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Targeted therapies have revolutionized the treatment landscape of genitourinary (GU) malignancies, offering significant clin-
ical benefits, particularly in renal cell carcinoma (RCC). However, the efficacy of these agents is frequently undermined by
the inevitable development of therapy resistance. This review provides a critical analysis of the molecular mechanisms driving
resistance in prostate, bladder, and kidney cancers and evaluates emerging clinical strategies to overcome them. We dissect
the complex interplay between on-target genomic alterations (e.g., androgen receptor (AR) splice variants, fibroblast growth
factor receptor (FGFR) gatekeeper mutations), the activation of compensatory bypass signaling pathways (e.g., phosphoinosi-
tide 3-kinase [PI3K]/protein kinase B [AKT] and mitogen-activated protein kinase [MAPK]), and the phenomenon of epigenetic
lineage plasticity, such as the neuroendocrine transdifferentiation observed in prostate cancer. Furthermore, we examine the
active role of the tumor microenvironment—mediated by cancer-associated fibroblasts and hypoxia—in sheltering tumor cells
from therapeutic insults. Beyond defining these mechanisms, this review evaluates the rationale for next-generation therapeutic
approaches, including proteolysis targeting chimeras (PROTACs), covalent inhibitors, and epigenetic modifiers. We also ad-
dress the translational challenges of rational combination therapies, specifically the limitations imposed by cumulative toxicities.
Finally, we discuss the pivotal but complex role of biomarkers, such as circulating tumor DNA (ctDNA), in guiding dynamic
treatment sequencing and realizing the promise of precision oncology.
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Introduction

Genitourinary (GU) malignancies represent a substan-
tial global health challenge, with prostate, bladder, and kid-
ney cancers accounting for the highest incidence and mor-
tality rates within this category (Rawla, 2019; Sung et al.,
2021) [1,2]. Prostate cancer, for instance, remains the sec-
ond most frequently diagnosed cancer in men worldwide,
with over 1.4 million new cases reported in 2020 [2]. Sim-
ilarly, bladder and kidney cancers place significant bur-
dens on healthcare systems, driven by aging populations
and varying risk factors across different geographies [3,4].
Against this epidemiological backdrop, the treatment land-
scape has undergone a paradigm shift with the rise of tar-
geted therapies (Table 1). These modalities, including im-
mune checkpoint inhibitors (ICIs) and tyrosine kinase in-
hibitors (TKIs), have demonstrated durable remission and
improved survival in select patient subgroups [5,6].

Specifically, agents targeting the vascular endothe-
lial growth factor (VEGF) pathway and immune check-
points have revolutionized the management of advanced re-
nal cell carcinoma (RCC) [7]. Meanwhile, next-generation
androgen receptor (AR) inhibitors have redefined the stan-

dard of care in metastatic castration-resistant prostate can-
cer (mCRPC) [8,9]. However, despite these advances, the
initial efficacy of these treatments is often transient. Tu-
mors inevitably develop resistance through complex adap-
tive mechanisms, leading to disease progression and limit-
ing long-term survival [10]. This acquired resistance is now
the primary obstacle in the clinical management of GU can-
cers.

While several reviews have cataloged isolated molec-
ular mechanisms, a critical synthesis of how these pathways
interact and their direct translational implications is lacking.
This review aims to fill that gap by moving beyond a sim-
ple description of resistance mechanisms to provide a criti-
cal analysis of the preclinical and clinical evidence support-
ing their roles. We dissect the complex interplay between
genomic alterations, epigenetic reprogramming, and the tu-
mor microenvironment (TME) [11,12]. Furthermore, we
evaluate emerging therapeutic strategies designed to pre-
empt or reverse resistance, with a strong focus on their clin-
ical applicability and the pivotal role of biomarkers in per-
sonalized medicine.
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Table 1. Major targeted therapies and their mechanisms in genitourinary cancers.
Cancer type Therapeutic target Drug class Example drug(s)

Prostate cancer

Androgen receptor (AR) signaling Second-generation AR antagonist Enzalutamide, apalu-
tamide

Androgen synthesis (CYP17A1) Androgen synthesis inhibitor Abiraterone acetate
DNA repair (PARP) PARP inhibitor Olaparib, rucaparib

Urothelial carcinoma

Fibroblast growth factor receptor (FGFR) Pan-FGFR tyrosine kinase inhibitor Erdafitinib
Immune checkpoints (PD-1/PD-L1) Monoclonal antibodies (ICIs) Pembrolizumab

Avelumab

Renal cell carcinoma
Vascular endothelial growth factor recep-
tors (VEGFRs) & Other kinases

Multi-targeted tyrosine kinase in-
hibitor (TKI)

Sunitinib, cabozantinib

Immune checkpoints (PD-1/CTLA-4) Monoclonal antibodies (ICIs) Nivolumab, ipilimumab
CYP17A1, cytochrome P450 17A1; PARP, poly (ADP-ribose) polymerase; PD-1, programmed cell death protein 1; PD-L1, programmed
death-ligand 1; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; ICIs, immune checkpoint inhibitors.

Molecular Mechanisms of Resistance in GU
Tumors

The development of resistance to targeted therapy is a
complex and multifactorial process, reflecting the remark-
able adaptability of cancer cells under selective pressure.
Tumors employ a diverse arsenal of molecular strategies
to evade therapeutic blockade, which can be broadly cat-
egorized into alterations of the drug target itself, the acti-
vation of compensatory signaling pathways, epigenetic re-
programming, and contributions from the tumor microenvi-
ronment. Understanding these distinct but often intercon-
nected mechanisms is critical for developing strategies to
overcome resistance. This section will dissect the primary
molecular escape pathways observed in genitourinary can-
cers.

Genomic Alterations in Target Pathways
One of the most direct mechanisms of acquired resis-

tance involves genetic alterations within the gene that en-
codes the therapeutic target. These alterations, which in-
clude point mutations, gene amplifications, or structural re-
arrangements, can prevent drug binding or restore the tar-
get’s function despite the presence of the inhibitor.

AR Modifications in Prostate Cancer
In prostate cancer, resistance to second-generation AR

inhibitors like enzalutamide and abiraterone is frequently
driven by modifications to the AR gene itself. Point mu-
tations in the AR ligand-binding domain (LBD), such as
the F877L mutation, can alter the receptor’s conformation,
reducing drug affinity and paradoxically allowing activa-
tion by other steroid hormones [13,14]. Furthermore, AR
gene amplification, leading to overexpression of the recep-
tor protein, can overwhelm the inhibitory capacity of stan-
dard drug concentrations.

A critical and clinically distinct mechanism is the ex-
pression of constitutively active AR splice variants, most
notably androgen receptor splice variant 7 (AR-V7), which

lacks the LBD. Because AR-V7 is not dependent on lig-
and binding for its activity, it confers intrinsic resistance to
all LBD-targeting agents [15]. While the detection of AR-
V7 in circulating tumor cells (CTCs) or circulating tumor
DNA (ctDNA) has been validated as a negative predictor
for response to AR signaling inhibitors, its clinical utility
is nuanced by detection challenges. Recent studies indicate
that discordant results between liquid biopsy platforms can
occur, and the absence of AR-V7 in ctDNA does not neces-
sarily guarantee a response to hormonal therapy, highlight-
ing the need for highly sensitive, standardized assays before
widespread adoption in all clinical settings [16,17].

FGFR Alterations in Urothelial Carcinoma
In urothelial carcinoma, particularly in tumors har-

boring activating fusions or mutations in the fibroblast
growth factor receptor (FGFR), targeted inhibitors like
erdafitinib have shown promise. However, acquired resis-
tance commonly arises through secondary point mutations
in the FGFR kinase domain [18]. These mutations, such
as the “gatekeeper” mutation V561M in FGFR2 or N550K
in FGFR3, function similarly to the T790M mutation in
EGFR-mutant lung cancer, sterically hindering the drug’s
ability to bind to the ATP-binding pocket while preserv-
ing the kinase’s activity [18]. The molecular heterogene-
ity of these secondary mutations poses a significant chal-
lenge, as distinct alterations may confer cross-resistance to
some TKIs but sensitivity to others, necessitating dynamic
genomic profiling upon disease progression.

VHL andMET Alterations in Renal Cell Carcinoma
The therapeutic strategy for clear cell renal cell carci-

noma (ccRCC) is built upon targeting the consequences of
vonHippel-Lindau (VHL) inactivation, primarily the upreg-
ulation of VEGF. Unlike prostate or bladder cancers, where
secondary mutations in the target gene are common, resis-
tance in RCC rarely involves secondary mutations in VHL
or vascular endothelial growth factor receptor (VEGFR).
Instead, resistance is frequently driven by the amplification
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or activating mutations of themesenchymal-epithelial tran-
sition factor (MET) proto-oncogene [19]. This alteration
drives resistance to VEGF inhibitors by providing an alter-
native, potent pathway for tumor angiogenesis and prolifer-
ation, underscoring the redundancy of angiogenic signaling
in this tumor type [19].

Activation of Bypass Signaling Tracts
Tumor cells can develop resistance not only by al-

tering the drug’s direct target but also by activating al-
ternative signaling pathways that provide parallel survival
and proliferation signals, thereby “bypassing” the inhib-
ited node. This mechanism underscores the highly net-
worked nature of intracellular signaling, in which the in-
hibition of one dominant driver often releases negative
feedback on another, leading to its compensatory acti-
vation. In GU cancers, the phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT)/mammalian target of ra-
pamycin (mTOR) and the rat sarcoma (RAS)/Rapidly Ac-
celerated Fibrosarcoma (RAF)/mitogen-activated protein
kinase kinase (MEK)/extracellular signal-regulated kinase
(ERK) pathways are two of the most critical bypass routes.

The PI3K/AKT/mTOR Pathway
The PI3K/AKT/mTOR pathway is a central regulator

of cell growth, metabolism, and survival, and its aberrant
activation is a frequent event in therapy resistance across
all GU malignancies [20]. In prostate cancer, a reciprocal
feedback loop exists between the AR and the PI3K/AKT
pathway. Inhibition of AR signaling relieves the negative
feedback on AKT, leading to its phosphorylation and acti-
vation, which in turn sustains cell survival [20,21]. Con-
versely, inhibition of the PI3K pathway can lead to in-
creased AR signaling, creating a “whack-a-mole” therapeu-
tic challenge. This is frequently exacerbated by the loss
of the tumor suppressor phosphatase and tensin homolog
(PTEN), an event found in approximately 40%ofmetastatic
castration-resistant prostate cancer (mCRPC) cases, which
leads to constitutive AKT activation and intrinsic resistance
to hormonal therapies [22].

In urothelial tumors treated with FGFR inhibitors,
the activation of the PI3K/AKT pathway is a well-
documented resistance mechanism. Upregulation of sig-
naling through this pathway, often via activating mutations
in phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA) or inactivation of PTEN, can
sustain cell proliferation even when FGFR is effectively
blocked [23]. Although therapies targeting the VEGF
pathway are standard in ccRCC, resistance often emerges
through the activation of the PI3K/AKT/mTOR axis. This
pathway lies downstream of multiple receptor tyrosine ki-
nases, and its activation can promote angiogenesis and tu-
mor growth independently of VEGF signaling, providing a
robust escape mechanism.

The RAS/RAF/MEK/ERK (MAPK) Pathway
The MAPK pathway is another fundamental signal-

ing cascade that, when hyperactivated, can drive resis-
tance to various targeted agents [24]. While less univer-
sally implicated as a primary resistance driver to AR in-
hibition in prostate cancer compared to the PI3K pathway,
RAS/RAF/MEK/ERK signaling is a key bypassmechanism
in urothelial and kidney cancers. For instance, in urothe-
lial cells resistant to FGFR inhibitors, amplification or mu-
tation of RAS genes can reactivate the MAPK pathway
downstream of the blocked receptor, rendering the FGFR
inhibitor ineffective [25]. This reactivation highlights the
necessity of considering vertical or horizontal combination
blockades to achieve durable disease control.

Epigenetic Reprogramming and Lineage Plasticity
Beyond fixed genomic alterations, tumors can evade

targeted therapies through dynamic, non-mutational mech-
anisms involving epigenetic modifications. This process al-
lows cancer cells to alter their gene expression programs
and switch their cellular identity, a phenomenon known as
lineage plasticity. By adopting a different cellular state, tu-
mors can become independent of the signaling pathway be-
ing targeted, rendering the therapy ineffective.

Neuroendocrine Transdifferentiation in Prostate Cancer
The most striking example of lineage plasticity in GU

cancers is the emergence of neuroendocrine prostate can-
cer (NEPC) as a mechanism of resistance to intense AR
signaling inhibition. Under the selective pressure of po-
tent AR-targeted therapies, a subset of prostate adenocar-
cinoma cells undergoes lineage transdifferentiation. This
shift is often facilitated by the concurrent loss of the tu-
mor suppressors retinoblastoma 1 (RB1) and tumor protein
p53 (TP53), which creates a permissive genomic environ-
ment for plasticity [26]. Subsequent epigenetic reprogram-
ming, driven by the overexpression of enhancer of zeste ho-
molog 2 (EZH2) and the upregulation of pluripotency fac-
tors like SRY-box transcription factor 2 (SOX2), silences
the AR signaling axis while upregulating neuroendocrine
lineage markers such as synaptophysin and chromogranin
A [26,27]. The resulting NEPC phenotype is aggressive,
AR-independent, and inherently resistant to hormonal ther-
apies, necessitating alternative therapeutic strategies such
as platinum-based chemotherapy or EZH2 inhibitors.

Subtype Switching in Urothelial Carcinoma
In urothelial carcinoma, molecular subtyping has re-

vealed distinct biological behaviors that influence drug re-
sponse. Resistance to FGFR-targeted therapies can arise
through a “subtype switch” from a luminal phenotype—
which is dependent on FGFR3 signaling—to a more basal
or squamous-like phenotype. This transition is governed by
epigenetic regulators and transcription factors, such as the
downregulation of peroxisome proliferator-activated recep-
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tor gamma (PPARG) and GATA binding protein 3 (GATA3)
[28]. The basal subtype is less reliant on FGFR signaling
and more driven by EGFR or Signal Transducer and Acti-
vator of Transcription 3 (STAT3) pathways, effectively by-
passing the therapeutic blockade [29]. Understanding these
plastic states is crucial, as the basal phenotype may exhibit
different vulnerabilities, such as increased sensitivity to im-
munotherapy or EGFR inhibitors.

Epigenetic Silencing in Renal Cell Carcinoma
While lineage plasticity is less defined in RCC com-

pared to prostate or bladder cancer, epigenetic silencing of
tumor suppressor genes plays a pivotal role in resistance.
For instance, global hypomethylation or specific promoter
hypermethylation can lead to the silencing of genes that reg-
ulate sensitivity to TKIs [30]. Furthermore, alterations in
chromatin remodeling complexes, such as the loss of poly-
bromo 1 (PBRM1) or BRCA1-associated protein 1 (BAP1),
are frequent in clear cell RCC and distinctively modulate
the tumor’s response to both anti-angiogenic agents and im-
mune checkpoint inhibitors, highlighting the intersection
between the epigenome and therapeutic efficacy [31].

The Role of the Tumor Microenvironment
Resistance to targeted therapy is not solely a tumor

cell-autonomous process. The surrounding tumor microen-
vironment (TME)—a complex ecosystem of stromal cells,
immune cells, blood vessels, and the extracellular matrix
(ECM)—plays a critical, active role in protecting cancer
cells from therapeutic insults and fostering their survival.

CAFs and Paracrine Protection
Cancer-associated fibroblasts (CAFs) are a dominant

component of the stroma in GU malignancies, particularly
in prostate and bladder cancers. CAFs mediate resistance
through the secretion of a diverse array of soluble fac-
tors that activate survival pathways in adjacent tumor cells.
For instance, CAFs can secrete hepatocyte growth factor
(HGF), which binds to the MET protein receptor (c-MET)
receptor on tumor cells, potently activating the PI3K/AKT
and MAPK bypass pathways [32]. This paracrine loop pro-
vides a robust survival signal that can sustain prolifera-
tion even when the primary therapeutic target (e.g., AR or
EGFR) is inhibited. Furthermore, CAFs are a major source
of Interleukin-6 (IL-6), a cytokine that activates STAT3
signaling, promoting an apoptosis-resistant phenotype in
castration-resistant prostate cancer [33].

Immunosuppressive Barriers and Metabolic Competition
The immune landscape of the TME directly dictates

the efficacy of immune checkpoint inhibitors (ICIs). In
many resistant GU tumors, the TME is characterized by
an influx of immunosuppressive cells, such as myeloid-
derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs) polarized towards a pro-tumorigenic

M2 phenotype [34]. These cells create a hostile environ-
ment for cytotoxic T cells by depleting essential nutrients
(e.g., via arginase expression) and expressing high levels of
programmed death-ligand 1 (PD-L1), effectively erecting a
barrier against immune attack [35].

Hypoxia and Metabolic Reprogramming

Hypoxia is a hallmark of the GU tumor microenvi-
ronment, particularly in renal cell carcinoma (RCC). The
stabilization of Hypoxia-Inducible Factors (HIFs) drives a
profound metabolic reprogramming in tumor cells, shifting
them towards aerobic glycolysis (the Warburg effect) [36].
This metabolic shift supports rapid proliferation and con-
tributes to drug resistance by acidifying the microenviron-
ment, which can impair the uptake and efficacy of weak-
base chemotherapeutics and targeted agents. Moreover,
hypoxia-induced stress responses can activate the Unfolded
Protein Response (UPR), further enhancing cell survival
mechanisms under therapeutic pressure [37]. Finally, the
dense extracellular matrix (ECM) acts as a physical barrier
limiting drug penetration and initiates integrin-mediated
signaling that confers adhesion-dependent drug resistance
[38].

Strategies to Overcome Therapy Resistance

A detailed understanding of the molecular mecha-
nisms driving therapeutic failure is not merely an academic
exercise; it is the foundation for developing rational strate-
gies to preempt, overcome, or reverse resistance. As our
knowledge of the escape pathways detailed in the previous
section has grown, so too has our armamentarium of strate-
gies to counter them. These approaches range from design-
ing more potent, next-generation inhibitors that can neu-
tralize on-target resistance mutations to implementing in-
telligent combination therapies that block parallel survival
pathways.

Developing Next-Generation Inhibitors to Counter
On-Target Resistance

As established above, a primary driver of acquired re-
sistance involves genomic alterations in the therapeutic tar-
get, which can render existing drugs ineffective. Therefore,
a key research priority is not merely the discovery of new
targets, but the continuous development of next-generation
inhibitors specifically engineered to overcome these known
resistance mutations. This drives a clinical paradigm of se-
quential therapy, where the molecular profile of the resis-
tant tumor dictates the next line of defense.

In prostate cancer, the clinical challenge posed by re-
sistance to second-generation AR inhibitors (e.g., enzalu-
tamide, abiraterone) frequently involves point mutations
(e.g., F877L) and the emergence of splice variants (e.g.,
AR-V7). Since AR-V7 lacks the ligand-binding domain
targeted by current drugs, the logical therapeutic evolution
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involves agents that do not rely on this domain. Novel
strategies currently under investigation include N-terminal
domain inhibitors and, more radically, Proteolysis Target-
ing Chimeras (PROTACs). Unlike traditional inhibitors,
PROTACs exploit the cell’s ubiquitin-proteasome system
to degrade the AR protein entirely [39]. This shift from in-
hibition to degradation represents a potential route to over-
come the structural intransigence of splice variants and
high-copy-number amplifications.

A similar principle of structure-guided drug design ap-
plies to urothelial carcinoma and RCC. In bladder cancer,
resistance to the FGFR inhibitor erdafitinib often emerges
through secondary “gatekeeper” mutations in the FGFR ki-
nase domain that sterically hinder drug binding. This has
spurred the development of next-generation covalent in-
hibitors designed to bind irreversibly to the mutant kinase,
maintaining potency even in the presence of structural alter-
ations [40]. In RCC, the standard of care has evolved into a
paradigm of sequential TKI administration. For example,
third-generation inhibitors like cabozantinib are strategi-
cally deployed to overcome resistance mechanisms—such
asMET upregulation—that are induced by first-line agents
like sunitinib [7,19].

Rational Combination Therapies to Block Escape
Pathways

Given that tumors often circumvent targeted thera-
pies by activating parallel or downstream survival path-
ways, a powerful strategy to overcome resistance is the use
of rational combination therapies. The core principle is a
“horizontal blockade”, simultaneously inhibiting the pri-
mary therapeutic target and the identified escape route (e.g.,
PI3K/AKT or MAPK pathways).

However, while biologically compelling, the clini-
cal translation of these combinations is frequently limited
by overlapping toxicities. For instance, in prostate can-
cer, combining AR inhibitors with PI3K/AKT pathway
inhibitors has shown efficacy in PTEN-deficient tumors,
but these regimens are associated with significant adverse
events, including severe hyperglycemia, rash, and gastroin-
testinal toxicity [20]. These cumulative toxicities often ne-
cessitate dose reductions or treatment discontinuation, po-
tentially compromising antitumor efficacy. Therefore, fu-
ture success in this arena relies not just on identifying the
right targets but on optimizing dosing schedules (e.g., pul-
satile dosing) to maintain pressure on the tumor while al-
lowing normal tissue recovery [41].

Similarly, in advanced RCC, the combination of im-
mune checkpoint inhibitors with VEGFR-TKIs has become
a standard of care, leveraging the immunomodulatory ef-
fects of anti-angiogenic therapy to normalize the tumor vas-
culature and enhance immune cell infiltration [42]. Yet, this
approach requires vigilant management of immune-related
adverse events (irAEs) superimposed on TKI-associated
toxicities (e.g., hypertension, hepatotoxicity), highlighting

the need for multidisciplinary management in the era of
combination therapy [43].

Targeting Epigenetic Plasticity
As detailed previously, tumors can develop resistance

by fundamentally altering their cellular identity through
epigenetic reprogramming, a process known as lineage
plasticity. This is particularly evident in the transition
of prostate adenocarcinoma to an aggressive, androgen-
receptor-independent neuroendocrine phenotype (NEPC)
under therapeutic pressure. Since this transformation is
driven by changes in the epigenetic landscape rather than
new genomic mutations, it requires a unique therapeutic ap-
proach focused on reprogramming the cell state.

The most direct strategy to combat this form of resis-
tance is to target the epigenetic “writers” and “readers” re-
sponsible for cellular reprogramming. In prostate cancer,
the overexpression of EZH2 works in concert with lineage
transcription factors to silence AR signaling and activate
stem-like programs. Consequently, EZH2 inhibitors (e.g.,
tazemetostat) are being investigated not merely as cytotoxic
agents, but as “differentiation therapies” designed to restore
sensitivity to hormonal agents or prevent the phenotypic
switch entirely [26]. Similarly, Bromodomain and Extra-
Terminal motif (BET) inhibitos (targeting bromodomain-
containing protein 4 [BRD4]) have shown preclinical effi-
cacy in disrupting the transcriptional machinery that sus-
tains oncogene expression in castration-resistant models,
providing a rationale for clinical trials targeting chromatin
readers [44].

Beyond reversing lineage plasticity, epigenetic ther-
apies offer a mechanism to overcome immune evasion.
DNA methyltransferase inhibitors (DNMTi) and histone
deacetylase (HDAC) inhibitors can induce a state of “vi-
ral mimicry” by de-repressing endogenous retroviral ele-
ments within the tumor genome. This process triggers an
interferon response that turns “cold”, resistant tumors into
“hot” targets susceptible to immune checkpoint blockade
[45]. However, the clinical implementation of these strate-
gies faces significant hurdles, primarily due to the lack of
predictive biomarkers to identify patients whose resistance
is driven primarily by epigenetic rather than genomicmech-
anisms. The challenge is delivering effective doses without
unacceptable systemic toxicity.

The Role of Biomarkers in Guiding Therapeutic
Strategy

The successful implementation of the strategies dis-
cussed above—from next-generation inhibitors to rational
combination therapies—is critically dependent on the abil-
ity to select the right treatment for the right patient at the
right time. A one-size-fits-all approach is insufficient in
the face of such diverse resistancemechanisms. This under-
scores the essential role of predictive biomarkers in guiding
therapeutic decisions and realizing the vision of personal-
ized medicine.
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Table 2. Clinical summary of resistance pathways, biomarkers, and overcoming strategies.
Cancer type Common resistance mechanism Potential biomarker Corresponding overcoming strategy

Prostate cancer

Expression of AR splice variant
(e.g., AR-V7)

ctDNA or tissue analysis for AR-
V7 RNA

Switch to therapy not targeting the AR
ligand-binding domain (e.g., taxanes,
PARP inhibitors)

Activation of PI3K/AKTpathway
(e.g., via PTEN loss)

Immunohistochemistry for
PTEN; sequencing for PIK3CA
mutations

Combine AR inhibitor with PI3K/AKT
pathway inhibitor (clinical trials)

Epigenetic shift to neuroen-
docrine phenotype (NEPC)

Tissue biopsy with neuroen-
docrine markers (e.g., synapto-
physin, chromogranin A)

Combine with epigenetic modifiers
(e.g., EZH2 inhibitors) or platinum-
based chemotherapy

Urothelial carcinoma

Secondary “gatekeeper” muta-
tions in the FGFR kinase domain

ctDNA or tissue sequencing upon
progression

Switch to a next-generation FGFR in-
hibitor designed to overcome the spe-
cific mutation.

Activation of PI3K/AKTpathway
as a bypass pathway

Sequencing for PIK3CA muta-
tions or other pathway alterations

Combine FGFR inhibitor with
PI3K/AKT pathway inhibitor

Renal cell carcinoma Upregulation/amplification of
alternative pro-angiogenic path-
ways (e.g., MET)

FISH or sequencing forMET am-
plification

Combine primary TKI with a MET in-
hibitor (e.g., cabozantinib)

General (Pan-GU) TME-mediated immunosuppres-
sion (e.g., M2 TAMs, Hypoxia)

PD-L1 status; Hypoxia signatures Combination of VEGF-TKIs with Im-
mune checkpoint inhibitors

AR-V7, androgen receptor splice variant 7; PI3K/AKT, phosphoinositide 3-kinase/protein kinase B;MET, mesenchymal-epithelial transition
factor; M2 TAMs, M2-polarized tumor-associated macrophages; FISH, fluorescence in situ hybridization; PIK3CA, phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha; PTEN, phosphatase and tensin homolog; EZH2, enhancer of zeste homolog 2; FGFR, fibroblast
growth factor receptor; ctDNA, circulating tumor DNA; VEGF, vascular endothelial growth factor.

By prospectively identifying the specific mechanism
of resistance active in a patient’s tumor, clinicians can tai-
lor therapy accordingly. For example, assessing the tumor’s
status for the PTEN tumor suppressor via immunohisto-
chemistry or sequencing can provide a clear rationale for
adding a PI3K/AKT pathway inhibitor to a patient’s reg-
imen [21,46]. Similarly, identifying specific FGFR alter-
ations is standard practice for guiding the use of erdafitinib
in urothelial carcinoma, and detecting secondary resistance
mutations in ctDNA could eventually guide the use of next-
generation covalent inhibitors [16].

However, the transition from research validation to
routine clinical use faces significant practical hurdles.
While liquid biopsies (ctDNA/CTCs) offer a non-invasive
method to monitor molecular evolution (e.g., detecting AR-
V7 in prostate cancer), their sensitivity can be limited in
non-metastatic or low-shedding tumors, leading to discor-
dant results with tissue biopsies [17,47]. Furthermore, the
high cost of comprehensive genomic profiling (CGP) and
variable insurance coverage create substantial disparities
in patient access to these precision tools [48]. Therefore,
the future of precision oncology depends not only on dis-
covering new markers but also on standardizing assays and
demonstrating their cost-effectiveness in guiding treatment
modification.

Ultimately, the systematic integration of molecular
biomarkers into clinical practice is necessary to translate

our growing understanding of resistance into improved pa-
tient outcomes. This involves routine molecular profiling
of tumors at baseline and upon disease progression to dy-
namically adjust treatment strategies as the tumor evolves
(Table 2).

Conclusion

The advent of targeted therapies has marked a signif-
icant step forward in the management of genitourinary ma-
lignancies, yet the development of resistance remains the
primary obstacle to long-term patient survival. As this re-
view has detailed, resistance is a complex and multifaceted
challenge, driven not by a single cause but by an inter-
connected network of molecular mechanisms. These in-
clude direct genomic alterations in the drug’s target, the ac-
tivation of compensatory bypass signaling pathways, pro-
found epigenetic reprogramming that alters cellular iden-
tity, and supportive signaling from the surrounding tumor
microenvironment. Effectively combating such a dynamic
process requires a similarly sophisticated and rational ap-
proach. The future of cancer care in this domain will rely on
the strategic development of next-generation inhibitors, the
intelligent use of combination therapies designed to block
these escape routes, and the clinical integration of predic-
tive biomarkers to guide treatment decisions. By continu-
ing to unravel the complexities of resistance, we can move
closer to a paradigm of truly personalized medicine and of-
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fer more durable and effective treatments for patients with
genitourinary cancers.
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