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ABSTRACT

Urogenital cancers, including prostate, kid-
ney, and bladder cancer, remain a significant 
clinical challenge due to their high incidence, 
molecular heterogeneity, and frequent resist-
ance to standard therapies. Despite progress 
in genomic profiling and precision oncology, 
the translation of molecular data into effective 
therapeutic decisions remains limited by the 
lack of functional models capable of capturing 
tumor complexity. Patient-derived organoids 
(PDOs) have emerged as transformative tools in 
this context, offering the unique advantage of 
preserving the genetic, phenotypic, and func-
tional features of individual tumors ex vivo. 

Beyond their well-established applications in 
drug screening and resistance studies, PDOs 
contribute to personalized treatment strategies 
by enabling functional molecular stratification, 
modeling tumor–microenvironment interac-
tions, and predicting the efficacy of targeted and 
immunotherapeutic approaches. When inte-
grated with liquid biopsy analyses, PDOs also 
allow real-time tracking of clonal evolution and 
can be repeatedly generated during the disease 
course, providing dynamic insights that guide 
longitudinal treatment decisions. As organoid 
biobanking and multi-omic integration advance, 
PDOs are poised to evolve into clinically action-
able avatars that complement genomic profiling 
and help tailor therapeutic strategies for patients 
with urogenital cancers. Nevertheless, the clini-
cal integration of PDOs still faces important bar-
riers, including variability in culture protocols, 
incomplete representation of the native tumor 
microenvironment, and the time required for 
organoid establishment. Moreover, the pre-
dictive value of PDO-based drug screening—
although promising—needs rigorous prospective 
validation in large patient cohorts. This review 
highlights the pivotal role of PDOs in bridging 
the gap between laboratory research and clinical 
oncology, emphasizing their application in guid-
ing personalized therapeutic strategies. As orga-
noid biobanking and genomic profiling expand, 
the integration of PDOs into precision oncol-
ogy pipelines holds promise for reshaping the 
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clinical management of urogenital malignancies 
and advancing toward truly individualized can-
cer treatment.

Keywords:  Patient-derived organoids; 
Urogenital tumors; Tumor heterogeneity; Drug 
response prediction; Cancer precision medicine

Key Summary Points 

Urogenital cancers, particularly prostate, kid-
ney, and bladder cancer, remain major clini-
cal challenges due to their molecular hetero-
geneity and frequent resistance to therapy.

Patient-derived organoids (PDOs) faithfully 
replicate the genetic, phenotypic, and func-
tional complexity of individual tumors, offer-
ing superior predictive value compared to 
traditional 2D cultures or animal models.

PDOs enable real-time assessment of drug 
sensitivity, resistance mechanisms, and 
clonal evolution, supporting precision oncol-
ogy approaches in both research and clinical 
settings.

The integration of PDOs with liquid biopsy 
(ctDNA, CTCs, urine biomarkers) offers a 
minimally invasive and dynamic platform to 
monitor tumor evolution and adapt treat-
ment strategies over time.

The implementation of organoid biobanks 
and bioinformatic integration pipelines will 
be pivotal to establishing PDOs as functional 
avatars for personalized cancer therapy.

INTRODUCTION

Cancer has long represented one of the great-
est and most complex challenges for the global 
medical and scientific communities [1]. In addi-
tion, it remains a major burden on healthcare 
systems worldwide, posing a persistent threat to 
public health and societal progress [2]. Conse-
quently, cancer research must prioritize a deeper 

understanding of tumor biology, the identifi-
cation of novel biomarkers, and the develop-
ment of more effective therapeutic strategies. 
Despite substantial progress in cancer genom-
ics, immuno-oncology, and targeted therapy, 
advances have not been uniformly translated 
into improved outcomes for many tumor types. 
This is particularly evident in urogenital malig-
nancies, where biological heterogeneity, clonal 
evolution, and treatment resistance continue to 
undermine therapeutic effectiveness. Although 
traditional tumor models have played a crucial 
role in advancing our understanding of cancer 
biology, they possess inherent limitations that 
impact the predictive accuracy and translational 
success of preclinical findings. These models 
often fail to fully replicate the complex tumor 
microenvironment, including cellular hetero-
geneity, stromal interactions, immune system 
components, and the extracellular matrix, 
which are essential factors influencing tumor 
growth, metastasis, and therapeutic response. 
Moreover, many traditional models lack the abil-
ity to mimic the dynamic and adaptive nature 
of tumors in patients, leading to discrepancies 
between drug efficacy observed in preclinical 
studies and outcomes in human subjects. As a 
result, these limitations contribute to the high 
rate of failure in clinical trials and highlight the 
need for more sophisticated and physiologically 
relevant cancer models to improve drug devel-
opment and personalized treatment strategies. 
Collectively, these constraints contribute to the 
low predictive value of preclinical studies and 
the persistent gap between experimental obser-
vations and clinical outcomes.

These challenges are particularly evident in 
urinary tract tumors, such as prostate, kidney, 
and bladder cancers, which together account for 
a substantial proportion of global cancer mor-
bidity and mortality.

Patient-derived organoids (PDOs) represent 
an innovative and promising strategy in can-
cer treatment, enabling personalized therapy 
by closely mimicking the unique biological and 
genetic features of individual tumors. Indeed, 
the principal advantage of organoids resides in 
their capacity to faithfully preserve the genetic 
heterogeneity and phenotypic complexity char-
acteristic of in vivo tumors. This fidelity enables 



Oncol Ther	

organoids to serve as highly representative 
in vitro models for investigating the molecular 
mechanisms underlying tumorigenesis and can-
cer progression. However, while organoid tech-
nology holds immense promise, its application 
in precision oncology is still maturing. Critical 
issues—including the standardization of culture 
methods, integration with multi-omics data, 
scalability for clinical workflows, and the incom-
plete recapitulation of stromal and immune 
components—must be addressed before PDOs 
can be fully embedded in personalized treat-
ment pathways. This review aims to critically 
evaluate the potential and limitations of PDOs 
in urogenital oncology, highlighting their cur-
rent applications, technological constraints, and 
future directions necessary to transform them 
into reliable clinical decision-making tools.

Purpose

This review provides a comprehensive overview 
of the current knowledge on urogenital cancers, 
highlighting recent advances in PDO technol-
ogy and its role in improving diagnosis, guiding 
personalized therapies, and advancing precision 
oncology.

OVERVIEW OF UROGENITAL 
CANCERS

Urogenital tumors comprise a heterogeneous 
group of tumors which, sharing a common ana-
tomical start, are distinctly characteristic in their 
clinical, biological, and prognostic aspects [3, 4]. 
Much progress was made, particularly through-
out the last century, in the field of diagnosis and 
treatment; however, the management of malig-
nant diseases continues to become more and 
more complicated [5–7]. Tumor heterogeneity 
on every scale, the almost invariable acquired 
resistance to treatment, and the relative lack 
of tools able to predict outcomes make for an 
often ill-defined, complicated treatment path-
way [6, 7]. A further complicating factor is that 
current clinical pathways often rely on static 
and fragmented assessments—limited biopsies, 
intermittent imaging, and delayed molecular 

testing—which fail to capture the dynamic 
evolution of the disease under therapeutic pres-
sure. This discrepancy is magnified by the inad-
equacy of standard preclinical models, which 
rarely reflect the full biological spectrum of uro-
genital malignancies. Consequently, although 
molecular oncology has uncovered numerous 
actionable alterations, only a limited fraction 
have been successfully translated into practice, 
highlighting the gap between genomic knowl-
edge and functional application. In this context, 
urogenital cancers exemplify how conventional 
diagnostic and therapeutic tools remain insuf-
ficient for precision oncology.

PDOs offer a unique opportunity to over-
come several of the limitations inherent to cur-
rent diagnostic and preclinical approaches. By 
preserving the clonal architecture and molecu-
lar heterogeneity of individual tumors, PDOs 
allow functional modeling of key biological 
processes that drive therapeutic failure, includ-
ing lineage plasticity, androgen-receptor repro-
gramming, immune evasion, and emergence of 
neuroendocrine or basal-like resistant subclones. 
Importantly, PDOs enable real-time assessment 
of treatment-induced adaptations—such as 
activation of bypass pathways or acquisition of 
DNA-repair defects—providing a dynamic and 
patient-specific platform to investigate resist-
ance mechanisms in both prostate and blad-
der cancer. This functional dimension directly 
complements molecular profiling and offers 
an avenue to anticipate resistance early, refine 
therapeutic choices, and guide more personal-
ized interventions.

Prostate Cancer

Prostate cancer is the most common solid tumor 
found in men; many cases are fairly indolent; 
however, high-risk and metastatic types still 
challenge the clinician greatly [8, 9]. The can-
cer begins as and remains largely dependent on 
androgen signaling, thereby making androgen 
deprivation therapy (ADT) initially effective, 
but almost all patients with advanced disease 
will eventually transition to castration-resistant 
prostate cancer (CRPC) [10]. This transition is 
an important phase in the tumor’s evolution 
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and is subsequently accompanied by the activa-
tion of very complex biological processes such 
as amplification or mutation of the androgen 
receptor (AR), activation of alternate signaling 
pathways such as PI3K/AKT and WNT, the very 
aggressive neuroendocrine variants, and the 
beginning of alterations in DNA repair genes 
[11–13]. While these changes support the pro-
gression of the tumor, they may also allow for 
potential therapeutic interventions [14]. Indeed, 
the identification of actionable alterations in 
DNA repair genes has already opened the way 
to the clinical use of poly(ADP-ribose) polymer-
ase (PARP) inhibitors in selected patients, exem-
plifying how a better understanding of tumor 
biology can translate into targeted treatments. 
At the same time, the heterogeneity of resist-
ance mechanisms underscores the necessity for 
combinatorial therapeutic strategies that address 
multiple pathways simultaneously [15–18].

The conventional methods of preclinical 
models have made valuable contributions in 
these areas, although they come with a range of 
disadvantages [19, 20].

Liquid biopsy approaches, including circu-
lating miRNAs and urine-based testing, have 
shown promise in predicting treatment response 
and monitoring disease evolution [21–24]. In 
particular, the analysis of extracellular vesicles 
and other non-coding RNAs is emerging as an 
attractive strategy to obtain real-time informa-
tion on tumor biology, with the potential to 
complement conventional imaging and tissue 
biopsies. These technologies are also being eval-
uated as tools for early detection, risk stratifi-
cation, and longitudinal follow-up, raising the 
possibility of more personalized and adaptive 
treatment strategies. Moreover, liquid biopsies 
hold the advantage of being minimally invasive 
and repeatable over time, which makes them 
suitable for monitoring clonal evolution and 
therapy-induced selective pressures, aspects that 
are otherwise difficult to capture in routine clini-
cal practice [22].

Furthermore, studies have highlighted the 
role of androgen-thyroid hormone crosstalk in 
prostate cancer progression, which can be inves-
tigated in organoid models [25] and integrated 
with liquid biopsy monitoring [26–29]. The 
interplay between these hormonal signals and 

the tumor microenvironment has been shown 
to influence tumor aggressiveness and therapy 
resistance [30–33]. Recent data also suggest that 
hormonal crosstalk interacts with metabolic 
reprogramming and immune evasion pathways, 
further complicating the biological landscape of 
advanced prostate cancer. A deeper understand-
ing of these interactions may reveal novel ther-
apeutic targets and contribute to the develop-
ment of multimodal approaches that combine 
systemic therapies, targeted agents, and innova-
tive biomarkers to improve patient outcomes.

Recent work has demonstrated the value 
of prostate cancer PDOs as functional mod-
els to investigate AR signaling and treatment 
response. Gao et al. first generated organoids 
from metastatic prostate tumors and showed 
that they retained AR expression and faithfully 
reproduced ligand-dependent transcriptional 
programs, enabling direct interrogation of AR 
pathway activity under different hormonal 
conditions [34]. More recent studies have used 
PDOs to model adaptive AR reprogramming 
and the emergence of AR-splice variants associ-
ated with resistance to androgen-receptor path-
way inhibitors (ARPIs). For example, organoid 
models derived from CRPC have been used to 
evaluate the efficacy of next-generation ARPIs, 
demonstrating concordance between organoid 
drug sensitivity and clinical response. PDOs 
have also supported high-throughput drug test-
ing: assays using CRPC organoids revealed selec-
tive vulnerability to PARP inhibitors in tumors 
with homologous recombination repair defects 
and identified actionable sensitivities to PI3K/
AKT pathway inhibitors in organoids harboring 
PTEN loss [35]. Collectively, these findings illus-
trate how prostate cancer PDOs serve not only as 
faithful AR-signaling models but also as practical 
tools to test therapeutic strategies and anticipate 
mechanisms of resistance (Table 1).

Collectively, prostate cancer illustrates the 
urgent need for integrated platforms that com-
bine molecular characterization with functional 
assessment, enabling real-time evaluation of 
treatment sensitivity and resistance. PDOs repre-
sent a promising solution, particularly for study-
ing AR signaling dynamics, CRPC evolution, and 
response to targeted therapies [36].
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Bladder Cancer

Bladder cancer is the second most common uro-
logical malignancy and has remarkable clinical 
and biological diversity [37, 38]. Bladder cancer 
is mostly presented as non-muscle invasive dis-
ease (NMIBC), which has a low chance of being 
lethal but some likelihood of recurrence and 
variable progression risk. A small, but clinically 
much more significant, portion of muscle-inva-
sive disease (MIBC) is often poorly prognosed 
and requires multimodal therapy [39, 40].

The current approach (for non-muscle inva-
sive disease, complete endoscopic resection fol-
lowed by intravesical BCG instillations, and for 
muscle-invasive disease, neoadjuvant chemo-
therapy followed by radical cystectomy) has 
certainly increased survival but represents noth-
ing more than palliation [41, 42]. Resistance to 
BCG is a significant clinical challenge, and the 
efficacy of chemotherapy and immunotherapies 
in advanced cases is seen only in a minority of 
patients [43–45]. New treatment options for 
bladder cancer have long been hindered by the 
lack of adequate preclinical models [46]. Tradi-
tional 2D cell lines do not capture the complex 
urothelium architecture or its genetic heteroge-
neity; moreover, mouse models fail to capture 
the molecular heterogeneity typically found in 
human tumors [47].

Liquid biopsy approaches for bladder cancer, 
including urine-based biomarkers, have emerged 
as complementary tools to organoids, offering 
minimally invasive monitoring and guiding pre-
cision therapy [21, 23, 24, 48]. This integration 
of PDOs and liquid biopsy represents a promis-
ing step toward personalized oncology in blad-
der cancer [49, 50]. Analyses of cell-free DNA, 
exosomal RNA, and extracellular vesicles offer 
minimally invasive approaches for early detec-
tion and disease monitoring [51]. Yet, similar to 
prostate cancer, liquid biopsy provides molecu-
lar snapshots but lacks functional predictive 
power. Moreover, differential outcomes between 
NMIBC and MIBC underscore unresolved bio-
logical questions, such as (1) which molecular 
alterations drive progression from non-muscle-
invasive to muscle-invasive disease? (2) How 
do tumor–immune interactions contribute to 

BCG resistance? (3) To what extent do early 
clonal events determine therapeutic response? 
These gaps highlight the need for experimen-
tal systems that preserve patient-specific tumor 
architecture and molecular features, support 
high-throughput drug testing, and allow inter-
rogation of tumor evolution. Bladder cancer 
PDOs respond precisely to this need, although 
challenges remain regarding culture standardi-
zation, representation of immune and stromal 
components, and predictive accuracy [45, 46].

Moreover, integrating PDOs with liquid 
biopsy technologies offers a powerful frame-
work for personalized therapeutic prediction. 
While urine- and blood-based assays provide 
dynamic, minimally invasive access to evolving 
tumor clones, PDOs enable functional testing 
of how these molecular changes translate into 
treatment responses. This combined approach is 
particularly promising for BCG therapy, where 
response depends on complex interactions 
between tumor cells and the immune microen-
vironment. For example, urinary cell-free DNA 
or extracellular vesicles can identify emerging 
molecular signatures of BCG resistance, which 
can then be functionally validated in matched 
bladder cancer organoids to assess susceptibil-
ity to BCG or alternative intravesical agents. 
Similarly, integrating serial liquid biopsy profiles 
with PDO-based drug testing may help identify 
which patients are likely to benefit from immu-
notherapy, FGFR3 inhibitors, or combination 
strategies. Together, this synergistic platform 
strengthens patient-specific prediction and 
enables earlier therapeutic redirection in cases 
of impending treatment failure (Table 1).

PDOs present significant value, not only 
because they amalgamate molecular and 
functional data within a single model but 
also because they enable prediction of tumor 
response and resistance in vitro over time, track 
clonal evolution, and anticipate mechanisms of 
resistance-bridging preclinical findings and real-
world clinical practice [34, 50, 52].

Renal Cancer

Renal cell carcinoma (RCC) represents one of the 
most biologically and clinically heterogeneous 



Oncol Ther	

malignancies within urogenital oncology. The 
most common subtype is clear cell carcinoma, 
but others, including papillary, chromophobe, 
collecting duct carcinoma, and translocation-
associated tumors, also show different molecular 
features that result in different clinical behavior 
and treatment responsiveness [53]. The main 
oncogenic driver of the clear cell type is loss 
of VHL function and subsequent activation of 
the HIF pathway [54], but besides this, there are 
also mutations in chromatin remodeling genes, 
radical metabolic changes, and a very interac-
tive stromal and immune microenvironment 
that add to the complexity. 

The development of targeted therapies and 
immune checkpoint inhibitors has brought 
about significant changes in treatment 
options, but the challenge of treatment resist-
ance (whether primary or acquired) persists in 
advanced RCC cases [55, 56]. The introduction 
of PDOs has sped up the process of finding a 
functional model which can connect molecu-
lar profiling to clinically relevant therapeutic 
decision-making within this complex situation 
[57]. The creation of RCC organoids was very 
hard in the past because of the characteristics 
of the tumor cells, which are very lipid-rich, the 
strong need for hypoxic signaling, and the lack 
of microenvironmental support. However, cur-
rently available optimized culture conditions 
allow labs to create organoid systems that are 
stable and reproducible from surgical specimens, 
biopsies, and metastatic lesions, whilst keep-
ing the histological and genetic identity of the 
original tumor intact. The most important clini-
cal factor regarding renal cancer PDOs is their 
capability to uphold the intratumor heteroge-
neity that is a hallmark of RCC. This allows the 
dynamic observation of clonal competition and 
adaptation under the pressure of therapy, thus 
really capturing the mechanisms that mostly 
lead to the failure of treatment in vivo. The accu-
racy with which organoids mimic the molecu-
lar state of the VHL/HIF pathway, epigenetic 
changes, and metabolic programming makes 
them extremely useful for the real-time assess-
ment of drug sensitivity within a functional 
setting that comes very close to the patient’s 
disease. In the clinic, RCC PDOs facilitate 
quick evaluation of single and individualized 

responses to existing medically approved ther-
apies, which include VEGFR-targeted agents, 
HIF-2α inhibitors, mTOR pathway inhibitors, 
ICI–TKI combinations, etc. RCC PDOs also 
provide a platform to test new approaches to 
fighting disease that are envisioned in targeting 
metabolic weaknesses, epigenetic disorders, or 
immune system reprogramming [58]. Impor-
tantly, organoids made from metastatic spots 
have already shown quite different therapeu-
tic sensitivities from the primary tumor, thus 
implying that the selection of treatment might 
need to be customized to the character of each 
metastatic site rather than just depending on the 
primary tumor profile. The creation of co-culture 
systems with autologous immune components 
is the major breakthrough in the clinical appli-
cation of PDOs. Since RCC has a very strong 
immunological influence, the possibility of 
rebuilding tumor–immune interactions in vitro 
opens numerous possibilities to study immune 
evasion routes, discover predictive biomarkers, 
and even test immune checkpoint inhibitors. 
Tumor microenvironment reconstruction based 
on more complex models that consist of mye-
loid cells, fibroblasts, and endothelial compo-
nents facilitates a more physiological represen-
tation of the tumor microenvironment which 
in turn gives functional insights, especially in 
the case of patients who progress on immuno-
therapy. The detection of circulating tumor DNA 
(ctDNA) [59] and PDO platform integration is 
what gives them even more clinical significance 
[60]. Tracking of ctDNA changes alongside PDO 
changes may reveal early signs of the formation 
of resistant clones which would then allow ther-
apy to be altered in advance and thus support a 
more personalized, response-guided treatment 
strategy. This combined approach is increas-
ingly considered to be among the most promis-
ing ways to reach truly individualized precision 
oncology in RCC. 

To sum up, PDOs in renal cancer represent 
a clinically relevant functional model that can 
not only predict treatment response but also 
uncover resistance mechanisms, infer clonal 
evolution, and inform drug selection [61]. 
With the continuous standardization of cultur-
ing methods and the growing integration with 
genomic, immunological, and computational 
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techniques, RCC organoids are anticipated to be 
avatars of the respective patient’s tumor, thus 
providing an effective and robust tool for the 
personalized management of RCC.

Current Limitations of Diagnostic and 
Therapeutic Approaches

Despite advances, limitations remain in both 
diagnosis and treatment of prostate and blad-
der cancer, largely due to relatively static and 
oversimplified assessments [2, 3, 37]. Moreover, 
standard imaging modalities lack the sensitiv-
ity to detect micrometastatic disease or subtle 
patterns of clonal selection occurring during 
or after therapy [3, 33, 36]. From a therapeutic 
standpoint, resistance remains a major clinical 
obstacle [4, 5, 20]. While novel targeted agents, 
immunotherapies, and combination regimens 
have been introduced over the past years, their 
efficacy is often short-lived and benefits only a 
subset of patients [19, 20, 46]. Mechanisms of 
resistance—whether driven by genomic insta-
bility, lineage plasticity, or paracrine interac-
tions within the tumor microenvironment—are 
highly diverse and frequently patient-specific.

INSIGHT INTO 
ORGANOID‑DERIVED SYSTEMS

Over the past decade, three-dimensional orga-
noid technology has rapidly emerged as a 
groundbreaking platform, opening unprece-
dented avenues for the development of innova-
tive models that closely mimic human physi-
ological and pathological processes (Fig.  1). 
Organoids originate from pluripotent stem cells 
(PSCs) or from organ-specific adult stem cells 
(ASCs), which are tissue-specific resident stem 
cells [62]; these in turn undergo differentiation 
to generate organ-like structures composed of 
multiple cell types that self-organize, closely 
mimicking the architecture and function of the 
corresponding organ in vivo. However, stem 
cell self-organization can be difficult to control 
without external guidance, leading to a general 
lack of reproducibility in most organoids. Thus, 
culture methods that can produce uniform and 
stable organoid models for better application in 
clinical research are constantly being explored 
by researchers.

Therefore, these intricate structures offer a 
valuable platform to replicate human organ 
development in a system that closely mimics 
in vivo conditions. While the complete degree 
of similarity has yet to be fully established in 
many cases, organoids are already being uti-
lized to address human-specific biological ques-
tions. Additionally, organoid technology has 

Fig. 1   Patient-derived organoids (PDOs) from urogeni-
tal tumors are established and cultured in conditions that 
mimic the native tumor microenviroment. These models 
serve as functional platforms for personalized drug screen-

ing, biomarker identification, and mechanistic studies, aim-
ing to translate patient-specific tumor biology into tailored 
therapeutic strategies



Oncol Ther	

significant potential for evaluating efficacy and 
toxicity of drugs [63], regenerative medicine 
[64], and precision treatment [65].

Organoids play a crucial role in advancing 
new drug discovery efforts [66]. Their use in the 
early phases of drug development enables the 
identification of compounds that are broadly 
effective across patient populations, as well as 
those targeting tumors with specific genetic 
alterations. Moreover, organoids derived from 
healthy tissues also offer a valuable tool for 
evaluating potential drug-induced side effects on 
specific organs [67–69]. The use of organoid drug 
sensitivity screening to guide clinical treatment 
is still in its initial stages, and it remains to be 
confirmed whether it is reliable and safe despite 
its promising applications.

In the field of regenerative medicine, orga-
noids are increasingly being recognized as a 
valuable and versatile source of transplantable 
tissues and functional cell types. Their ability to 
mimic native tissue architecture and function 
makes them highly promising tools for advanc-
ing cell-based therapies aimed at repairing or 
replacing damaged organs. Several proof-of-
concept studies have already been conducted 
in animal models. For instance, using a modi-
fied optic cup organoid protocol, researchers 
have successfully generated retinal tissue from 
mouse embryonic stem cells (ESCs) or induced 
PSCs (iPSCs). When transplanted into mice 
with retinal degeneration, these retinal sheets 
developed into mature photoreceptors. In some 
cases, they even formed synaptic connections 
with host retinal cells and restored sensitivity 
to light stimuli [70]. In vitro genetic correction 
strategies can be combined with organoids to 
enable the autologous replacement of tissues 
affected by genetic disorders. The most com-
mon CFTR mutation that leads to cystic fibrosis 
(CF), which is phenylalanine deletion at posi-
tion 508, was corrected in patient-derived ISCs 
using CRISPR–Cas9-mediated gene editing, 
which then led to functional organoids [71]. 
While these results are preliminary, they show 
great promise and illustrate that clinical trans-
plantation of organoid-derived cells and tissues 
may be feasible.

Another major advantage of exploiting orga-
noid technology is that PDOs from iPSCs are of 

great interest for the study of pathologies for 
which no genetic causes have been identified. 
These studies could prove suitable for patients 
suffering from complex pathologies that present 
a high degree of variability.

Finally, this advanced technology serves as a 
bridge between traditional 2D in vitro systems 
and in vivo models, offering significant poten-
tial for clinical applications, particularly in the 
field of cancer research [72–74]. Indeed, the shift 
from basic cancer research to clinical practice is 
facilitated by organoids as an excellent preclini-
cal model for human cancers.

Use of Organoid Models in Cancer Studies

Recent studies provide compelling evidence 
that prostate and bladder PDOs can directly 
contribute to the development of new thera-
peutic strategies. In prostate cancer, a landmark 
investigation by Puca et al. [75] demonstrated 
that PDOs derived from castration-resistant 
and neuroendocrine tumors could faithfully 
model resistance to AR-targeted therapies and 
were instrumental in identifying Aurora kinase 
inhibitors as a promising treatment option for 
aggressive neuroendocrine subtypes. Similarly, 
organoids derived from tumors harboring DNA 
damage–repair deficiencies have been used to 
validate selective sensitivity to PARP inhibitors, 
providing functional proof-of-concept that 
anticipated clinical benefit and was consist-
ent with patient outcomes. In a separate study, 
high-throughput drug screening performed on 
CRPC PDOs revealed actionable vulnerabilities 
to PI3K/AKT inhibitors in organoids with PTEN 
loss, supporting the rationale for dual AR and 
PI3K pathway inhibition.

In bladder cancer, PDO-based drug screen-
ing has also produced clinically relevant find-
ings. The study by Lee et al. [49] established 
a living biobank of bladder cancer organoids 
representing multiple molecular subtypes and 
demonstrated that organoid drug responses 
closely mirrored individual patient outcomes. 
Notably, organoids carrying FGFR3 mutations 
showed pronounced sensitivity to FGFR inhibi-
tors such as erdafitinib, validating the molecular 
dependency observed in vivo and helping refine 
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subtype-specific therapeutic strategies. Addition-
ally, PDOs have recently been used to investigate 
mechanisms of BCG failure: organoids derived 
from BCG-unresponsive tumors exhibited 
impaired cytokine signaling and altered inter-
feron pathways, enabling the identification of 
alternative intravesical agents—including onco-
lytic viruses and STING agonists—that restored 
anti-tumor activity ex  vivo. These examples 
underscore the capacity of PDOs not only to 
reproduce complex tumor biology but also to 
accelerate the discovery of new, patient-tailored 
treatment avenues in urogenital oncology.

The integration of PDO platforms with 
advanced molecular profiling technologies—
particularly single-cell RNA sequencing (scRNA-
seq)—is further expanding their utility in uro-
genital oncology [76]. Single-cell resolution 
allows the dissection of intratumoral hetero-
geneity within organoids, enabling the iden-
tification of rare cellular subpopulations that 
may drive disease progression or therapeutic 
resistance [77]. In both prostate and bladder 
cancer, scRNA-seq applied to PDOs has revealed 
treatment-tolerant cell states, alternative lineage 
programs, and transcriptional rewiring associ-
ated with AR bypass mechanisms, neuroendo-
crine differentiation, or BCG resistance. Impor-
tantly, coupling functional drug screening in 
PDOs with scRNA-seq-derived transcriptional 
signatures enables direct mapping of therapeu-
tic responses to specific cellular phenotypes, 
providing a mechanistic framework to explain 
why only certain clones respond to targeted 
therapies or immunomodulatory agents [78, 
79]. This combined approach increases the pre-
cision and interpretability of PDO-based assays 
and underscores their translational value as plat-
forms capable of linking molecular diversity to 
actionable therapeutic vulnerabilities.

A significant breakthrough in modeling pros-
tate cancer came from the work of Gao et al., 
who were the first to demonstrate that organoids 
could be successfully derived from human pros-
tate tumors and expanded in vitro. Their study, 
published in Cell in 2014, reported the genera-
tion of six prostate cancer organoid lines and 
one derived from circulating tumor cells (CTCs), 
all of which retained structural and histologi-
cal similarities to the original metastatic tissues 

[34]. Building on this advancement, Hans Cle-
vers published a protocol in 2016 for estab-
lishing 3D prostate organoids within 2 weeks. 
These organoids closely mimic the in vivo tumor 
characteristics, making them powerful tools for 
studying prostate cancer biology and for high-
throughput drug screening [80]. Moreover, Saw-
yers et al. utilized mouse prostate organoids to 
investigate the biological roles of both wild-type 
and mutant forms of forkhead box protein A1 
(FOXA1). The study demonstrated that FOXA1 
mutations significantly alter its transcriptional 
function, disrupt normal luminal epithelial dif-
ferentiation, and contribute to the progression 
of prostate cancer [81]. Therefore, the genomic 
fidelity of the original tumor is maintained by 
these organoids while also providing a reproduc-
ible and scalable platform for functional assays. 
The genetic manipulation of organoids allows 
for the study of specific tumor-driving muta-
tions, which is not feasible for PDX models or 
standard 2D cultures [80].

Moreover, organoid models of prostate can-
cer have played a crucial role in studying AR 
signaling, a key driver in the development and 
progression of the disease. While ADT remains 
a standard treatment approach, the emergence 
of resistance—especially in the form of CRPC—
continues to pose a significant therapeutic chal-
lenge [82, 83]. Looking ahead, prostate cancer 
organoid models hold great promise for advanc-
ing our understanding of disease mechanisms 
and may lead to novel strategies for diagnosis 
and targeted therapy.

In bladder cancer, early-stage detection is rela-
tively common, particularly in cases of NMIBC. 
These patients often undergo repeated surgi-
cal resections and intravesical therapies in an 
effort to manage disease progression and delay 
or avoid radical cystectomy, a procedure associ-
ated with significant morbidity and a profound 
impact on quality of life. Given this clinical con-
text, the use of PDOs offers a promising platform 
for the ex vivo screening of therapeutic agents 
tailored to individual tumors.

Multiple lines of evidence indicate that the 
differing clinical outcomes between MIBC 
and NMIBC are largely driven by their distinct 
molecular characteristics [84, 85]. This under-
scores the need for robust models representing 
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both subtypes, in order to investigate the bio-
logical roles of recurrent somatic mutations and 
understand how they contribute to malignant 
transformation and disease progression.

In particular, the differentiation of PSCs 
into bladder urothelial cells reported by Kang 
et al. and Shin et al. has provided new insights 
into bladder cancer development and progres-
sion [86, 87]. Moreover, Lee et al. established a 
biobank of organoids derived from 22 patients 
with bladder cancer, and it now contains 53 
samples [88]. The original tumors’ histopatho-
logical and genetic characteristics are preserved 
in these organoids, making them a valuable 
resource for personalized medicine and drug 
testing. Thus, to study drug responses and tumor 
evolution, bladder cancer organoid biobanks 
have been set up to offer a diverse array of mod-
els. Finally, the use of bladder cancer organoids 
has been further expanded by recent techno-
logical advances, such as microfluidic biochips 
and 3D bioprinting. The creation of models that 
are more physiologically relevant and include 
immune cells and endothelial cells, enabling 
drug screening efforts to be more accurate, is 
made possible by these innovations. Despite 
the significant advancements in organoid mod-
els for urological cancers in recent years, there 
are still some limitations.

PERSONALIZED CANCER RESEARCH 
AND THERAPY

Currently, precision medicine is one of the 
major unresolved issues of contemporary oncol-
ogy, as well as one of the most exciting possibili-
ties for transforming the therapeutic paradigm 
for cancer [89, 90]. The aim is, therefore, to 
convert decisions from applying standardized 
and uniform protocols to clinical decisions that 
take the specific molecularly and genetically 
informed treatment approach for each tumor 
into consideration, as well as the dynamics of 
how the disease continues to evolve under the 
pressure of therapies [91, 92].

A major obstacle in implementing precision 
medicine for urogenital cancers is the profound 
molecular heterogeneity that characterizes 

them, as well as their dynamic evolution under 
therapeutic pressure. PDOs offer a unique way 
to overcome these limitations by serving as 
functional avatars of individual tumors [93]. 
Unlike genomic profiling alone, PDOs capture 
the full spectrum of clonal diversity, enabling 
direct observation of how distinct subpopula-
tions respond to therapeutic agents. This is 
particularly relevant in prostate cancer, where 
PDOs can model divergent AR signaling states, 
lineage plasticity, and the emergence of resist-
ant subclones typical of castration-resistant or 
neuroendocrine disease. Similarly, bladder can-
cer PDOs retain luminal, basal, and neuroendo-
crine transcriptional programs, allowing precise 
assessment of subtype-specific vulnerabilities—
including sensitivity to FGFR3 inhibitors, plati-
num-based regimens, and immunomodulatory 
agents. By integrating PDO functional data 
with liquid biopsy-derived molecular profiles, 
clinicians gain a dynamic and patient-specific 
framework for anticipating treatment failure, 
identifying alternative therapeutic strategies, 
and guiding real-time therapeutic decisions. 
Collectively, PDOs help translate molecular het-
erogeneity into actionable insights, offering a 
powerful tool to refine personalized treatment 
approaches and improve clinical outcomes in 
both prostate and bladder cancer [94]. They 
take the assessment from simple compendia of 
molecular description to an actual site for assess-
ing drug response, meaning these dynamic tools 
can indeed evolve along with the disease [95].

Patient‑Derived Organoids as a Platform for 
Precision Cancer Research and Treatment

PDOs preserve some of the architecture and 
molecular complexity of the tumor in vitro and 
retain the clonal heterogeneity of real patients 
with disease [6, 12, 30, 36, 38–40]. In the lab, 
these 3D models afford the ability to directly 
observe adaptation processes to therapeutic pres-
sure, the relatively rapid evaluation of hundreds 
of drugs or combinations of therapies, the vali-
dation of predictive biomarkers, and the study of 
emerging resistance mechanisms [96, 97].

By co-culturing PDOs with fibroblasts, 
immune cells, or ECM components, we are 
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increasingly understanding the impacts of the 
tumor microenvironment, which is now rec-
ognized as a crucial component of mediating 
response to treatment [98]. From a clinical lens, 
PDOs offer entirely new scenarios: it is con-
ceivable to take a tumor resequencing sample, 
generate organoids, and evaluate, in vitro, the 
sensitivity of the disease to different therapeu-
tic options, providing timely information to the 
clinician [99, 100].

Collaborative efforts optimize therapy 
approaches, as functional analysis of organoids 
can always be repeated whenever the disease 
progresses, recreating updated models that 
reflect tumor evolution and allow new thera-
peutic strategies to be implemented in real time. 
These features increase the probability of ther-
apeutic success and limit the risk of exposing 
patients to ineffective or toxic drugs.

In prostate cancer, PDOs have been shown to 
recreate all stages of the disease, from androgen-
sensitive to CRPC to neuroendocrine variants, 
and to allow the study of mechanisms regulat-
ing the transition to resistance. They are also 
used to assess response to targeted therapies 
such as PARP inhibitors in patients with DNA 
repair alterations and to explore new therapeu-
tic strategies including radioligand targeting 
of prostate-specific membrane antigen (PSMA) 
[101]. Functional data from organoids can also 
be correlated with liquid biopsy data, such 
as ctDNA and CTCs, effectively constructing 
dynamic therapeutic profiles that evolve with 
disease progression [102, 103].

Similarly, in bladder cancer, PDOs have ena-
bled validation of molecular classifications into 
luminal, basal, and double-negative subtypes, 
and assessment of differential responses to 
chemotherapy, immunotherapy, and targeted 
therapies (e.g., FGFR3 inhibitors). PDOs have 
also allowed the study of BCG resistance mech-
anisms and development of new combination 
strategies for refractory patients [104].

The ability to generate PDOs from exfoliated 
cells in urine is particularly promising, provid-
ing a minimally invasive means of monitoring 
disease while avoiding costly and invasive pro-
cedures [76]. Nevertheless, significant obstacles 
remain, including standardization of organoid 
isolation and culture protocols, reduction of 

time to generate PDOs, and organization of 
sophisticated bioinformatics platforms to inte-
grate molecular, functional, and clinical data 
meaningfully. As these obstacles are addressed, 
PDOs are expected to become avatars of patients’ 
tumors, enabling increasingly precise and per-
sonalized therapeutic decisions.

CONCLUSION

Nevertheless, significant limitations persist, 
including the absence of stromal, vascular, and 
immune components, which are essential to 
fully recapitulate the native tumor microenvi-
ronment. Ongoing technological innovations—
such as CRISPR/Cas9-based gene editing, high-
throughput drug screening, and multi-lineage 
co-culture systems—are progressively enhancing 
the physiological relevance of organoid plat-
forms. With continued advancements, orga-
noid-based platforms are evolving from research 
tools into clinically relevant systems that can 
guide individualized therapy and accelerate drug 
development in the field of urological oncology. 
Thus, as research progresses, organoid technol-
ogy is expected to play a central role in narrow-
ing the gap between laboratory discoveries and 
clinical application, ultimately improving out-
comes for patients with urologic malignancies. A 
key future objective will be incorporating these 
models into routine clinical practice, enabling 
the seamless translation of experimental discov-
eries into meaningful therapeutic outcomes for 
patients.

The Critical Path Forward

As both prostate and bladder cancer organoid 
platforms continue to evolve, key priorities 
include: (1) Establishing standardized protocols 
for sample processing, culture, and drug testing. 
(2) Developing immune-competent organoid co-
cultures, essential for immunotherapy evalua-
tion. (3) Linking organoid drug responses with 
longitudinal liquid biopsy data to track tumor 
evolution. (4) Creating interoperable biobanks 
and computational pipelines for multicenter 
research and clinical integration. (5) Reducing 
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the time needed for organoid generation to 
make PDO-guided decisions clinically action-
able. Although progress has been substantial, 
routine use of urogenital PDOs in clinical deci-
sion-making will require systematic validation 
in prospective clinical trials and integration with 
multidisciplinary oncology workflows.
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