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Abstract

Androgen deprivation therapy has a central role in the treatment of 
advanced prostate cancer, often causing initial tumour remission before 
increasing independence from signal transduction mechanisms of 
the androgen receptor and then eventual disease progression. Novel 
treatment approaches are urgently needed, but only a fraction of 
promising drug candidates from the laboratory will eventually reach 
clinical approval, highlighting the demand for critical assessment of 
current preclinical models. Such models include standard, genetically 
modified and patient-derived cell lines, spheroid and organoid 
culture models, scaffold and hydrogel cultures, tissue slices, tumour 
xenograft models, patient-derived xenograft and circulating tumour 
cell eXplant models as well as transgenic and knockout mouse models. 
These models need to account for inter-patient and intra-patient 
heterogeneity, the acquisition of primary or secondary resistance, the 
interaction of tumour cells with their microenvironment, which make 
crucial contributions to tumour progression and resistance, as well as 
the effects of the 3D tissue network on drug penetration, bioavailability 
and efficacy.
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Various factors contribute towards this heterogeneity, including 
underlying cancer-driving genomic alterations, zonal anatomy, tumour 
growth patterns that are recognized in the various patterns of the Glea-
son grading, and treatment-related alterations (Fig. 1). The Gleason 
grading system is applied to assess and classify histological features of 
tumour architecture. Different compartments are interlinked; for exam-
ple, driver events and zonal anatomy8. The underlying reasons for this  
interplay are ill-understood and challenging to model. In advanced and 
metastatic stages, molecular heterogeneity is decreased in the indi-
vidual patient, but spatial distribution of metastases and predilection 
for anatomical sites such as bone occur, and inter-patient heterogeneity 
becomes more common9.

Underlying cancer-driving molecular alterations include chro-
mosomal events and mutations, as well as epigenetic changes. Most 
primary prostate tumours are molecularly defined by one of seven 
subtypes10. The most common chromosomal alteration is the gene 
fusion of ETS transcription factors ERG and ETV1 with TMPRSS2 (ref.11). 
This event highlights the complex nature of multifocal disease, as 
different chromosomal changes can be found in what morphologi-
cally seems to be the same tumour nodule12,13. In almost two-thirds of 
patients, multiple genomically distinct subclones are found14. Further 
driver events, such as recurrent mutations in SPOP or FOXA1, epigenetic 
alterations and alterations in targetable pathways such as DNA repair 
and PI3K signalling, as well as differentially expressed genes, highlight 
the genomic heterogeneity of prostate cancer15.

Zonal anatomy has a pivotal role in development and progression 
of prostate cancer. Cancer arising in the transition zone is associated 
with more favourable outcomes than cancer that arises at the periphery 
of the gland. The molecular make-up of the tumour is characterized 
by driver alterations that are enriched according to the respective 
zone. For instance, TMPRSS2–ERG fusions are much more prevalent in 
peripheral zone tumours than in transition zone tumours16.

Gleason grading is based solely on architectural features and is 
one of the most powerful prognosticators of the course of the disease. 
Often, several tumour nodules within one prostate display distinctly 
heterogeneous growth patterns, that is, Gleason patterns. Different 
groups, such as the International Society of Urological Pathology and 
the Genitourinary Pathology Society, have tried to find a consensus 
regarding how to grade different tumour nodules in radical prostatec-
tomy samples17. On the molecular level, an increased Gleason score or 
grade group positively correlates with a genotype complexity18. Even 
within the morphologically defined group of high-grade prostate 
cancers, those tumours displaying increased genomic diversity tend to 
demonstrate a reduced response to neoadjuvant androgen deprivation 
therapy (ADT)19.

Treatment-related changes mostly apply to the genomic land-
scape of pretreated advanced or metastatic disease; therefore, they 
are more relevant in the late stages of prostate cancer. For instance, 
amplification, pathogenic mutations or splice variants of the AR are 
present in up to 85% of men with CRPC, suggesting the presence of an 
escape strategy following selective pressure under ADT and AR target-
ing agents. Another resistance mechanism is treatment-associated 
transdifferentiation with emergence of a completely AR-independent 
small-cell phenotype20. Overall, the genomic landscape of metastatic 
disease differs substantially from that of primary prostate cancer21.

All these compartments in which heterogeneity can occur are chal-
lenging to model. For a comprehensive understanding of prostate can-
cer, the different preclinical models can be viewed as layers, whereby 
each layer contributes one or several pieces of information that, 

Key points

 • Ideally, tumour models will reflect inter-patient and intra-patient 
heterogeneity, primary and/or secondary resistance, the interaction 
of tumour cells with their microenvironment, and the effects of the 
3D tissue architecture on drug penetration, bioavailability and efficacy.

 • Various in vitro, ex vivo and in vivo models exist, each associated with 
defined advantages and disadvantages.

 • In vitro and ex vivo models include standard, genetically modified 
and patient-derived cell lines, spheroid and organoid culture models, 
scaffold and hydrogel cultures, and tissue slice models.

 • In vivo models — including tumour xenografts, patient-derived 
xenografts and circulating tumour cell eXplant models, as well as 
transgenic and knockout mouse models — are still indispensable for 
prostate cancer research.

 • Successful experimental prostate cancer research will require 
exploration of the full complexity of the disease, relying on the 
combined use of the broad spectrum of models.

 • Novel approaches will be required for holistic and sophisticated 
analyses, for example, characterizations at a single-cell level  
in vivo or the extensive integration of computational and/or artificial 
intelligence-based approaches.

Introduction
Prostate cancer is the most common malignancy and second leading 
cause of cancer-related death amongst men in the Western world1. 
Approximately 80% of men are diagnosed with organ-confined dis-
ease, 15% with locoregional metastases and 5% with distant metastases2 
and life expectancy for men with localized disease can be as high as 99% 
over 10 years3. By contrast, the prognosis of men with advanced disease 
remains variable, with most men eventually succumbing to the disease —  
men who are diagnosed with metastatic disease have a poor overall sur-
vival of only 30% at 5 years3. Considerable treatment success has been 
achieved over the past two decades for patients with advanced or meta-
static disease and survival benefit has been demonstrated for drugs with 
different efficacy profiles in several landmark phase III clinical trials, such 
as androgen receptor (AR) or AR pathway-targeting drugs (abiraterone 
in combination with prednisone, enzalutamide, apalutamide and daro-
lutamide), as well as classical chemotherapeutic agents (docetaxel and 
cabazitaxel), radionuclides (radium-223) and immunotherapeutics (sip-
uleucel T)4. In addition, poly(ADP-ribose) polymerase (PARP) inhibitors 
are now available for patients harbouring mutations resulting in deficient 
homologous recombination repair (HRR)5, and PSMA radioligand therapy 
has demonstrated a prolonged overall survival benefit compared with 
standard of care alone6. Of note, therapies initially developed for late-
stage disease (metastatic castration-resistant prostate cancer; mCRPC) 
have been integrated earlier in the treatment portfolio with new standards 
of care for metastatic hormone-naive prostate cancer and non-metastatic 
CRPC7. Nevertheless, despite this progress, development of resistance 
and aggressive variants of disease remain a major therapeutic challenge.

Prostate cancer is characterized by its heterogeneity, with multiple 
tumour foci often being present synchronously in the same organ8. 
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taken together, can elucidate prostate carcinogenesis and ultimately 
contribute to improved patient care.

The tumour microenvironment (TME) also has an important role 
in understanding cancer progression and metastatic spread in prostate 
cancer. The TME consists of stromal cells, the vascular compartment 
and immune cells22. The most prevalent anatomical site of prostate 
cancer metastases is bone and the interplay between prostate cancer 
cells and the bony metastatic niche has been explored over the past 
few years23. Immune cells in particular have come into focus as targets 
of immunotherapeutic agents, such as immune checkpoint inhibi-
tors (ICIs), which have revolutionized treatment for cancer types such 
as non-small-cell lung cancer and melanoma24,25. However, prostate 
cancer is regarded as a ‘cold’ tumour that does not have the propen-
sity to generate an adequate anticancer immune response. Thus, ICIs 

have demonstrated only limited therapeutic benefit for a subset of 
patients with prostate cancer26. Given the importance of the TME 
and the immune environment, any preclinical model that addresses 
metastasis formation must take TME components into account.

In this Review, we provide a comprehensive overview of various 
in vitro, ex vivo and in vivo models and discuss their respective advan-
tages and limitations in the context of current needs and challenges in 
prostate cancer research and therapy.

Cell lines as 2D in vitro models
Despite some shortcomings, prostate cancer cell lines in conventional 
2D monolayer culture still provide valuable and frequently used in vitro 
systems for studying cellular and molecular mechanisms, as well as 
drug effects, without the limitations of primary tissue availability or 
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Fig. 1 | Cellular properties and molecular hallmarks of prostate cancer.  
a, A plethora of characteristics contribute to prostate cancer heterogeneity. 
These include zonal anatomy, tumour grading, spatial distribution of metastases 
and the respective organ-specific microenvironment as well as multiple tumour 
foci arising from different cancer stem cells. In the event of metastatic disease 
and subsequent application of treatment, subclones emerge, which show 

either acquired or de novo resistance. Neuroendocrine transdifferentiation 
in particular poses a diagnostic as well as a therapeutic challenge and is also 
difficult to model. b, The disease course of prostate cancer progresses with an 
accumulation of molecular events over time, some of which are amenable to 
monitoring via liquid biopsy. AR, androgen receptor; CRPC, castration-resistant 
prostate cancer; CZ, central zone; PZ, peripheral zone; TZ, transition zone.
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insufficient cell numbers. Also, cell lines provide an unlimited source 
of cells for generating xenotransplant or orthotopic animal in vivo 
models27–30.

Genetic profiling of prostate cancer cell lines has revealed rela-
tively high genomic stability of cancer cell lines over the years27. 
Importantly, cell line models must faithfully recapitulate the natural 
course of the disease from hormone sensitivity to the different levels 
of hormone independence, mediated by the various mechanisms of 
drug resistance, and the development of metastases. Prostate cancer 
cell lines can originate from prostate cancer tissue (primary tumour 
or metastases), from xenotransplanted isolated tumour cells or from 
patient-derived xenografts (PDXs)30. However, the establishment of 
stable cell lines or even long-term PDX models remains a challenging 
task. For instance, the establishment of the LuCaP series has been ongo-
ing since 1996, with 251 individual PDXs having been attempted from 
156 patients. Of these, only 21 long-term PDXs have emerged that were 
stable for three passages31. Attempts to transfer the LuCaP models into 
a stable 2D monolayer culture were unsuccessful32. In addition to the 
three mainly used ‘classical’ prostate cancer cell lines — DU 145 (ref.33), 
PC-3 (ref.34) and LNCaP35 — more than 35 prostate cancer cell lines have 
been established, but several of them originate from these three cell 
lines27,28,30 (Table 1 and Supplementary Tables 1 and 2).

Prostate cancer cell lines can be classified by different character-
istics, including their site of origin, xenotransplant passage (if appli-
cable), histopathology and androgen dependency status. In addition, 
short tandem repeat profiling is important to verify their origin and 
to exclude contamination by cells from another tumour entity (for 
example, HeLa cells), other prostate cancer cells (yielding a prostate 
cancer cell mixture) or somatic cells (such as tumour-associated fibro-
blasts). Examples of prostate cancer cell line misclassification are the 
cell lines ALVA-31, ALVA-41 and DuPro-1, which, based on karyotypic 
characterization or DNA profiling analysis, have been identified as 
clonal derivatives of PC-3 cells27,36. In addition, DNA profiles of MDA 
PCa 1 and ARCaP are identical. The same applies for the two prostate 
cancer cell lines DuCaP and VCaP. Furthermore, MDA PCa 2a and MDA 
PCa 2b have very similar DNA profiles, strongly supporting the notion of 
a common origin27. The characterization of cell lines can even identify a 
different tumour entity as the origin; for example, the cell line TSU-Pr1, 
which was originally thought to be derived from prostate cancer, was 
subsequently characterized as being derived from bladder cancer27,37.

Only a few cell lines — 1013 L, UM-SCP-1, PSK-1 and PPC-1 — originate 
from primary tumours, and most of the current cell lines including the 
so-called classical cell lines, were derived from PCa metastases. For 
example, LNCaP, NCI-H660, ALVA-55 and LAPC-4 from lymph node 
metastases; DU 145 from brain metastases; PC-3, ALVA-41, ALVA-101, 
MDA PCa 2a and MDA PCa 2b from bone metastases; and KuCaP13 from 
a penile metastasis. The DuPro, PC346C, 22Rv1 and LAPC-3 cell lines 
were obtained from PDX models originating from a primary tumour, 
whereas cell lines have also been generated from PDX originating 
from metastases of lymph nodes (LAP-C4), spinal cord (VCaP) or dura 
(DuCaP). The VCaP and DuCaP cell lines originate from distinct metasta-
ses from the same patient38–40. Interestingly, VCaP cell lines can emit the 
Bxv-1 virus, which means that thorough safety protocols are required 
when working with VCaP cells41.

Histopathologically, most prostate tumours (about 95%) are acinar 
adenocarcinoma, a histological subtype derived from acinar cells or 
acinar ducts42. However, a small percentage are other rare histological 
subtypes, such as ductal adenocarcinoma (3%), squamous cell carci-
noma (<0.6%) or neuroendocrine carcinoma (<2%)43,44. Only one cell 

line each has been described as originating from squamous cell cancer 
(UM-SCP-1), small cell carcinoma (PSK-1) or a neuroendocrine penile 
metastasis (KUCaP13) of a prostate tumour45–47.

Prostate cancer cell lines can be mainly differentiated into three 
groups in terms of androgen dependency. Androgen-dependent (AD) 
cell lines require androgens for their growth; cells that are androgen-
independent but androgen-sensitive (AI/AS), whereby androgens are not 
required for growth, but the cells show a growth response to androgens; 
and androgen-independent (AI) cell lines, for which androgen is neither 
needed nor affects growth27. The only exception is the cell line ARCaP,  
in which growth is repressed by androgens27. The classical AD cell line is 
LNCaP, but the cell lines PC346C and LAP-C4 also belong to this group. 
An increased number of cell lines are found in the AI/AS group, includ-
ing MDA PCa 2a, MDA PCa 2b, 22Rv1, VCaP, DuCaP and CWR-R1. The AI 
group includes the other two classical prostate cancer cell lines, PC-3 and 
DU 145, but also the cell lines 1013 L, UM-SCP-1, NCI-H660, MDA PCa 1,  
PSK-1, as well as the LNCaP derivatives LNCaP-C4 and LNCaP-C4-2.  
In most cases, AD or AI/AS behaviour coincides with the expression of 
the AR on the mRNA and protein level (Supplementary Table 1), whereas  
AI cells show no or only very weak AR expression. Somewhat interme-
diate is the cell line LNCaP-C4-2, which is AI despite some AR mRNA 
expression. AR alterations have a central role in disease progression and 
development of drug resistance and changes in AR are seen in >70% of 
patients with mCRPC. Thus, AR alterations are important considerations 
in prostate cancer cell lines. For example, the H875Y or T878A point 
mutations result in an antagonist-to-agonist switch and receptor prom-
iscuity in patients with prostate cancer48. These mutations are also found 
in prostate cancer cell lines, for example, H875Y (22Rv1, CWR-R1) and 
T878A (LNCaP, MDA PCa 2a and MDA-PCa 2b) (Supplementary Table 1). 
Androgen signalling also affects DNA damage signalling by differentially 
regulating a subset of DNA repair genes49, and patients with alterations 
in HRR genes respond to PARP inhibitors; olaparib is approved for HRR 
gene-mutated mCRPC50. Another frequently affected gene in mCRPC is 
the tumour suppressor gene TP53, with aberrations occurring in >50% 
of patients21. TP53 mutations can have a major role in therapy response 
in prostate cancer51, and this role and mutational status should be kept 
in mind when choosing appropriate prostate cancer cell lines for in vitro 
and in vivo studies (Supplementary Table 2). Notably, TP53-mutant 
proteins can be associated with increased subcutaneous tumour take 
rates in NOD-SCID mice52. Finally, so-called normal prostate cell lines are 
immortal cell lines formed either spontaneously or by manipulation. 
The latter refers to the infection or transfection with the Simian virus 40 
(SV40) large T antigen gene, human papilloma virus (for example, HPV-16 
or HPV-18), human telomerase reverse transcriptase or v-Ki-ras (Table 1).

In 2016, a transformed prostate cell line with features of neuroen-
docrine prostate cancer was established by purifying basal epithelial 
cells based on high protein expression of TROP2 and CD49. Enforced 
expression of MYC and activated AKT1 were then achieved using lentivi-
ral transduction. In vitro propagation of these MYC–myrAKT1 tumour 
cells led to the establishment of a cell line named LASCPC-01, which 
grows rapidly in suspension and bears neuroendocrine and cancer 
stem cell-like features53.

3D models
Several 3D culture systems have been developed for improved recapitu-
lation of in vivo tissue organization and the TME, and aim to provide 
powerful platforms for analysing tumorigenesis and drug response 
without the need for in vivo experiments (Fig. 2). This aspect is impor-
tant when considering the 3R principles (replace, reduce, refine) as a 
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Table 1 | ‘Normal’ prostate and prostate cancer cell lines27,28,30

Cell line Origin and characteristics ATCC and/or source Refs.

DU 145 Brain metastasis origin ATCC (HTB-81) 33,189

1013 L Primary prostate tumour origin
A rare non-acinar subtype of prostate carcinoma

Anita Bilström (Active Biotech Research AB, Lund, Sweden) 27,190,191

PC-3 Bone (lumbar) metastasis origin ATCC (CRL-1435) 34

LNCaP Lymph node metastasis origin Julius Horoszewicz (Roswell Park Memorial Institute, Buffalo, 
NY, USA)

35,192

PC-93 Primary prostate cancer origin
Seemed to contain HeLa cells

Gert Jan van Steenbrugge (Erasmus University, Rotterdam, 
Netherlands)

27,193,194

UM-SCP-1 Primary squamous cell carcinoma origin Herb Barton Grossman (University of Texas, Houston, TX, USA) 45

NCI-H660 Lymph node metastasis extrapulmonary small cell carcinoma 
originating in the prostate gland origin

ATCC (CRL-5813) 195,196

DuPro-1 Primary, xenograft origin
Very similar to PC-3 cells, according to karyotyping  
and DNA profiling

William Isaacs (Johns Hopkins University, Baltimore, MA, USA) 27,197

ALVA-101 Bone metastasis origin
Very similar to PC-3 cells according to DNA profiling

Steven Loop (American Lake Veterans Administration 
Hospital, Tacoma, WA, USA)

27,198

ALVA-55 Lymph node metastasis origin
Very similar to PC-3 cells, according to DNA profiling

Steven Loop (American Lake Veterans Administration 
Hospital, Tacoma, WA, USA)

27,199

PC-346C Xenograft from primary prostate tumour Wytske van Weerden (Erasmus University, Rotterdam, 
Netherlands)

129,200

ARCaPa Ascites from patient with metastatic disease origin Haiyen Zhau (University of Virginia, Charlottesville, VA, USA) 201

MDA PCa 1a Ascites origin Nora Navone (University of Texas, Houston, TX, USA)

LAPC-4 Xenograft established from lymph node metastasis Charles Sawyer (University of California, Los Angeles, 
CA, USA)

202

MDA PCa 2ab Bone metastasis origin (from the same African American male  
as MDA PCa 2b)

Nora Navone (University of Texas, Houston, TX, USA) 203,204

MDA PCa 2bb Bone metastasis origin ATCC (CRL-2422), Nora Navone (University of Texas, Houston, 
TX, USA)

203,204

CWR22 Xenograft model derived from a primary human prostatic 
carcinoma

NCI Division of Cancer Treatment and Diagnosis (DCTD) 
Tumour Repository

205,206

22Rv1 (CWR22Rv1) Primary, xenograft derived from CWR22(R-2152) ATCC (CRL-2505) James Jacobberger (Case Western Reserve 
University, Cleveland, OH, USA)

207

PSK-1 Primary squamous cell carcinoma origin Chol Jang Kim (Shiga University of Medical Science, 
Ottsu, Japan)

46

VCaPc Xenograft derived from spinal cord metastasis
Can emit Bxv-1 virus, thus requiring improved safety standards

ATCC (CRL-2876) Kenneth Pienta (University of Michigan, Ann 
Arbor, MI, USA)

38,40

DuCaPc Xenograft derived from dura metastasis Kenneth Pienta (University of Michigan, Ann Arbor, MI, USA) 38,39

CWR-R1 Primary xenograft from CWR22Rc cells Christopher Gregory (University of North Carolina, Chapel 
Hill, NC, USA)

208

LNCaP-FGC Clonal derivative of LNCaP cells ATCC (CRL-1740) 35,192

LNCaP-LN-3 Metastatic subline of LNCaP cells derived by orthotopic 
implantation

Korean Cell Line Bank 80018 121

LNCaP-C4 Metastatic subline of LNCaP, derived after co-inoculation  
of LNCaP cells and fibroblasts

ATCC (CRL-3313) 120,209

LNCaP-C4-2 Metastatic sub-line derived from LNCaP-C4 cells after 
re-inoculation into castrated mice

ATCC (CRL-3315) 120,209

ALVA-31 Well-differentiated adenocarcinoma origin
Might be derived from PC-3 cells, according to DNA profiling

No authentic stock is known 27,36,210

ALVA-41 Bone metastasis origin
Might be derived from PC-3 cells, according to DNA profiling

No authentic stock is known 27,36,198,211

PPC-1 Poorly differentiated adenocarcinoma origin No authentic stock is known 212

LAPC-3 Derived from a xenograft established from a TURP specimen No authentic stock is known 202
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Table 1 (continued) | ‘Normal’ prostate and prostate cancer cell lines27,28,30

road map for laboratory animal protection policies: to avoid animal 
experiments altogether (replacement), to limit the number of animals 
(reduction) and their suffering (refinement) in tests to an absolute 
minimum.

In general, 3D models can be categorized into either scaffold-free or 
scaffold-based systems. These groups include monocellular and multi-
cellular tumour spheroids, cell-derived or tumour-derived spheroids, 
tumour-derived organoids, organotypic tissue slices, chorioallantoic 
membrane (CAM) models and tumour-on-a-chip systems.

3D models are aimed at more accurately monitoring the tumour’s 
in vivo features than 2D models, such as cell proliferation, differentia-
tion, morphology, gene expression, signal transduction, metabolism, 
cell–cell interactions, tumour–stroma interactions and drug responses, 
all of which rely on the tumour cells’ microenvironment and, therefore, 
the tumour architecture54. Various aspects of microenvironment and 
architecture, including intratumoural nutrient gradients, hypoxia, pH 
and/or acidosis and interstitial pressure, are inadequately represented 
in 2D culture55. With regard to drug testing, tissue penetration and/or  
poor accessibility of the tumour cells in vivo can also be a concern. 
Development of 3D systems requires advances in the knowledge of 
tumour cell biology and microenvironment as well as novel technolo-
gies in microengineering and biofabrication. Microgravity can also 
affect growth and progression of prostate cancer cells56,57. However, 
because of the absence of functional microvasculature, the in vivo 
situation can still be inadequately represented in some 3D models. 
In the drug testing field, another issue is the availability of powerful 

readouts. Still, various 3D cell culture models are in use as in vitro tools 
for prostate cancer modelling and drug discovery58.

Spheroid models
The formation of cell spheroids or tumour spheroids without matrix 
support can be performed using low-adhesion plates, by suspension 
cultures in appropriate devices for keeping the cells in suspension, or by 
the hanging-drop method (in which cells are placed in hanging-drop cul-
ture and incubated under physiological conditions59), all of which result 
in cellular aggregation rather than their attachment onto a solid sur-
face60,61. The use of patient-derived material instead of immortalized cell 
lines can be particularly important from a translational viewpoint62 —  
despite immortalized cell lines retaining the driver mutations of 
the original tumour from which they were derived, alterations in the 
transcriptome indicate that the cellular characteristics have become 
adapted to cell culture rather than displaying the properties of the origi-
nal primary tumour63. In addition, spheroids exclusively generated 
from prostate cancer cell lines do not model tumour–stroma interac-
tions, which are important in tumorigenesis and tumour growth. The 
applicability of spheroids in research also depends on their cultivation 
conditions58. For example, although the hanging-drop technique ena-
bles use of small media volumes and cell numbers, subsequent media 
replacement is impossible and the precise addition of drugs is barely 
feasible. Overall, the use of spheroids in drug testing can be associated 
with issues, as no accurate drug response or cell viability assays have 
yet been developed58.

Cell line Origin and characteristics ATCC and/or source Refs.

KuCaP13 Xenograft tumour from metastasis
Characterized as neuroendocrine

No authentic stock is known 47

LASCPC-01 MYC–myrAKT1 transduced cell line
Neuroendocrine and cancer-stem cell-like features

ATCC (CRL-3356) Owen N. Witte (University of California, 
Los Angeles, CA, USA)

53

P69SV40T Immortalized cell line derived by transfection of adult prostate 
epithelial cells with the SV40 large T antigen gene

No authentic stock is known 213

RWPE-2 Immortalized cell line initially derived by transfection of adult 
prostatic epithelial cells with HPV18, then made tumorigenic 
by infection with v-K-ras

ATCC (CRL-11610) 214

CA-HPV-10 Immortalized cell line derived by HPV18 transfection of prostatic 
epithelial cells from a high-grade adenocarcinoma

ATCC (CRL-2220) 215

PZ-HPV-7 Immortalized cell line derived by HPV18 transfection of normal 
prostatic peripheral zone epithelial cells

ATCC (CRL-2221) 215

PWR-1E Non-neoplastic, adult human prostate infected with the 
Ad12-SV40 virus

ATCC (CRL-11611) 216

WPMY-1 normal 
prostatic 
myofibroblasts

SV40 large-T antigen-immortalized stromal cell line ATCC (CRL-2854) 217

E006AA Spontaneously immortalized cells from an African American 
patient with a clinically localized prostate cancer

Walter Rayford (Louisiana State University-Health Sciences 
Center, New Orleans, LA, USA)

218

hTERT EP156T hTERT immortalized prostate primary epithelial cell line ATCC (CRL-3289) 219

RC-77T/E HPV-16E6E7 immortalized primary prostate cancer cells of an 
American African patient

Clayton Yates (Tuskegee University, Tuskegee, AL, USA) 220

PNF-08 ‘Normal’ prostate fibroblasts (not transformed) Gerhard Unteregger (University of Saarland Medical School, 
Germany)

221

See also Supplementary Tables 1 and 2 for additional information. Table 1 is an extended version based on the review articles of van Bokhoven et al.27, Russell and Kingsley28 and Namekawa 
et al.30. HPV, human papilloma virus; hTERT, human telomerase reverse transcriptase; SV40, Simian virus 40; TURP, transurethral resection of the prostate. aMDA PCa 1 and ARCaP are derived 
from the same patient. bMDA PCa 2a and MDA PCa 2b are derived from the same patient. cVCaP and DuCaP are derived from the same patient.
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In a 2010 study, a low-shear suspension culture model based on the 
spontaneous interaction of stromal and epithelial cells was described64. 
As these structures contain both cell types with a tumour-tissue-like 
architecture, they were named ‘tumour histoids’64. To create histoids, 
fibroblast spheroids were first generated, followed by the addition of PC3 
cells. The process resulted in the generation of ~100 histoids in a 10-ml 
disposable culture chamber64. In another study, a 3D multi-cell-type  
spheroid model was created to mimic metastatic prostate cancer. Here, 
a two-layer microfluidic system was used for the culture of fluorescently 
labelled metastatic prostate cancer cells (PC3 cell line), osteoblasts and 
endothelial cells, providing the tumour-cell-surrounding cell types 
in the bone microenvironment. A defined ratio of cells pre-mixed in a 
heterogeneous cell suspension ensured the uniform incorporation of 
all co-culture cell types into each spheroid. The lower proliferation rates 
of PC-3 cells without lowering viability resembled the in vivo growth 
behaviour of tumour cells within the bone metastatic prostate cancer 
microenvironment more closely than classical 2D culture65.

Different prostate cancer cell lines and primary cells have been 
studied for their ability to form spheroids (which have also been termed 
‘prostaspheres’ or ‘prostate spheres’) and patient-derived spheroids, 
respectively66,67. In these studies, agarose-coated plates were used for 
measuring the prostasphere-forming potential of the cells, and single 
cells from established spheroids (at day 7) were further explored in 
secondary and tertiary spheroid assays. A CD49bhiCD29hiCD44hi cell 
population was identified as being self-renewing tumour-initiating 
cells with particularly high potential for clonogenicity, tumorigenic-
ity, migration and invasion, illustrating the way in which these in vitro 
models reflect the effects seen in in vivo models.

Studies of 3D spheroid suspension cultures generated from 
radical prostatectomy specimens demonstrated that the formation 

of patient-derived spheroids is dependent on Gleason score, with a 
trend towards Gleason 6 or 7 being beneficial for spheroid formation, 
whereas Gleason 8–10 patterns were less efficient68. Furthermore, large 
(>100 µm) spheroids often showed central necrosis, which is indicative 
of hypoxia; this necrosis was not seen in their smaller (40–100 µm) coun-
terparts and indicates that spheroid size will affect its properties and 
homogeneity and/or heterogeneity, comparable with in vivo tumours. 
Spheroids could be successfully cryopreserved with little impairment 
of viability after thawing, enabling storage. Treatment of spheroids 
with bicalutamide or enzalutamide profoundly reduced cell viability, 
whereas treatment with docetaxel had very little effect and abiraterone 
had no effect at all68. These differential effects are probably caused 
by the cells being derived from hormone-sensitive, organ-restricted 
primary tumours and were, therefore, characterized by a slow growth 
rate and not yet increased intratumoural androgen synthesis. However, 
cells from an established cell line (LNCaP) grown in 2D cell culture were 
also shown to be more sensitive, for example, to docetaxel, than their 
counterparts grown in spheroids69. This characteristic further empha-
sizes the differences between results from 2D and 3D culture models, 
with 2D cell culture rather overestimating drug sensitivities.

Organoids
Patient-derived organoids (PDOs) for prostate cancer have also been 
established70,71. Organoids in general can be developed either from 
healthy human or murine prostate tissues as well as from primary pros-
tate tumours or metastatic lesions72. As tumour organoids, PDOs retain 
the molecular alterations — including AR signalling — present in the 
patient’s tumour, making organoids an excellent model for personal-
ized in vitro research73. This characteristic is particularly important in 
light of the complex molecular alterations that arise owing to selective 

g  PDX modelsf  Xenograft modelse  Tumour-on-a-chip

d  Tissue slicesc  Organoidsb  Spheroidsa  2D cell culture (cell lines)

h  Transgenic or genetically
      engineered mouse models

Fig. 2 | Overview of various models in prostate cancer research. Beyond classical 
2D cell culture (part a), numerous 3D in vitro and ex vivo models exist. These models 
include different spheroid (part b) or organoid (part c) cultures as well as ex vivo 
tissue slice systems in an air–liquid interface (ALI) setting (part d). Tumour-on-a-chip  

systems (part e) are aimed at mimicking the in vivo situation more closely. In vivo 
models mostly employ mice and can be based on xenografted tumour cells (part f), 
patient-derived xenografts (PDXs) from tumours (part g) or various transgenic or 
genetically engineered mouse models (part h).
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pressure exerted by multiple therapy types in the setting of CRPC70. 
Organoids might be of considerable value in the discovery of thera-
peutic targets and validating them in a high-throughput approach73. 
However, the success rate of establishing continuously propagated 
organoid lines from metastatic prostate cancer was found to be only 
∼15–20%, although initial efficacies for 1–2-month short-term cultures 
were higher, depending on the site of the biopsy. Approximately 70% 
of tumour samples from soft tissue and ~30% of tumour samples from 
bone were successfully cultured for 1–2 months70. This switch was 
hypothesized to occur because tumour cultures were overtaken by 
tumour-associated spindle cells or nonmalignant epithelial cells from 
the biopsy material, suggesting that strategies to selectively isolate 
tumour cells from the ‘contaminating’ nonmalignant epithelial and 
stromal cells could be beneficial. In addition, organoid cultures are 
expensive and labour intensive, and require an elaborately organized 
workflow to procure fresh tissue immediately after a biopsy or surgical 
procedure73. Obtained organoid lines have been shown to recapitulate 
the molecular diversity of prostate cancer subtypes, with a mutational 
landscape similar to primary prostate cancer, including loss of TP53 and 
RB tumour suppressor pathway function as the most common feature 
shared across the organoid lines70. Clinically, the combination of these 
alterations leads to a particularly aggressive prostate cancer variant.

Scaffold-based systems
Spheroid and organoid models can also be extended towards scaffold-
based systems. Extracellular matrix (ECM)-like gels — such as Matrigel, 
collagen and alginate — that are generally based on highly hydrophilic 
polymers, can be employed and can have stiffness that recapitulates 
soft tissue74. Use of these gels usually leads to spontaneous aggregation 
of prostate cell cultures in the gel with both cell–cell and cell–matrix 
contacts. Matrigel is used most often and is considered the gold stand-
ard, despite issues of batch-to-batch variability and the inherently 
complex composition of this ECM-like gel. However, these issues can 
complicate assessment of cellular readouts with effects of matrix com-
position, and evidence suggests that Matrigel hampers drug response, 
resulting in potentially compromised organoid reaction to drug testing. 
For instance, cells in the core of the organoid show a different drug 
reaction from those at the periphery. Furthermore, AR translocation 
is altered, potentially resulting in false-negative read-outs75.

Other synthetic or semi-synthetic matrices have been employed 
in addition to Matrigel. Synthetic materials are inert and, therefore, 
enable the controlled addition of defined ECM protein and tumour cells 
to deposit their own natural matrix. However, the presence of crucial 
matrix components must be ensured, including collagen, laminins, 
fibronectin and proteoglycans, which are biologically relevant.

Polyethylene glycol (PEG) modified with hyaluronic acid (HA-PEG) 
and then further grafted with the tripeptide RGD (Arg-Gly-Asp) has 
been successfully used for cultivation of PDX-derived prostate  
cancer cells76. This approach is of particular interest as PDX-derived 
tumour cells, for example, the PDX-derived LuCaP series, often fail to 
adhere and to grow in standard 2D cell culture32. The encapsulation 
of the PDX tumour cells within a 3D hyaluronan-based hydrogel main-
tained PDX cell viability with continued native AR expression. Notably, 
these cells were largely resistant towards docetaxel, whereas the bone 
metastatic prostate cancer cell line C4-2B, encapsulated in an identical 
hydrogel, showed sensitivity76, indicating that the source of the cells 
(PDX versus stable cell line) rather than the encapsulation process is 
the major source of differences in drug sensitivity and highlighting the 
translational importance of cell systems beyond established cell lines.

However, matrix effects on chemotherapy sensitivity have also 
been observed. A 3D glycosaminoglycan-based hydrogel culture sys-
tem was used to monitor tumour vascularization by the formation of a 
bioengineered tumour angiogenesis microenvironment77. In this study, 
a matrix metalloproteinase (MMP)-sensitive four-arm star-shaped PEG 
(starPEG)-heparin hydrogel system was established that incorporated 
RGD motifs at a defined density as binding sites for cells via integrins 
and MMP-responsive sequences to enable cells to locally remodel 
the matrix for the purposes of proliferation and migration. Notably, 
when this system was used to support different cell types including 
LNCaP or PC3 prostate cancer cell lines, HUVEC endothelial cells and 
mesenchymal stromal cells, the cells were found to be more resistant 
to chemotherapy than 2D cell cultures, more closely resembling, there-
fore, the in vivo situation in terms of tumour regression. Notably, this 
system can recreate prostate tumour vascularization and, therefore, 
even enabled study of the effects of angiogenesis inhibitors77.

Prefabricated scaffolds, consisting of porous natural polymers 
(such as chitosan or collagen) or synthetic polymers (for example, 
polycaprolactone) can also be used to provide physical support for 
spheroids and the otherwise missing ECM.

Evidence of bone metastases is present in >90% of patients with 
advanced prostate cancer78 and, therefore, 3D models have been estab-
lished to mimic osseous metastasis. These so-called hard scaffolds, in 
particular, medical-grade polycaprolactone, are used for engineering 
bone tissue-like systems. As this polymer has a low melting point, it 
is printed in a microfibre 3D architecture whereby linear or tubular 
porous scaffolds are prepared from melt electrospinning combined with 
additive manufacturing (collectively termed ‘melt electrowriting’) and 
populated with primary osteoprogenitors isolated from human bone 
tissue79. Further coating of the fibres with calcium phosphate and the 
use of osteogenic differentiation media resulted in microtissues con-
taining osteoblasts and osteocytes. These scaffolds have been used as 
a mineralized model platform for studying prostate cancer growth in 
bone, by co-culturing cancer cell lines (LNCaP, C4-2B, PC3)80 or PDXs79. 
Treatment with the AR inhibitors enzalutamide or bicalutamide dem-
onstrated that these microtissue-engineered models of mineralized 
metastatic tissue are useful for studying the bone TME and responses 
to therapies for mCPRC81. A 3D melt electrowritten medical-grade poly-
caprolactone scaffold system has also been used for cultivating primary 
patient-derived cancer-associated fibroblasts (CAFs). In this model, 
CAF deposition of extensive ECM promoted considerable changes in 
prostate epithelial morphology, in contrast to fibroblasts that were not 
associated with malignancy. This effect was further enhanced by the 
addition of mast cells via a tryptase-mediated mechanism. Thus, this sys-
tem was useful for identification of defined interactions between pros-
tatic CAFs, their native ECM and mast cell-derived tryptase as important 
microenvironmental drivers of prostate cancer progression82.

Tissue cultures and microfluidic platforms
Ex vivo tissue slice cultures enable the monitoring of the behaviour 
and therapeutic response of cancer cells during their cultivation after 
extraction from humans (patient derived) or xenografts (xenograft 
derived)83,84. From humans, tumour material from both radical pros-
tatectomy85,86 and transurethral resection of the prostate as well as 
prostate cancer bone metastases87 have been successfully used for 
tissue slice models. However, implementation of tissue slice models is 
limited by the small sample sizes available for research after tissue pro-
cessing for diagnostic purposes. In particular, this lack of tissue limits 
the use of metastatic and castration-resistant specimens.
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Unlike primary cell cultures and 2D or 3D models, tissue slice cul-
ture systems preserve the morphology and microenvironment of the 
original tumour86,88, and tumour heterogeneity and tumour–stromal 
interactions are also maintained as much as possible. In order to gener-
ate tissue slice cultures, the tumour is cut into thin slices immediately 
after surgery and cultured in fetal calf serum-containing medium on 
cell culture inserts. This strategy requires rapid processing of the 
tissue specimens after surgical removal. Using this approach, intact 
tumour tissue can be cultivated ex vivo as organotypic tissue slices in 
air–liquid interface culture for several days. Tissue slice cultures have 
been established from a variety of primary tumours including head and 
neck squamous cell carcinoma89, human gastric and oesophagogastric 
junction cancer90, colorectal carcinoma91 and others. Glioblastoma 
tissue slices, for example, were shown to be viable under these condi-
tions for up to 14 days92. Generation of thin, precision-cut tissue slices 
and their implantation under the renal capsule of immunodeficient 
mice with subsequent ADT and analysis of the recovered tissue slices 
have also been reported to be successful85. In order to perform drug 
screens, tissue slice models require rapid establishment after surgical 
removal of the tumour, and optimization of culture conditions in order 
to avoid cell damage and tissue necrosis86. These conditions enable 
the measurement of drug response and cytotoxicity, in a setting that 
closely resembles the situation found in vivo (Box 1). After implemen-
tation of the culture system, tissue sections are treated with drugs 
or exposed to defined conditions, for example hypoxia, followed for 
example by paraffin-embedding and subsequent morphological and 
immunohistochemical evaluation and molecular analysis83.

Tumour tissue slices have also been cultivated using microfluidic 
platforms, whereby fluid flows through micrometre-sized domains. In 
this study, an optimized cancer-on-chip platform was used to maintain 
viability and sustained proliferation of tissue slices derived from a pros-
tate PDX for 7 days93. Importantly, the system also accurately monitored 

sensitivity towards the non-steroidal anti-androgen apalutamide93. 
Microfluidic devices can use micro-dissected tissue — submillimetre-
sized tissue sections from surgical or biopsy samples — to address 
the issue of limited patient tissue availability, which can be loaded, 
trapped and incubated within a microfluidic device94. Microdissected 
tumour tissue has been shown to preserve tumour cell viability and 
proliferation better than tissue slice cultures, although slices demon-
strated reduced hypoxia when cultured in microfluidic devices95. In a 
study using tumour tissue from prostate cell line xenografts (PC3 and 
22Rv1)94, preservation of viability and integrity of micro-dissected 
tissues derived from tumour tissue from the xenografts was dem-
onstrated over a period of at least 8 days and was also shown in one 
prostate cancer and one benign prostatic hyperplasia tissue sample94.

Microfluidic devices in combination with micro-electro-mechanical  
systems can integrate several components of an intact tumour environ-
ment and have been employed for studying various tumour entities 
such as lung, brain, breast, urinary system, intestine, liver and others96. 
They rely on perfusion, providing steady-state culture conditions with 
continuous nutrient supply and waste removal, realistic shear stress, 
and the possibility of precise time-dependent application of test drugs. 
Microfluidic devices have often been referred to as tumour-on-a-chip 
systems, but when co-culturing the tumour in parallel with other organ 
cultures, they can support more complex systems, which might be 
considered to represent ‘human-on-a chip’ or ‘body-on-a chip’ systems. 
These complex microfluidic systems can, for example, include study 
of pharmacokinetic properties, enabling accurate prediction of drug 
efficacies and adverse effects on other organs.

Microfluidic platforms have also been used to reduce the time 
periods needed for drug screening. In one study, a 3D microfluidic 
platform for potential use in real-time (<12 h) analysis of outcomes 
associated with chemotherapy was described, which was based on a 
platform in combination with microsensors for measuring changes 

Box 1

Tumour slice models in drug research
Most studies in prostate cancer are aimed at investigating the 
response to different clinically approved standard therapies and 
serve as validation experiments for tumour slice models. Prostatic 
tissue slice models have been established and demonstrate 
properties characteristic of prostate cancer, such as sensitivity 
to androgen deprivation therapy and response to hypoxia or 
extracellular calcium86. The response of tissue slices from patient-
derived xenografts with different BRCA-status and androgen receptor 
(AR) levels to treatment with enzalutamide and the PARP inhibitor 
olaparib was shown to recapitulate in vivo findings88. Tumour slices 
of xenografts from three patient-derived xenograft mouse models 
with different AR expression levels and different BRCA2 status 
were employed to optimize culture conditions, with tissue viability 
being maintained for at least 6 days. Enzalutamide treatment led 
to reduced proliferation, increased apoptosis and decreased AR 
expression and PSA secretion in AR-expressing tumour slices, but 
not in their AR-negative counterparts. Likewise, olaparib effects were 
confined to BRCA2-mutated tumour slices88. Similarly, xenograft-
derived tissue slices were shown to respond to docetaxel with 

increased apoptosis, as determined by cleaved-caspase 3 levels87. 
Evidence also shows successful gene induction and subsequent 
drug-response monitoring in a tissue slice model: tissue samples of 
human BPH were cultured ex vivo on gelatin sponges and transduced 
with lentiviral particles for inducing the expression of ING3 (ref.228). 
Subsequent tissue analyses after paraffin embedding enabled 
exploration of the pleiotropic role of ING3 in carcinogenesis and its 
function as an oncoprotein. Tissue slice air–liquid interface cultures 
have also been used for studying nanoparticle effects: in tissue slices 
from PC-3-based xenograft tumour material, nanoparticles based 
on polyethylenimine for short interfering RNA delivery resulted in 
~50% target gene (BIRC5) knockdown in the tumour tissue. As tissue 
slice cultures recapitulate the intact natural tumour architecture, the 
results of this study also indicated that nanoparticles can penetrate 
the prostate tumour tissue, even in the absence of microvessels 
and physical stimuli229. By analysing enhanced green fluorescent 
protein reporter gene expression upon nanoparticle-mediated DNA 
transfection, this effect was also seen on confocal microscopy of 
sections taken from tissue slices230.
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in the electrical response of DU 145 cells seeded in a 3D ECM upon 
addition of a cytostatic drug. The impedance change was observed to 
differ between susceptible and resistant cells, enabling the distinction 
between drug-susceptible cells, drug-tolerant cells, and drug-resistant 
cells in a short time period97.

Chorioallantoic membrane models
Finally, the CAMs of fertilized chicken eggs have been used as substrate 
for 3D tumour growth. As CAM assays are performed in the early phase 
of embryonic growth, they provide a test system that is not considered 
to be a full animal experiment. Inoculation of the CAM with prostate 
cancer cell suspensions led to the formation of 3D tumours, which 
were associated with profound neoangiogenesis. Intravenous injection 
of a test substance (the phorbol ester 12-O-tetradecanoylphorbol-
13-acetate) also demonstrated the applicability of the CAM model as 
a test system for early in vivo cancer research98.

Tumour xenograft models
Tumour xenograft animal models are aimed at bridging basic and clini-
cal research and supplementing the use of in vitro model systems. They 
involve the implantation of prostate cancer cells or tissues into the body 
of an experimental animal, in most cases mice, and can be classified 
into subcutaneous, subrenal or orthotopic xenograft models.

Subcutaneous xenografts
Classical models for human prostate cancer consist of immunodefi-
cient mice carrying subcutaneous prostate cancer cell line xenografts, 
generated by injection of cultured cells (for example, LNCaP, PC3 or 
DU 145 and their sublines)99 or co-injection of cultured prostate can-
cer cells and stromal cells100–102. For increased tumour take efficiency, 
cancer cells can also be injected using a carrier matrix such as Matrigel. 
After cell implantation, tumours can be palpated within an average of 
~2–6 weeks, depending on the aggressiveness and/or tumorigenicity 
of the cell line and in vivo growth rate, which can be assessed by meas-
uring the tumour dimensions from the outside. As cells are derived 
from cell culture, they can be pre-treated or genetically modified 
before injection, for example, by stable transfection to induce gene 
knockdown103. Beyond addressing fundamental questions of prostate 
cancer biology, xenograft models have also been employed in drug 
studies104–106. For example, this model has been used to show that the 
histone methyltransferase KMT9 controls growth of PC-3M, LNCaP 
and LAPC4-EnzaR xenografts, validating KMT9 as a novel target for 
the treatment of CRPC and enzalutamide-resistant prostate cancer107.

Although such cell line xenograft models are valuable for basic 
studies, their ability to predict anticancer drug efficacy in the clinical 
milieu is limited108. These limitations seem to be a result of high levels 
of homogeneity and the transcriptome alterations63 of established 
cell lines after long-term in vitro culturing, compared with the het-
erogeneity and expression profiles of primary tumour specimens. 
Furthermore, cell line xenografts in mice do not possess the human 
tissue architecture of the original cancer specimens from which the 
cell lines were originally derived. Consequently, despite the presence 
of murine non-tumour components in the xenograft (including fibro-
blasts, endothelial cells and stroma), they do not accurately represent 
the complex interactions between the cancer cells and various com-
ponents of their microenvironment, as found in the original malignan-
cies. Even so, subcutaneous xenograft experiments do mimic several 
important features of in vivo tumour growth, such as proliferative 
response to androgens or androgen-independence, improving on data 

obtained from in vivo cultures of prostate tumour cells. Xenografts 
are also easy to establish, with comparatively low costs, and changes 
in tumour size can be readily monitored.

Subrenal xenografts
Subrenal grafting is the process of recombining prostate cancer cells 
with rat urogenital sinus mesenchymal cells and then transplanting 
this recombinant tissue beneath the kidney capsule in immunodefi-
cient mice109. This method is used to assess the growth and investigate 
the ability of putative basal-like prostate stem cells from either the 
nonmalignant mouse prostate or mouse prostate cancer tissues to 
generate prostatic tissue.

Results have demonstrated efficient in vivo regeneration of 
prostatic structures in the subcapsular space of the kidney within 
4–8 weeks. The regenerated structures showed a branching tubular 
epithelial morphology, with expression of a panel of markers such 
as AR, p63, PSCA and DLP-1 consistent with prostate development110. 
A procedure for successfully grafting and serially transplanting primary 
human prostate cancer tissues in SCID mice has been developed; using 
the subrenal capsule graft site and with adjustment of the hormonal 
status of the host mice, tumour take rates of >95% were achieved111.

A conditional Pten-deletion mouse model has been used in renal 
graft experiments to show that prostate cancer stem cells mixed with 
CAFs produce prostatic glandular structures with numerous lesions, 
a high proliferative index and tumour-like histopathologies112. This 
model has also been used to show that luminal cells expressing the 
homeobox gene Nkx3.1 in the absence of testicular androgens are  
bi-potential, can self-renew in vivo and can reconstitute prostate ducts 
in renal grafts113. Implantation of xenografts under the subrenal capsule 
provides a better microenvironment than subcutaneous models and a 
higher engraftment rate than orthotopic xenografts, but this implanta-
tion method is technically challenging and demands elaborate tools 
to control in vivo growth.

Orthotopic xenografts
Orthotopic xenografting was introduced in an attempt to improve 
recapitulatation of prostate at its actual pathophysiological site114. 
Orthotopic xenograft models provide a useful approach for under-
standing the specific interactions between genetically and molecularly 
altered tumour cells and their organ microenvironment, and for the 
evaluation of efficacies of therapeutic regimens115–119. These models 
faithfully recapitulate the organ-specific microenvironment and facili-
tate analyses involving tumour–stromal interactions that are crucial 
for developing new-generation cancer therapies. The models enable 
monitoring of tumour progression and metastasis development. This 
method has been used to generate PC-3 and LNCaP lineages, which 
were discovered to metastasize to lymph nodes, lung and bone120–122.

As human cell lines require immunodeficient mice as a host for 
xenografting, effects and contributions of immune cells cannot be 
monitored. However, in orthotopic xenograft models, the use of 
immuno competent mice and murine cells can help to investigate the 
role of the immune system in tumour growth. For example, co-implan-
tation of mouse prostate cancer MPC3-luc cells with T helper 17-polar-
ized mouse splenocytes in the prostate of immunocompetent C57BL/6J 
male mice has been shown to promote orthotopic allograft prostate 
tumour growth123. Novel orthotopic models, such as the transgenic 
adenocarcinoma of the mouse prostate (TRAMP)-derived orthotopic 
prostate syngenic mouse model, have been developed for monitoring 
tumour and metastatic responses to novel treatments124. However, 
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unlike subcutaneous xenograft models, orthotopic mouse models 
require elaborate techniques and are relatively costly, and one of the 
crucial challenges in subrenal and orthotopic models is the real-time 
tracking of tumour growth. Ultrasonography and bioluminescent imag-
ing of luciferase-expressing or green fluorescent protein-expressing 
cell lines have been successfully implemented to track murine tumour 
growth122,124,125.

Patient-derived xenografts
The overarching principle of PDXs is the direct transplantation of 
freshly isolated tumour tissue, such as that from a primary or meta-
static lesion, from a patient into immune-compromised mice, using 
subcutaneous implantation in the flank as the preferred strategy126. 
This technique is also used to generate PDX models of neuroendocrine 
prostate cancer127. In contrast to stable cell lines or genetically modi-
fied mice, PDX models should embody the unique mutational profile 
and heterogeneity of the original tumour and, therefore, have the 
potential to be used to personalize treatment to individual patients. At 
present, the generally low take rates and long latency periods in recipi-
ent animals impede routine clinical use of PDX models128. However, 
several stable individual PDXs have been propagated in specific test 
animals, offering repetitive testing, and are available to the scientific 
community. Treatment responses of tumour-bearing mice commonly 
reflect the responses in cancer patients129–133. Especially in the field of 
drug testing, these newly developed PDX models have paved the way 
for the discovery of previously unknown molecular principles and 
deregulated pathways134–136. Additionally, establishment of cell lines 
from PDX tumours has been attempted; however, this approach has 
been associated with low success rates, as seen in the case of the LuCaP 
series, in which only one out of six xenografts has been successfully 
transformed into a stable cell line32.

From a technical point of view, handling PDX models is complex 
and variations in tumour engraftment, drug dosing, and response 
assessment protocols can affect the outcomes from different labo-
ratories, making comparison difficult128. Thus, experimental proce-
dures that maintain robustness as well as standardized cloud-based 
workflows for PDX exome-sequencing, RNA-sequencing analyses and 
tumour growth evaluation are envisaged132. Whether engrafted PDXs 
undergo mouse-specific tumour evolution is the subject of an ongoing 
debate. Initially, reports suggested that PDX models were subject to a 
rapid accumulation of copy number alterations (CNAs) and that several 
CNAs that are often observed in primary (human) tumours gradually 
disappeared in PDXs. These results indicate that events undergoing 
positive selection in humans cannot necessarily be observed during 
propagation in mice137. However, a subsequent study did not con-
firm CNA differences between patient and PDX tumours. By contrast, 
comparable variations in multi-region samples within patients were 
observed in this study, but this result does not rule out the possibility 
that PDXs can evolve in individual trajectories over time138.

In principle, tumour development is controlled by an immune 
response involving cytotoxic innate and adaptive immune cells. 
Engraftment rates of PDX models increase after transplantation into 
immunocompromised mice126, whereas recipient mice with an intact 
immune system would be required in order to analyse tumour–immune 
system interaction and the evaluation of immunotherapy response. 
Thus, the use of so-called humanized mice for xenograft transplanta-
tions has the potential to further elucidate the mechanisms of immune 
response and might accelerate the discovery and development of 
immune-therapeutic agents139.

In order to establish humanized mice, immune-deficient animals 
are engrafted with human stem cells that give rise to different lineages 
of immune cells in the test animals. The two mouse strains, NOD-SCID 
IL-2Rγ(null) mice and BALB/c-Rag1(null) IL-2Rγ(null) mice have been 
widely used to perform engraftment of human CD34-positive immune 
cells for this purpose140. Humanized mice enable the investigation 
of the role of the human immune system in PDX growth, as well as 
the efficacy of immune-based therapies. However, only a few stud-
ies of translational prostate cancer research in these models have 
been published141,142, which might be related to the high cost of these 
models. On the background of the TRAMP model, two examples of 
humanized mice have been established by expression of native human 
NKG2D ligand MHC class I polypeptide-related sequence B (MICB) 
or the engineered membrane-restricted MICB (MICB.A2)143. Beyond 
PDXs, these models might have the potential to be used for studying 
and optimizing cancer immunotherapy, because these models develop 
spontaneous carcinomas. However, a drawback is that these models 
recapitulate only the specific interactions between NKG2D and its  
cognate ligands.

CTC eXplant models
Circulating tumour cells (CTCs) are another powerful tool for trans-
lational cancer research and personalized cancer therapy144. In 2020, 
a CTC-derived eXplant (CDX) and a corresponding CDX-derived cell 
line were successfully established from a diagnostic leukapheresis 
(DLA) product. This CDX is a new model for studying the sequential 
acquisition of key drivers of neuroendocrine transdifferentiation and 
offers a unique tool for effective drug screening in neuroendocrine 
disease (castration-resistant neuroendocrine prostate cancer) man-
agement145. However, although cell line models are important tools 
in basic cancer research, success rates in culturing CTCs are very low 
and, therefore, this approach cannot be used to determine personal-
ized therapies for the management of individual patients. Increasing 
CTC capture rates146 might help to increase the chance of being able to 
culture CTCs. Notably, the DLA method enables CTC capture from large 
blood volumes and has also been the basis for establishing organoids 
from enriched CTC fractions, indicating that DLA offers a promising 
alternative to biopsy procedures for obtaining sufficient numbers of 
tumour cells to study sequential samples in patients with metastatic 
prostate cancer147. Thus, these cells can be also studied in 3D using 
in vitro systems like spheroid cultures148,149, which are also used for other 
patient-derived cell culture models useful for translational research. 
Nevertheless, prostate cancer cells are notoriously more difficult to 
culture than cells from other tumour types.

Transgenic and genetically engineered mouse 
models
The Mouse Genome Database (MGI 6.17) currently lists 58 different 
genetically engineered mouse models (GEMMs) with phenotypic 
similarity to human prostate cancer. Several research groups have 
developed transgenic mouse models that recapitulate prostate can-
cer progression. These models use the expression of transgenic and 
oncogenic genes or gene fragments under the control of a prostate-
specific promoter, mostly the probasin gene (Pbsn)150–152. According 
to this principle, the TRAMP model exploits orthotopic expression of 
the SV40 large tumour T antigen. TRAMP mice are a versatile model 
for studying different disease stages, which are dependent on the age 
of mice. By 12 weeks of age, TRAMP mice exhibit prostatic intraepi-
thelial neoplasia (PIN). By 18–20 weeks, tumour lesions are apparent 
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predominantly in the dorsal and lateral lobes of the prostate. After 
28–32 weeks, all TRAMP mice usually develop advanced disease, encom-
passing lymph node and distant metastasis formation153. A transgenic 
mouse model developed in 2020 uses prostate-specific overexpression 
of the transmembrane CUB domain-containing protein 1 (CDCP1). 
These mice develop a high penetrance of PIN between 7 and 9 months 
of age. In the initial study, this model was used to establish a molecular 
link between CDCP1 over-expression with PTEN loss, for promoting 
prostate cancer progression through the upregulation of the MAPK 
pathway154. Although no further studies using this model have been 
published, this model might be appropriate for studying the emergence 
of metastases and CRPC in a different context.

The MYC-driven murine prostate cancer model (Hi-Myc) is another 
GEMM offering the opportunity to study different disease stages.  
In Hi-Myc mice, PIN lesions develop with essentially 100% penetrance 
within 2–4 weeks and progress with reliable kinetics to invasive adeno-
carcinomas after 3–6 months of age151. Although distant metastasis is 
not observed in Hi-Myc mice, crossbreeding with mice harbouring hap-
loid NF-κB inactivation generates offspring that can be used to study 
progression to castration-resistant disease155. In addition, the JOCK1 
GEMM uses a composite probasin promoter (ARR2PB) for orthotopic 
expression of Fgfr1. In this model, forced Fgfr1 expression leads to the 
development of PIN, but not of cancer, within 30 weeks in test ani-
mals152. In order to drive this PIN into metastatic disease, a delayed treat-
ment with a chemical inducer of dimerization (AP20187) is applied and, 
from 42 weeks onwards, mice develop penetrant adenocarcinomas. 
Interestingly, in this model, the stepwise and reversible progression 
to metastatic disease is linked to epithelial-to-mesenchymal transition 
(EMT), which can help to explain invasive and metastatic behaviour 
at different EMT stages, as in vivo EMT models for prostate cancer are 
scarce. However, the authors also point out that the promoter driv-
ing expression of the FGFR1 construct could be active at low levels 
in the stroma as well, possibly contributing to the observed changes 
by driving the development of the sarcomas observed in the model.

Complete inactivation of Nkx3.1, the expression of which is mostly 
restricted to the prostate, provides an animal model for examining the 
relationship between nonmalignant prostate differentiation and early 
stages of prostate carcinogenesis. At 1 year of age, homozygous male 
mice show extensive hyperplastic epithelium at the anterior of the 
prostate156. When Nkx3.1-null mice are crossbred with mice harbour-
ing Pten inactivation, the animals develop high-grade PIN and early 
adenocarcinomas by the age of 6 months157.

A transgenic mouse line that expresses the cre recombinase gene 
under the control of the composite probasin promotor provides 
the basis for many other GEMM with prostate-epithelial-cell-specific 
gene ablations. A Pten-conditional knockout model recapitulates 
disease progression seen in humans, starting with PIN, followed by 
progression to invasive adenocarcinoma and subsequent metastasis. 
These mice are a versatile model for studying the molecular mechanism 
and therapeutic strategies of prostate cancer158.

Mouse models combining Pten inactivation with other drivers of 
prostate cancer progression enable investigations with increased focus. 
Thus, combining a conditional deletion of Ar is useful for analysing 
crosstalk between the PI3K and AR pathways and CRPC development159. 
In this setting, the combination of a conditional Pten heterozygous 
background with prostate-specific conditional expression of SpopF133V — 
a common missense mutation found in human prostate cancer — led to 
profound alterations in phenotypes and provided models for analysing 
both PI3K–mTOR and AR pathways160. In another model, a combination 

with Trp53 deletion and telomere dysfunction yields a GEMM of aggres-
sive cancers with rearranged genomes and bone metastasis forma-
tion161. Crossing conditional activatable KRas (G12D/WT) mice with 
the prostate conditional Pten-deletion mice generates a model of 
macrometastatic prostate cancer with EMT, stem-like features and 
100% penetrance162. In addition, prostate-specific overexpression of 
Cdcp1 in transgenic mice cooperates with the loss of Pten to promote 
the emergence of metastatic hormone-sensitive and hormone-resistant 
disease154. Furthermore, over-expression of Mycn in Pten-null mice 
established a mouse model that develops poorly differentiated, inva-
sive prostate cancer that is molecularly similar to human neuroendo-
crine prostate cancer163 and another group has created several different 
mouse models that enable testing of immune therapies in prostate 
cancer. Deletion of Smad4 in a Pten-null background already provides 
a mouse model of metastatic prostate cancer with 100% penetrance164, 
but additional deletion of Chd1 is associated with remodelling of the 
TME accompanied by reduced numbers of myeloid-derived suppressor 
cells and increased CD8+ T cells165. This mouse strain has successfully 
been applied for testing inhibition of interleukin 6 in combination with 
immune checkpoint blockade165. The same group created a chimaera-
based system, which is derived from mouse embryonic stem cells. 
Mice with prostate-specific homozygous deletion of Pten, Trp53 and 
Smad4 were crossed with reporter mice harbouring fluorescent pro-
tein and luciferase expression to create so-called CPPSML genotypes, 
which can be used to produce age-dependent fluorescent protein and 
chemiluminescent prostate cancer growth at 3 months of age. Use of 
this model to test immune checkpoint blockade combined with agents 
that neutralize myeloid-derived suppressor cells in primary CRPC and 
mCRPC showed positive responses to therapy166.

Overall, transgenic or genetically engineered mouse models can 
be used to recapitulate different disease stages of prostate cancer 
(Table 2). The advantage of using these models, rather than xenografts, 
is the concomitance of an intact microenvironment and immune sys-
tem, which serves the pressing need for models that enable testing 
of immune therapeutic agents. By contrast, interspecies conserva-
tion and, therefore, validation of findings in humans, is not always 
given. The development of mouse models that enable studies of bone 
metastasis formation remains a goal of the field23.

Sophisticated models meet sophisticated 
analytics
All of the discussed model systems possess an intrinsic amount of com-
plexity, which increases from 2D cell cultures and 3D organoids (tumour 
cells in contact with host cells) up to model systems with a fully retained 
morphology, such as tissue slice cultures, PDXs or genetic mouse mod-
els. Using systems with increased complexity enables analysis of the 
interactions of tumour cells with tumour stroma, and microenviron-
ment including the host immune system. However, these advanced 
models also require advanced analytics.

2D cultures in combination with single-cell transcriptomics have 
been used to generate characteristic patterns of treatment-resistant 
subclones167. Nevertheless, although single-cell approaches are 
immensely informative, they cannot display the spatial location of 
the cells they characterize. Methods exist that can incorporate infor-
mation about the spatial distribution of the examined samples, for 
example, in one study the intratumoural and intertumoural hetero-
geneity of metastatic prostate cancer was analysed using digital spatial 
transcriptomics168. However, spatial transcriptomics is limited to 
recapitulating morphology, and, therefore, simply provides another 
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descriptive method without integration of functional analyses. To 
overcome this limitation, novel spatial transcriptomics have been 
developed. Some methods combine the advantage of high-resolution 
histological imaging with a full area-wise transcriptional analysis of the 
cells located directly above the capture area (the resolution depends on 
the size of the capture area)169. This method has been used to correlate 
specific histomorphological features of primary prostate cancer with 

transcriptional profiles of the tumour cells170. Conversely, this method 
can also be used to identify the spatial localization of cells exhibiting a 
specific transcriptional pattern that has been previously identified167. 
Sophisticated analysis methods will help not only to identify charac-
teristic properties of tumour cells but also to characterize the interac-
tion of tumour and microenvironment or monitor drug effects in an 
in vivo-like setting.

Table 2 | Prostate cancer mouse models

Transgenic prostate cancer mouse models

Transgene or 
mouse gene

Promoter or 
human gene

Allelic composition Background strains Key 
references

Characteristics and latencya

SV40 large 
T antigen

Pbsn Tg(TRAMP)8247Ng C57BL/6 150,153 PIN (~12 weeks)
Adenocarcinoma (~19 weeks)
Metastatic tumour (LN, visceral; 
~30 weeks)

MYC ARR2/Pbsn Tg(ARR2/Pbsn-MYC)7Key FVB/N 151 PIN (2–4 weeks)
Adenocarcinoma (3–6 months)

FGFR1 Pbsn Tg(Pbsn-Fgfr1/Fkbp1a)#aDmsp/0 treatment 
with AP20187

FVB/N 152,222 PIN (~30 weeks)
Metastatic tumours (LN and 
liver; 42–52 weeks)

CDCP1 Pbsn CDCP1pcLSL/+ C57BL/6 × 129/Sv 154 PIN (7–9 months)

Genetically engineered prostate cancer mouse models

Nkx3-1 NKX3-1 Nkx3-1tm1Mms/Nkx3-1tm1Mms 129S1/Sv 129S1/SvImJ 
C57BL/6 J or 129S4/
SvJae C57BL/6

223 PIN (~12 months)

Nkx3-1
Pten

NKX3-1
PTEN

Nkx3-1tm1Mms/Nkx3-1+

Ptentm1Rps/Pten+

129S1/Sv 129S1/SvImJ 
C57BL/6 J

157 PIN (~6 months)
Adenocarcinoma (~6 months)

Pten PTEN Ptentm1Hwu/Ptentm1Hwu

Tg(Pbsn-cre)4Prb/0
129S4/SvJae BALB/c 
C57BL/6 DBA/2

158 PIN (9 weeks)
Adenocarcinoma (12–29 weeks)
Metastatic tumours (lung; 
9–29 weeks)

Ar
Pten

AR
PTEN

Artm1Verh/Y
Ptentm1Hwu/Ptentm1Hwu

Tg(Pbsn-cre)4Prb/0

129S1/Sv 129S4/
SvJae 129 × 1/SvJ 
C57BL/6 DBA/2

159 PIN
Adenocarcinoma
Metastatic tumours
CRPC

Pten
Tert
Trp53

PTEN
TERT
TP53

Ptentm1Rdp/Ptentm1Rdp

Terttm3Rdp/Terttm3Rdp

Trp53tm1Brn/Trp53tm1Brn

Tg(Pbsn-cre)4Prb/0

129P2/OlaHsd 129S6/
SvEvTac C57BL/6 
DBA/2

161 PIN (9 weeks)
Adenocarcinoma (24 weeks)
Bone metastasis (24 weeks)

Kras
Pten

KRAS
PTEN

Krastm4Tyj/Kras+

Ptentm1Hwu/Ptentm1Hwu

Tg(Pbsn-cre)4Prb/0

129S4/SvJae C57BL/6 
DBA/2

162 PIN (10 weeks)
Adenocarcinoma (20 weeks)
Metastatic tumours (lung, liver; 
20 weeks)

Pten PTEN Gt(ROSA)26Sortm1(SPOP*F133V)Mrbn/
Gt(ROSA)26Sor+

Ptentm2.1Ppp/Pten+

Tg(Pbsn-cre)4Prb/0

129S1/Sv C57BL/6 
DBA/2

160  NA

Pten
Smad4

PTEN
SMAD4

Ptenpc−/−

Smad4pc−/−

Tg(Pbsn-cre)4Prb/0

FVB/n C57BL/6 129/
Sv

164 Focal carcinoma (11 weeks)
Invasive carcinoma (15 weeks)

Pten
Mycn

PTEN
MYCN

Ptenf/f

LSL-MYCN+/+

T2-Cre+/+

C57/BL/6/129 × 1/SvJ 163 Invasive adenocarcinoma with 
NEPC

CRPC, castration-resistant prostate cancer; LN, lymph node; NEPC, neuroendocrine prostate cancer; PIN, prostatic intraepithelial neoplasia; SV40, Simian virus 40; NA, not applicable. aLatency 
indicates time until occurrence of the lesion (age of mice).
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Translating success from models to clinics
Many in vitro, ex vivo and in vivo models of prostate cancer are available, 
each of which is associated with defined advantages and disadvan-
tages (Table 3). Prostate cancer progression and the development of 
therapy resistance are multistage processes that are shaped by numer-
ous intrinsic and extrinsic factors; these factors create an ecosystem 
in which selection processes occur, but preclinical models are static 
and typically reflect a specific state of disease and not all common 

features of prostate cancer are preserved (for example, PSA expression  
and AR expression).

2D cell culture is still the workhorse of prostate cancer research 
and drug development, but the field is moving towards more sophis-
ticated models that more faithfully recapitulate key properties of the 
disease. These new models often involve the use of primary patient 
material rather than merely focusing on established cell lines. Indeed, 
in metastatic disease, a striking concordance of genomic alterations 

Table 3 | Comparison of various in vitro, ex vivo and in vivo models

Model Description Advantages Disadvantages

2D in vitro cell 
culture (cell lines)

Submerged culture of cells, usually 
attached to a plastic surface

Easy handling, high reproducibility, 
enables different scales of culture, 
enables high-throughput screening,  
low costs

Artificial 2D surface, abnormal cell characteristics on 
the molecular and cellular level, does not monitor 
3D growth conditions (cell–cell interactions,  
cell–stroma interactions)

Monocellular 
tumour spheroids

Cell line grown in culture that  
does not allow cells to attach  
to a surface, therefore leading to  
formation of cell clumps 
(spheroids)

Relatively easy handling, monitors cell–
cell interactions between tumour cells 
and their 3D growth

Does not monitor cell–cell interactions between tumour 
and non-tumour cells, little control of cell aggregation, 
assessment of cell viability, less straightforward than  
2D culture, no vasculature

Multicellular tumour 
spheroids

A mixture of tumour and 
non-tumour cells grown in 
culture that does not allow 
cells to attach to a surface, 
therefore leading to formation 
of cell clumps (spheroids)

Monitors cell–cell interactions between 
tumour cells and non-tumour cells, 
more realistic model of 3D growth than 
2D models

Difficult to establish, difficult to distinguish drug effects 
on different cell types, little control of cell aggregation 
and spheroid architecture, no vasculature

Tumour-derived 
spheroids

Tumour-derived cells grown 
in culture that does not allow 
cells to attach to a surface, 
therefore leading to formation 
of cell clumps (spheroids)

3D system from primary tumour (tumour 
and non-tumour cells), patient specific

Restricted by tumour tissue availability

Tumour-derived 
organoids

Tumour-derived fresh tissue In vivo-like architecture, patient specific, 
individualized high-throughput drug 
screening feasible

Elaborate workflow necessary, cost and labour 
intensive, low take rates of prostate cancer organoids

Organotypic tissue 
slices

Slices of tumour tissue (thickness 
in the hundred-micrometre 
range), cultivated, for example, 
in air–liquid interface

In vivo-like tumour architecture and 
microenvironment, patient specific

Limited cultivation time, monitoring of drug effects 
often requires microscopic analysis of tissue sections, 
restricted by tumour tissue availability

CAM models Tumour cells or tissue grown on 
a chorioallantoic membrane of 
an egg

Reproducibility, particularly suited for 
monitoring angiogenesis, enables study 
of tumour growth and micrometastases

Short time window for experiments (implantation 
–> chick hatching)

Tumour-on-a-chip 
systems

Combination of microfluidic 
technology and 3D cell culture

Faithful recapitulation of tumour 
microenvironment and interaction with 
cancer cells

Sophisticated tissue engineering, might not be suitable 
on a large scale

Tumour xenografts Tumour cells subcutaneously, 
subrenally or orthotopically 
injected into a host animal 
(usually mice)

Monitors intact in vivo tumour 
environment, in particular subcutaneous 
xenografts comparably easy to establish 
with relatively low costs, also enables 
stromal cell co-injection

Animal experiment (3R), based on cell lines and murine 
cells, lacks immune system (immunodeficient mice) 
in the case of human cell lines, limited to tumorigenic 
cell lines

Patient-derived 
xenografts

Primary tumour material from a 
patient, implanted subcutaneously 
or orthotopically into a host animal 
(usually mice)

Original patient tumour material in an 
intact in vivo environment, many features 
of primary tumour material retained

Animal experiment (3R), low tumour take rates, long 
time period for establishment, slow tumour growth, 
restricted by tumour tissue availability, complicated 
handling

CTC eXplant model Cells grow continuously in 
immune-compromised mice and 
as a stable cell line

Unique model that mirrors in situ CTC 
biology and overcomes the limitations  
of low frequency and durability of CTCs

Low success rates for establishment of models. 
Currently, only one model is available that is based 
on elaborate diagnostic leukapheresis

Transgenic or 
genetically 
engineered mouse 
models

Mice strains based on defined 
genetic modifications

Modelling individual steps of prostate 
tumorigenesis and metastatic 
progression. Enables study of the 
influence of microenvironment and 
immune system in longitudinal studies

Animal experiment (3R). Breeding mice is costly and 
labour intensive. Transgenic models can lack tissue 
specificity. Mice are not human and orthological 
conservation is not always a given

3R, replace, reduce, refine (as a road map for laboratory animal protection policies); CAM, chorioallantoic membrane; CTC, circulating tumour cell.
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in spatially distributed tumour sites is found9, especially in treatment-
naive, hormone-naive prostate cancer171. Thus, a single biopsy from 
one metastatic site might be used to obtain information about the 
molecular make-up of the tumour and unravel targetable alterations. 
This finding provides the rationale for individualized cancer models 
derived from an individual’s tumour tissue, such as PDOs, which have 
several advantages over 2D culture or 3D spheroids (Table 3). However, 
early branching evolution during metastatic dissemination and exten-
sive subclonal heterogeneity in pan-cancer analyses have been found, 
especially when applying deep-sequencing approaches of multiple 
metastatic sites172,173. In addition, under the sustained treatment pres-
sure in the course of therapy, the formation of various resistance 
mechanisms, the development of new genetic drivers and subclonal 

selection occur171. In these circumstances, a single biopsy can reflect 
only a limited extent of the actual disease and multiple biopsies would 
be necessary to capture the different facets of disease144. In this scenario, 
cell models generated from CTCs could be a less invasive method than 
biopsy for the patient; however, challenges remain in realizing these 
models into use.

Overcoming challenges
Challenges in establishing patient-derived systems for personalized 
medicine arise from the need to procure fresh tissue, for example, from 
metastatic biopsy. Thus, a workflow to procure and process fresh tissue 
and a good communication protocol between surgeon and/or inter-
ventional radiologist, pathology and the cell culture laboratory must 
be in place. These procedures are personnel intensive and costly, and 
might not be feasible in all institutions and for all patients. In addition, 
success rates for establishing prostate cancer models based on primary 
tumour material are low in comparison with other tumour entities — for 
example, only ~20% of submitted prostate cancer tissue samples suc-
ceeded in forming organoids, whereas numbers are as high as 90% in 
other tumours, such as colorectal cancer73,174. Enthusiasm for prostate 
cancer organoids remains, but the initial promise of bona fide ‘avatars’ 
modelling individual patients’ tumours for predictive drug testing has 
not been fulfilled. Instead, creating a ‘living biobank’ should be the goal 
to personalize prostate cancer treatment to enable predictive high-
throughput drug testing. Furthermore, an organoid that is almost identi-
cal to the patient’s tumour on a genomic level could be selected for PDX 
development, combining precise genomic make-up with a living TME. 
This combined approach might offer an increasingly complex biologi-
cal setting for drug sensitivity testing175. Even so, drug testing is limited 
by other issues, including the definition of optimal readouts to drug 
response and the avoidance of false-positive or false-negative results.

The low success rate of prostate cancer samples in primary cell 
culture or PDX generation suggests a very strong dependence on signal-
ling cues from the microenvironment176, a concept that also applies to 
castration resistance. For example, using cells from a PDX model that can 
progress to androgen independence, bicalutamide and enzalutamide 
resistance were found to be considerably delayed and avoided altogether, 
respectively, when murine fibroblasts were removed from the cancer cell 
population. Interestingly, this effect was mediated by fibroblast-derived 
neuregulin 1, which activates the receptor tyrosine kinase HER3 in pros-
tate cancer cells to promote survival signalling and to partially restore  
AR target gene expression, therefore conferring antiandrogen resist-
ance177. Although this finding further emphasizes the biological complex-
ity of castration resistance, it also highlights the use of prostate cancer 
models to improve understanding of crucial disease processes.

The putative role of the microbiome
Interactions between prostate cancer and the prostate and gut micro-
biomes have been reported, increasing the complexity of prostate 
cancer178. The presence of a prostate cancer microbiome is supported 
by data from The Cancer Genome Atlas showing that ~1.5% of sequence 
reads were of microbial origin179. Treatment with the next-generation 
antiandrogen abiraterone has been shown to modulate the gut micro-
biome to enhance treatment effects180. Conversely, gut microbiota have 
also been reported to promote castration resistance by converting 
hormone precursors to active androgens181. To study the influence of 
antihormonal agents on the gut microbiota, both ex vivo models such 
as bioreactors180 and athymic or immunocompetent mouse models 
have been used. In the latter, co-housing of prostate cancer-bearing 

Box 2

Androgen receptor splice 
variant 7
The successful interplay between in vivo and in vitro models can 
be observed in the case of the androgen receptor splice variant 7 
(AR-V7) and its association with therapy resistance after treatment 
with abiraterone or enzalutamide. In the discovery of AR-V7, the 
mouse xenograft-derived cell line 22Rv1 (ref.231) (which was used for 
propagating the grafted prostate cancer primary tumour (CWR22) 
and for obtaining serial transplantable tumours) was used. Mouse 
were kept under androgen ablation, resulting in establishment of 
the (CWR)22Rv1 hormone-refractory cell line207. Subsequent clinical 
studies in patients with metastatic castration-resistant prostate 
cancer showed AR-V7 to be a biomarker, predicting resistance 
to AR-targeted therapies abiraterone and enzalutamide, while 
not affecting the efficacy of a taxane-based chemotherapy232,233. 
Detection of AR-V7 at the RNA or protein level was independently 
associated with short progression-free survival and overall survival 
of patients with metastatic castration-resistant prostate cancer 
treated with abiraterone or enzalutamide234. However, some 
patients responded to abiraterone or enzalutamide therapy despite 
the presence of AR-V7-mRNA-positive circulating tumour cells235,236, 
indicating the need for AR-V7 re-assessment (for example, AR-V7 
in plasma-derived exosomal RNA237,238) or for additional predictive 
biomarkers (such as other AR variants) for safe clinical decision-
making. Nevertheless, the presence of AR-V7-positive circulating 
tumour cells was associated with a short time to treatment change 
and might, therefore, provide important prognostic information239. 
AR-V7 positivity is associated with an increased proportion of 
Gleason score ≥8, metastases, and incidences of pain and worse 
Eastern Cooperative Oncology Group performance status (≥1) 
compared with patients with AR-V7-negative castration-resistant 
prostate cancer240. AR-V7 analysis has not yet reached routine 
clinical use, but this situation might change when selected clinical 
trials investigating AR-V7-targeting therapies provide positive 
results241. However, emphasis must be put on the fact that castration 
resistance is a multifactorial process and tumour cells might rely 
on distinct molecular alterations to escape androgen deprivation, 
leading to clonal competition for dominance.
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and non-tumour-bearing mice resulted in a substantial reduction of 
prostate tumour growth, improved responses to androgen deprivation, 
correction of immune cell dysfunction and a microbial shift towards 
microbiota that promote anticancer immune surveillance182. These 
remarkable findings have been attributed to the fact that mice are 
coprophagic; thus, faeces of non-tumour-bearing mice seem to be 
able to correct the cancer-induced gut dysbiosis and its consequences 
in tumour-bearing mice. These results emphasize the complexity of 
tumour–microbiome interactions and highlight the daunting challenge 
of faithfully modelling the ecosystem of prostate cancer.

Characteristics of tissue-slice and PDX models
Tissue-slice models offer experimental conditions that can recapitu-
late the TME and tissue compositions with increased acuracy. As the 
complexity of drug response is not only determined by intracellular 
parameters but also by features related to the microenvironment, tis-
sue slices could emerge as promising models for drug development 
and for the identification of predictive biomarkers. However, their 
routine establishment is not without challenges, including limitations 
of tumour tissue availability, the preclusion of long-time experiments 
and the relative complexity of the method. So far, no standardized 
protocols exist, but such protocols are required for drug screens in 
the setting of personalized patient care183. In principle, the issue of 
limited tissue availability can be circumvented by using PDX tumour 
material — that is, prior propagation of the patient’s tumour in mice. 
However, this step once again adds considerable complexity to the 
experimental setting, which is the case for all in vivo studies.

Intratumoural heterogeneity might also be a major confounding 
factor for PDX models. Synthetic DNA barcode tracking and single-cell 
transcriptomics have revealed spatially confined clonal expansion 
driven by cell-intrinsic overexpression of genes involved in homing 
and adhesion to the pre-metastatic niche184. Such pre-existing differ-
ences in gene expression might influence not only the adaptation to 
the host microenvironment but also engraftment efficiency in gen-
eral. Consequently, engrafted cells might not be representative of an 
entire tumour. Still, despite all 3R considerations, in vivo models will 
remain pivotal in prostate cancer research and drug development. One 
challenge will be to develop improved models for clinically relevant 
disease manifestations, such as BRCA positivity and therapy-induced 
neuroendocrine differentiation. Another unresolved problem is that 
of suitable models for the interaction between the immune system 
and prostate cancer — although immunotherapy has become integral 
to therapy of other cancer types, results in prostate cancer have been 
disappointing, mainly owing to its immunologically ‘cold’ tumour 
micromilieu. Attempts are now being made to activate inflammasome 
and immune cells by different methods such as various vaccination 
strategies185. Resulting preclinical models could be more appropriate 
and could accelerate therapy development.

Artificial intelligence and preclinical models of prostate 
cancer
The major goals of preclinical prostate cancer models are not only to 
improve understanding of disease processes but also to identify novel 
treatment modalities and to predict treatment-related toxicities and  
therapy responses. Owing to the high degree of intertumoural  
and intratumoural heterogeneity, artificial intelligence (AI) has the 
potential to revolutionize multiple aspects of preclinical prostate 
cancer modelling.

Thus far, the use of AI in prostate cancer focuses mostly on decision- 
support, for example, deep-learning and pattern-recognition 
algorithms for MRI segmentation, histopathological grading or aug-
mented reality in the operating room186. Conceptually, AI can rely on 
big data for modelling individual patients (‘digital twin’), or narrow-
task approaches such as predicting the response to a certain drug187. 
In the context of preclinical model development, one could envision 
that the role of artificial intelligence would be to strengthen the con-
nection of in vitro or in vivo models and patient data. For example, 
the response to a drug candidate in a PDX model could be linked 
to the clinical patient information, imaging, digital pathology, tumour  
genomics and information on the clonal composition as well as 
hetero geneity of the tumour, gene expression data, and factors of the 
TME, including the immune response. The response or resistance to  
the compound could hence be integrated with data that might help 
to improve understanding and predict drug sensitivities as a basis 
for ultimately identifying patients who are likely to benefit from 
the drug. Moreover, AI can support virtually all aspects of preclini-
cal drug discovery in model systems, including target identification, 
virtual drug screening and the prediction of pharmacokinetics and  
toxicity188.

Conclusions
Despite substantial progress, the complexity of prostate cancer can-
not yet be fully represented in a single preclinical model. A combina-
tion of different in vitro, ex vivo and in vivo models still provides the 
best approximation of the behaviour of prostate tumours (Box 2 and 
Fig. 3). Thus, new approaches and increasingly sophisticated models 
are needed to improve simulation of the individual phases of the disease 
and their underlying molecular and cellular drivers, in order to meet 
the requirements of therapy development and personalized medicine. 
This need is especially relevant in the case of immunotherapeutics, 
checkpoint inhibitors or CAR cell therapies, for which preclinical test-
ing is particularly demanding. Successful strategies will also need to 
include AI and machine learning to identify specific molecular patterns 
of the disease, which might predict therapy response or resistance and 
will, therefore, require interdisciplinary approaches.

Published online: xx xx xxxx

Fig. 3 | Examples of prostate cancer research, based on the combined use  
of different models. a, Comparison of nanoparticle and short interfering  
RNA-mediated knockdown of the proto-oncogene survivin in 2D cell culture,  
3D tissue slices and xenograft tumours. Very profound target gene reduction 
is seen in 2D cell culture, but the 3D ex vivo model reflects the knockdown 
efficacies that are obtained in vivo more acurately (Karimov and Aigner, 
previously unpublished data). b, Schematic representation of a bone-forming 
prostate cancer patient-derived xenograft (PDX) model, in which human tumour 
cells (MDA PCa 118b) stimulate mouse osteoblasts through the FGF2–FGFR1 
axis and vice versa (upper panel)224. Note that FGF2 is overexpressed in both cell 
types in comparison with a control PDX (MDA PCa 183, upper middle panels). The 
osteoblastic PDX model is characterized by a high mitotic index (not shown) and 
a high frequency of abnormal mitoses, as determined by spindle poles visualized 
by immunohistochemistry for γ-tubulin (lower middle panels). A radiograph 

of the bone-forming PDX model is shown (lower panel). c, The typical workflow 
for identifying and validating microRNAs (miRNAs) as drug candidates. miRNA 
expression profiling in primary tumour versus nonmaliganant tissue identifies 
aberrantly downregulated miRNAs (in this case miR-143). The in silico predicted 
or previously described target genes of potential relevance (in this case uPAR) 
are validated in 2D cell culture. A miRNA replacement study in subcutaneous 
tumour xenograft-bearing mice, using polymeric nanoparticles for miRNA 
formulation and delivery, reveals profound tumour inhibition. Upon their 
explantation, the tumours are analysed for expression profiles of miRNA target 
genes, here revealing the downregulation of uPAR in the specific treatment 
group. Part b from ref.224, reprinted with permission from AAAS, and adapted 
with permission from ref.225, Elsevier. Part c reprinted with permission from 
ref.226, Wiley, and adapted with permission from ref.227, American Society of Gene 
and Cell Therapy.
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