenic enzymes that convert adrenal
precursors into active androgens, effectively bypassing systemic suppression. Metabolic
reprogramming supports tumor survival under therapeutic stress. CRPC cells can adapt
their energy metabolism, increasing reliance on alternative substrates and pathways to fuel
proliferation despite therapeutic pressures. Interactions with the tumor microenvironment
(including hypoxia, stromal signaling, immune modulation, and extracellular vesicles) also
play roles in resistance by creating niches that support survival and mitigate therapy ef-
fects [41,42]. These auxiliary mechanisms underscore the complex, multifactorial nature of
CRPC resistance and emphasize the need to integrate multiple biological axes when design-
ing therapeutic strategies. Although often considered secondary, these mechanisms may
critically modulate treatment response and contribute to interpatient variability, suggesting
that a more integrated view of tumor biology is necessary to fully understand resistance.
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5. Future Directions and Therapeutic Implications
Modern androgen deprivation therapies (ADT) have evolved beyond conventional

castration to include potent AR-targeted agents that act either by inhibiting androgen
biosynthesis or by directly antagonizing the AR. These therapies are indicated across a
spectrum of disease states, including mHSPC, non-metastatic castration-resistant prostate
cancer (nmCRPC), and mCRPC, and have consistently demonstrated improvements in OS,
rPFS, and time to metastasis (see Table 1 for an overview of approved agents, mechanisms,
clinical settings, and key efficacy outcomes). In randomized phase III trials, their addition
to conventional ADT has consistently demonstrated significant improvements in overall
survival (OS), radiographic progression-free survival (rPFS), and time to metastasis, es-
tablishing AR pathway intensification as a standard of care in advanced prostate cancer.
However, despite these advances, disease progression and resistance remain inevitable,
underscoring the need to better understand mechanisms of treatment failure.

Table 1. Modern androgen deprivation therapies in advanced prostate cancer: mechanism of action,
approved clinical indications, and key efficacy outcomes.

Molecule Mechanism of Action
Clinical Setting

(Approved
Indications)

Key Efficacy Outcomes

Abiraterone acetate

CYP17A1 inhibitor;
suppresses androgen

biosynthesis (testicular,
adrenal, intratumoral)

mHSPC, mCRPC
Improved OS and rPFS vs.
ADT/placebo in mHSPC

and mCRPC [43]

Enzalutamide

Second-generation AR
antagonist; inhibits

AR binding, nuclear
translocation, and

transcription

nmCRPC, mHSPC,
mCRPC

Prolonged metastasis-free
survival (nmCRPC);

improved OS and rPFS
(mHSPC, mCRPC) [44]

Apalutamide Second-generation
AR antagonist nmCRPC, mHSPC

Significant improvement in
metastasis-free survival

and OS [45]

Darolutamide
Structurally distinct AR

antagonist with low
CNS penetration

nmCRPC, mHSPC
Improved metastasis-free

survival and OS with
favorable safety profile [46]

OS: overall survival; rPFS: radiographic progression-free survival; mHSPC: metastatic hormone-sensitive prostate
cancer; nmCRPC: non-metastatic castration-resistant prostate cancer; mCRPC: metastatic castration-resistant
prostate cancer; AR: androgen receptor; CNS: central nervous system; ADT: androgen deprivation therapy.

The heterogeneous landscape of resistance mechanisms in CRPC underscores the
limitations of monotherapies targeting a single axis of tumor survival. The predomi-
nance of AR-dependent mechanisms—including AR splice variants like AR-V7 that con-
fer ligand-independent signaling and are associated with resistance to abiraterone and
enzalutamide—highlights the need for advanced AR-targeted agents that go beyond classi-
cal ligand-binding domain inhibition (e.g., targeting the AR N-terminal domain or other
non-ligand binding domain (LBD) regions). Notably, expression of AR-V7 in circulating
tumor cells has been associated with poor response to standard AR signaling inhibitors,
emphasizing its role as a clinical biomarker for resistance and treatment stratification [9]. At
the same time, AR-independent or bypass pathways, such as PI3K/AKT/mTOR signaling
and compensatory receptor cross-talk (e.g., glucocorticoid receptor signaling), strongly con-
tribute to resistance. The interconnectivity between AR and PI3K/AKT pathways suggests
that dual targeting could prevent the reciprocal activation that drives survival in the context
of AR inhibition [47]. Emerging evidence also supports the role of Wnt/β-catenin signaling
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in therapeutic resistance, as aberrant Wnt activity can promote disease progression and
may represent a targetable vulnerability in a subset of CRPC tumors [48]. Addressing
lineage plasticity and neuroendocrine differentiation will require targeting genetic and
epigenetic drivers of transdifferentiation. Loss of tumor suppressors such as RB1 and TP53
facilitates lineage switching to AR-indifferent phenotypes, and genomic studies confirm
the frequent involvement of these alterations t-NEPC [49]. Epigenetic modifiers such as
EZH2 also play a critical role in reprogramming and may be targeted to reverse or prevent
this phenotype [50]. Finally, auxiliary contributors, such as metabolic reprogramming
and tumor microenvironment interactions, also support the resistant CRPC phenotype.
Metabolic dependency shifts, including altered lipid and amino acid metabolism, have
been implicated in adaptive survival and may reveal metabolic vulnerabilities that can be
pharmacologically targeted [51]. The integration of biomarkers reflecting specific resistance
mechanisms (e.g., AR-V7 status, pathway activity signatures) into clinical workflows holds
promise for guiding personalized treatment choices and improving outcomes [52–54].

In the context of PSMA-targeted disease characterization, therapeutic exploitation
of PSMA expression has led to the development of radioligand therapy, with lutetium-
177–PSMA-617 demonstrating a survival benefit in metastatic castration-resistant prostate
cancer in phase III studies, representing a direct translation of tumor biology into targeted
treatment strategies [55]. In parallel, combination strategies targeting both androgen
receptor signaling and DNA damage repair pathways have recently been evaluated in phase
III clinical trials, including PROpel, MAGNITUDE, and TALAPRO-2, supporting the clinical
relevance of synthetic lethality and cross-talk between androgen signaling and genomic
instability [56,57]. Finally, emerging therapeutic approaches targeting the androgen receptor
N-terminal domain are under investigation as a strategy to overcome resistance mediated
by androgen receptor splice variants and ligand-binding domain alterations.

This evolving understanding points toward precision-guided, combination-based
therapeutic strategies that address multiple resistance axes and anticipate adaptive tumor
responses [58].

In this context, targeting defects in DNA damage repair (DDR) pathways has emerged
as a clinically relevant strategy. A subset of CRPC patients harbor alterations in homologous
recombination repair genes, including BRCA1, BRCA2, and ATM, which confer sensitivity
to poly(ADP-ribose) polymerase (PARP) inhibitors. These agents exploit synthetic lethality
by selectively targeting tumor cells with impaired DNA repair mechanisms and have
demonstrated significant clinical benefit in biomarker-selected populations.

Importantly, the efficacy of PARP inhibitors highlights the transition toward biomarker-
driven treatment strategies in CRPC. However, resistance to PARP inhibition can also
develop—through mechanisms such as restoration of homologous recombination or repli-
cation fork stabilization—underscoring the need for rational combination approaches [59].

6. Clinical Interpretation and Traslational Implications
The translation of resistance mechanisms into clinical decision-making remains a

major challenge. While biomarkers such as AR-V7, PTEN loss, or DNA repair alterations
show promise, their integration into routine practice is still limited by tumor heterogeneity,
temporal evolution, and lack of standardization.

In clinical settings, treatment selection is still largely empirical, and the identification
of robust predictive biomarkers represents a critical unmet need. A deeper integration of
molecular profiling with clinical parameters may enable more precise patient stratification
and improve therapeutic outcomes. Among currently available biomarkers, alterations in
DNA repair genes represent one of the most clinically actionable, directly informing the
use of PARP inhibitors in selected patients.
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7. Conclusions
Castration-resistant prostate cancer arises from a complex interplay of mechanisms,

including reactivation of AR signaling, activation of bypass survival pathways, lineage
plasticity with neuroendocrine differentiation, and adaptive metabolic and microenviron-
mental changes. An accurate understanding of these mechanisms, supported by robust,
clinically relevant biomarkers, is essential to guide therapy selection and the design of novel
combination strategies that can delay, overcome, or prevent resistance. Future research
should prioritize integrated, mechanism-based approaches that target both dominant and
auxiliary pathways to improve survival and quality of life for patients with advanced
prostate cancer.
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