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Abstract: Prostate cancer (Pca) is a heterogeneous disease with multiple morphological patterns. Thus, the
establishment of a patient-derived xenograft (PDX) model that retains key features of the primary tumor is
of great significance. This review demonstrates the characteristics and advantages of the Pca PDX model and
summarizes the main factors affecting the establishment of the model. Because this model well recapitulates
the diverse heterogeneity observed in the clinic, it was extensively utilized to discover new therapeutic
targets, screen drugs, and explore metastatic mechanisms. In the future, clinical phenotype and different
stages of the Pca patient might be faithfully reflected by PDX model, which provides tremendous potential

for understanding Pca biology and achieving individualized treatment.
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Introduction

Prostate cancer (Pca) is a heterogeneous disease
characterized by variation in terms of gene expression,
structural genomic aberrations, epigenetic regulation, and
responses to therapeutics. Although androgen deprivation
therapy rapidly inhibits Pca progression, tumors often
relapse as castrate-resistant prostate cancer (CRPC),
which is untreatable (1). The high clinical and biological
heterogeneity has hampered the development of novel
therapeutics. Thus, animal models that capture the
diversity and progression of Pca are urgently required and
expected to provide essential references for the treatment
of Pca patients (2). An alternative approach is developing
Pca patient-derived xenografts (PDXs) that are initially
established and subsequently passaged in immunodeficiency
mice (3). This article reviews the characteristics and factors
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affecting Pca PDX models, focusing on its heterogeneity
and implications in individualized treatment. It provides
a novel tool to understand Pca progression, response to
therapy, and personalized oncology.

Xenograft model using Pca cell lines

The main cell lines commonly used to establish animal
models (cell-derived xenograft; CDX) of Pca are PC3,
DU145, and LNCaP (Table 1) (4-10). They provide an
essential foundation for the study of Pca biology. However,
these tumor cells have some significant limitations for the
establishment of Pca animal models. To adapt to the in
vitro growth environment, these cell lines lose the three-
dimensional (3D) tumor structure, hence, fail to capture
the inter- and intra-tumoral heterogeneity of clinical
Pca, and are unable to accurately recapitulate the major
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Table 1 Cell lines for the establishment of the prostate cancer model

Shi et al. The heterogeneity of PDX model of prostate cancer

Cell line Origin Androgen dependence PSA AR References
LNCaP Lymph node + + + 4,5)
C4-2 LNCaP-C4 variants - + + 6)
PC-3 Bone - - - (7,8)
DU145 Brain - - - (7,8)
VCaP Spinal cord + + + (9,10)

AR, androgen receptor; PSA, prostate-specific antigen.
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Figure 1 The overall procedure for the generation of prostate cancer PDX model. PDX, patient-derived xenograft.

features and diversity of human Pca. Thus, reliable data
cannot be provided to support drug development, efficacy,
and prognosis (8,11,12). Sharpless et al. (13) also reported
that tumor cell line xenografts are not able to adequately
predict the efficacy of anticancer drugs, and only 5% of
potential new anticancer drugs that have been tested iz vivo
exert significant effects and can be approved for clinical
use. Currently, only 4 of the 7 classical prostate cancer cell
lines reported (VCAP, LnCaP, 22Rv, MDA PCa2b) express
androgen receptors (ARs) (4,5,9,10,14-16), and could rarely
secrete prostate-specific antigen (PSA), unlike most Pcas.

Xenograft model using Pca specimens

Currently, researchers are paying more attention to the
PDX model established using Pca specimens. This type of
xenograft based on intact tissue samples maintains some
of the interactions with the tumor microenvironment, and
more importantly, it accurately simulates the main features
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of Pca patients, such as hormone dependence/independence
and the ability to induce castration-resistant Pca in mice
by androgen ablation and other methods. The overall
procedure for the generation of prostate cancer PDX model
is shown as Figure 1. The development of a PDX model
can promote the understanding of Pca progression, drug
treatment response, and precision medicine. To date, the
representative Pca PDX models include the LAPC, KUCaP,
and LuCaP series (8,17,18). An outstanding example is
the LuCaP PDX series models established by Nguyen
and his colleagues (19). It showed similar pathological
features and growth characteristics, as well as common
chromosomal changes in patients with metastatic CRPC
(mCRPC). They also tested the response of this PDX
model to docetaxel alone or in combination with androgen
ablation treatment, and pointed out that the model can
be used to study the essential features of Pca biology and
evaluate the effectiveness of treatment programs. The PDX
model allows human Pca tissue to grow and be passaged
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for extended periods in mice, enabling the study of tumor
progression and the characteristics of various stages of
the disease and testing the efficacy of novel anticancer
drugs and therapeutic combinations. Although the broad
spectrum of applications of PDX models in the clinic has
been hampered by the long incubation period, hormone-
dependence, and low success rate of the graft, it more
closely mimics the condition, characteristics, and treatment
response of clinical patients.

Factors influencing the establishment of a
prostate cancer PDX model

Androgens

Most Pcas in the clinic are androgen-dependent; however,
the level of androgens in male mice is much lower than
that in men. Problems such as low modeling success rate
and extended incubation period are attributed to this
mismatch (20,21). Therefore, one of the critical factors for
the establishment of a Pca PDX model is maintaining the
androgen levels in mice. Supplementing mice with a specific
dose of exogenous androgens promotes the growth of Pca
cells and tissues (22-24) (Figure 1). Russel ez al. (25) studied
the effect of testosterone on the formation of prostate
cancer (URCR-PR-4) from a clinical specimen in nude
mice. They found that testosterone-supplemented mice
(4-androsten-17B-01-3-one) had significantly increased
plasma testosterone levels and had higher tumor take rates.
Despite this, just as in Risbridger’s report (26), the overall
success rate of Pca PDX still was extremely low (10-20%),
the time to initial growth from four up to over 12 months,
and time from implantation to initial growth of secondary
passage ranges from 6 to 36 weeks (19), partly due to the
differences in androgen levels between human and mouse.

Mouse seminal vesicle mesenchyme (SVIM)

As a unique male urogenital tumor, Pca is challenging to
grow in mice, and it usually has a very low survival rate.
Another critical factor is the lack of the stromal components
and microenvironment of the donor patient’s tumor to
maintain or stimulate the growth of tumor tissue in the host
mouse. Notably, the Leydig cells of male mammals secrete
androgens and guide the differentiation and proliferation
of the prostate (6). Therefore, to replicate the role of
the stromal microenvironment, many laboratories have
recombined human Pca tissue with the SVM, followed by
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co-transplantation in mice (Figure 1). Lawrence et al. (27)
found that co-transplantation with SVM could support
tissue growth and significantly enhanced survival and the
tumor cell proliferation. These factors provide a relatively
ideal microenvironment niche for Pca grafts, to obtain good
tumorigenicity and maintain the critical characteristics of
Pca in patients (28). In addition, clinical samples of patient
tumor tissue available in laboratories are insufficient, and
the stromal microenvironment provided by the SVM
technology can promote the cancerous transformation
of non-malignant Pca epithelial cells, thereby partially
bypassing the problem of insufficient tissue used for a

xenograft (29).

Subrenal capsule graft

Traditional xenograft sites for PDX models include
subcutaneous, renal capsule, and orthotopic transplantation.
The ideal transplant site is believed to be the orthotopic
site (includes the primary site of the tumor and the
metastatic site of the tumor), which provides the tumor
the same anatomical microenvironment. However, for Pca,
the orthotopic transplantation operation is challenging
because of the limited capacity of the mouse prostate and
considerable damage to host mice. Therefore, the subrenal
capsule has been suggested as a suitable site for Pca
xenograft (28) (Figure I). It can significantly improve the
success rate of a PDX model, which may be due to the rich
vascular structure of the subrenal capsule itself, providing
sufficient nutrients, hormones, and oxygen for early tumor
tissue growth (20,30). Compared with the other two sites,
the take rate of tumor tissue by the subrenal capsule can
exceed 90%, and the histopathological structure, marker
expression, and androgen sensitivity of the patient’s tumor
are faithfully reproduced (21,31). Moreover, subrenal
capsule xenograft has facilitated the dissection of cancer
cell-microenvironment interactions in some cells with
metastatic potential in primary tumors of patients,
providing a valuable tool for the study of Pca metastasis
mechanisms (32). In particular, combined with SVM
technology, subrenal capsule xenograft can partially
simulate the tumor microenvironment in orthotopic grafts
and maintain the original tumor integrity (27).

Tumor tissue

High-quality Pca tissue is equally vital for establishing a
PDX model. The following features of original cancer
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tissue will maximize the take rate of the xenograft (23): (I)
a proportion of at least 50% of cancer; (II) high-quality
undamaged tissue; and (III) the presence of proliferating
cancer cells, such as those containing Ki67" cells.
Laboratory tumor samples are usually obtained from Pca
biopsy, radical prostatectomy, or transurethral resection
of the prostate. Samples obtained by different treatments
might be in different stages of the disease, and the state of
the tissue varies greatly. Pathologists need to assess the Pca
tissue; curtail it precisely to reduce fat, necrosis, and other
tissues; and minimize the time of ischemia after the sample
is removed. Then, it should be transplanted into the mice
as quickly as possible to ensure tissue vitality (19,26,33,34).
Simultaneously, both researchers and surgeons should
be in close communication with each other to obtain
continuous, clinically relevant information, including
patient tumor grade, androgen dependence, PSA and AR
expression, metastasis, treatment, and recurrence. These
factors may not only affect the success rate of PDX model
of Pca but more importantly, matching the successfully
established PDX model to the corresponding patient to
more accurately analyze the patient’s tumor characteristics,
further monitor the states of disease, and develop optimal
treatment protocols. Moreover, the success rate of early Pca
xenograft is extremely low because the tissue growth is often
local and has low invasiveness. Therefore, most existing Pca
PDX models are established using patient specimens with
a high grade of advanced malignancy, which is currently an
urgent problem to be solved in the primary research field of
Pca (20,35).

Several techniques have been applied to improve PCa
PDXs model take rates, including the use of murine
hosts with severe combined immunodeficient mice,
supplementation with testosterone, subrenal implantation,
and recombination of tissues with SVM. Despite these
advances, the low take rate of stable PCa PDXs was
reported, and the time of initial growth was 4 to over 12
months, or even longer (19,35).

Application

The histopathological structure of the Pca PDX model is
more similar to that of the patient’s primary tumor, such
as the degree of differentiation of the parental tumor,
morphological features, heterogeneity, major markers,
and conservation of key genes (25). It is generally believed
that PDX models with few passages (<10 generations)
can maintain the histopathological characteristics and
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gene integrity of primary tumors, but some studies have
also examined the molecular fidelity of 100+ generation
PDX models, which showed no significant changes in
the long-term passaged mouse model, which maintains
the general phenotype of PDX (19,36). The established
PDX models were found to reproduce the common
genome changes in clinical Pca patients (e.g., PTEN loss,
RBI1 loss, AR amplification, and TMPRSS2-ERG fusion
gene) (19,28) and retained the significant markers of
primary tumors in patients: AR, PSA, prostate-specific
membrane antigen (PSMA), and alpha-methylacyl-CoA-
racemase (AMACR; also known as P504S) (18,20,30). Lin
et al. (35) also established some patient-derived prostate
tumor xenograft models that well retained salient features
of the primary tumors, including histopathology, clinical
marker expression, chromosomal aberration, gene
expression profiles, and molecular subtypes of prostate
cancer. These results provide crucial references for studying
Pca biology, identifying diagnostic markers, screening
therapeutic drugs, and exploring metastatic mechanisms.
The PDX model can be used as an archetype of the patient
for detecting responses to various treatments and predicting
treatment outcomes and prognoses to select the optimal
treatment strategy for the patient.

New therapeutic targets

The metastasis capacity of the same patient at different
sites has been identified by Pca PDX models. Lin et /. (37)
paired metastatic and non-metastatic PDX models for gene
expression analysis. The results showed that the ASAPI
gene, which may be a useful therapeutic target and/or
biomarker of metastatic Pca, is involved in tumor metastasis.
Terada et al. (38) used the Pca KUCaP-2 model to simulate
the characteristics of clinical CRPC cases successfully
and found that the prostaglandin E receptor EP4 subtype
was significantly upregulated during the progression of
the disease to castration resistance and could be used as
a new therapeutic target for CRPC. Indeed, this laid the
foundation for subsequent EP4-related studies by other
researchers, and most of these studies were based on Pca cell
line or cell line xenograft models for cell invasion and bone
metastasis studies (39). Wick et 4/. (40) used the PSMA-
antibody-drug conjugate (PSMA-ADC) to treat cell-based
xenograft Pca and PDX models. The results showed durable
tumor regressions in the PDX model, demonstrating the
utility of targeted PSMA therapy. In addition, researchers
have used the PDX model to conduct studies on drug
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Figure 2 Multiple organ metastasis PDX models from B45354 (CRPC patient). (A) The PDX model bearing a subcutaneous transplanted

tumor. (B) HE staining of metastatic tumors in organs including kidney, lung, liver, and spleen. Scale bar, 20 pm. PDX, patient-derived

xenograft; CRPC, castrate-resistant prostate cancer.

resistance. For example, the increased expression of type III
B-tubulin is closely related to docetaxel resistance, which
not only results in faster postoperative recurrence but also
makes patients insensitive to docetaxel and reduces the
survival rate (41).

Drug screening and new drug development

Using the Pca PDX model, it is possible to screen out
the most suitable drugs for patients according to the
characteristics of different disease stages and to promote
the development of new drugs. For example, taxanes are
one of the commonly used chemotherapy drugs for Pca.
Many researchers have explored taxane-based therapies,
including docetaxel combined with the multivalent
botanical drug (Aneustat), and docetaxel-resistant tumors
treated with cabazitaxel, which both show effective
anticancer activity with relatively minor side effects
(41,42). The poor therapeutic response of CRPC has been
a major hurdle for many years. Therefore, researchers
have focused on improving the therapeutic efficacy of
drugs targeting CRPC. In the CRPC PDX model (LuCaP
96CR), enzalutamide combined with PSMA-ADC showed
potent antitumor activity and significantly increased host
survival (43). Nguyen ez 2l (19) analysed the expression
of AR in their LuCaP PDX model and found that the
expression of AR transcript splice variant 7 (ARV7) was
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markedly upregulated in CRPC; they proposed that this
model can support the development of novel AR N-terminal
antagonists. Another specific type of Pca is neuroendocrine
Pca (NEPC), which expresses synaptophysin (SYP),
chromogranin A (CHGA), and chromogranin B (CHGB),
while AR and PSA are usually negative or weakly expressed.
Using the PDX model, Russell e al. (25) and Tung et al. (44)
found that NEPCs respond well to cisplatin (or irinotecan
in combination) therapy, and this approach has been used
in the clinic. In addition, Beltran et al. (45) also studied
the efficacy of the Aurora kinase inhibitor PHA-739358 in
NEPC PDX and found that it might be beneficial to NEPC

patients.

Tumor metastasis research

Establishment of metastasis models is vital to better
understand the interaction of Pca cells and microenvironment.
However, few Pca PDX models spontaneously metastasize
from subcutaneous tumors. In one PDX model (B45354)
established by our Lab from an androgen-independent Pca
patient, a high metastatic potential was observed, partly
due to more vascularization of the graft site (Figure 2A4).
Eventually, it displayed multiorgan metastases including
to the kidney, lung, liver, and spleen (Figure 2B). Short
tandem repeat (STR) analysis for B45354 PDX showed

an intact Y chromosome loss. Consistent with previous
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reports, partial or complete loss of the Y chromosome
is associated with an increased risk of cancer in men
(46,47). Perhaps the change in the Y chromosome is
highly correlated with Pca metastatic potential. Even the
loss of specific Y chromosome-specific genes induced
the pathogenesis of Pca (48). JARID1D localized to the
Y chromosome is a prognostic marker and suppressor of
prostatic tumor invasion and metastasis (49), and Sox2 [SRY
(sex determining region Y)-box 2] is an AR-repressed gene
that promotes CRPC (50). Therefore, the PDX model can
be used to study the genes in the Y chromosome involved in
Pca metastasis. Orthotopic xenografts of the transplantable
tumor tissue can be used for studying various aspects
of metastatic prostate cancer. Pca patient’s tumors were
grafted in the subrenal capsule of NOD-SCID mice with
testosterone-supplemented. After five serial transplantations,
the tumor tissues were grafted into mouse anterior prostates.
Orthotopic grafting led to metastases to multiple organs
(lymph nodes, lung, liver, kidney, spleen and, notably,
bone) (51). Such xenografts could therefore be useful for
human metastatic prostate cancer.

Patient-derived organoids (PDOs)

Prostate cancer PDXs are costly, time consuming, and
undergoing a surgical procedure. PDOs, grown in 3D
culture with dissociated cells, is a novel pre-clinical model
system in oncology that allows ex vivo propagation of
tumors from individual patients (52). This 3D culture
system for prostate tissue commonly use Matrigel for the
extracellular matrix (ECM) component (53) with a liquid
medium overlay to embed prostate epithelial cells. It would
more closely reflect the natural behave of PCa tissue in vivo,
rendering its in vitro propagation easier. When prostatic
tissues are maintained in a complex matrix environment,
and its utlization for prediction of therapeutic response is
much more reliable.

By 3D “organoid” system, Gao ez al. (54) has successfully
established seven organoid lines from metastatic prostate
cancer biopsies, as well as from circulating tumor cells (CTCs).
These organoids faithfully recapitulated the primary tumor
phenotype and their molecular profile, including phenotypic
diversity of CRPC, AR-dependent adenocarcinoma, AR-
negative adenocarcinoma, neuroendocrine carcinoma, and
squamous differentiation. These Pca lines can be used to
genetic and pharmacologic studies (55).

PDO experiments can also be performed using PDX-
derived tissues, allowing long-term propagated tumors to
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be studied in a high-throughput manner. Furthermore,
PDOs can be transplanted back into mice to be grown as
PDXs, allowing long-term growth iz vive. Because of their
high culture take rate, it allows side-by-side comparison to
evaluate the translational potential of this model system to
the patient (56).

Although drug treatment of mouse prostate tumor
PDO shows similar therapeutic response to that observed
in vivo (57), the reliability of this system for Pca precision
medicine need to be verified. One of the inherent
limitations of PDO culture is the lack of blood vessels and
immune cells, as well as the need to add ECM substitutes
or fetal bovine. Because those substances can combine
foreign factors, it may affect drug screening results. Thus,
combining the advantages of PDO model and PDX will
promote the process of individualized research on prostate
cancer.

Future perspectives

Because PDX models preserve the heterogeneity of the
primary tumor as well as the microenvironment, in the
future, it might be applied to analyze a patient’s clinical
phenotype and simulate the phenotype of the disease at
different stages. This model, therefore, has tremendous
potential for individualized treatment and tumor metastasis
analysis.

Accurate simulation of the clinical progression of Pca

The Pca PDX model partly simulates the transformation
process and transition mechanism of the tumors from
hormone-dependent to non-dependent, and from
adenocarcinoma to neuroendocrine carcinoma (18,35,58).
There have also been studies using the PDX model to
reproduce the high-risk characteristics of familial Pca: the
pathological features of intraductal Pca were observed in
the PDX model of familial Pca with BRCA gene mutation,
while these diseases usually show poor treatment effect
(26,59). The establishment of PDX models simulating
clinical progression will allow researchers to identify and
screen more effective therapeutic strategies, and patients
might be able to benefit from the diversified treatment of
PDX models.

Platform of translation: individualized treatment

The Pca PDX model plays a pivotal role in reducing patient
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suffering and achieving individualized treatment. Beltran
et al. (60) analyzed genome sequencing information and
discovered a hemizygous deletion of the FANCA gene in Pca
patients. Treatment with cisplatin in the FANCA-deficient
PDX model showed a cisplatin hypersensitivity response,
providing biological evidence for the clinical treatment of
Pca. Importantly, the characteristics and treatment response
consistency of the individualized Pca PDX model and its
matched patient’s tumor are unmatched by other models.
We also mentioned earlier that investigators and clinicians
should work closely together to monitor the progress of
patients dynamically, continuously obtain tumor tissue
from different stages of the disease to establish paired
PDX models and statistical information, and treat patients
and PDX model mice in parallel. This will prove valuable
in developing personalized oncology drugs, guiding the
selection and adjustment of clinical treatment plans.

PDX models are lack of immune cell-tumor regulation,
unable to be used in tumor immunotherapy research. The
matrix components of PDX tumor tissue would be gradually
replaced by matrix of mice with the number of passages
increased, the environment of mice lacking the immune
system also changed the microenvironment of the tumor,
thus the application value of conventional PDX model was
limited. This problem can be solved by humanized PDX
(Hu-PDX) model. It is immune-deficient mouse engrafted
with human hematopoietic stem cells (HSCs) that induce
human immune system (HIS) throughout the life of the
mouse (61). Usually, mice engrafted with components of
HIS are routinely generated by engrafting human HSCs
isolated from human fetal liver (HFL), BM, or cord blood
into highly immune-deficient mouse strains (62). It could be
appropriate for the screening of immune-modulating agents,
such as vaccines and checkpoint blocking antibodies. This
approach will allow further exploration of the role of stroma
and immune system in the progression of malignancy,
which will facilitate the discovery of immunotherapy targets
(63,64). Bartucci et al. (65) reconstituted mice with a HIS
from PCa patients along with their prostate organoids to
study PCa tumor-immune cell interactions and quantify
the effects of PCa therapy on immune responses to tumors.
This humanized mouse would further be applied to evaluate
adaptive T-cell and chimeric antigen receptor (CAR)
immunotherapy.

Pca metastasis analysis

Metastasis is one of the significant factors causing a
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decline in the quality of life of Pca patients. Patients with
metastases (including bone metastases, visceral metastases,
and lymph node metastases) have a poor prognosis. At
present, most models of Pca bone metastasis are established
by directly injecting cell lines into the intra-femoral of
mouse (66). Although the interactions between tumor cells
and the bone microenvironment are known to some extent,
it is not possible to study the steps of tumor cell spread and
local infiltration 7z vive. Unfortunately, most Pca models do
not spontaneously metastasize to bone from subcutaneous
tumor. Therefore, the simulation of the occurrence and
development of Pca metastasis through the PDX model
is one of the challenges faced in current research (32).
To enhance such studies, more additional mCRPC PDX
models should be generated in order to (I) exhibit both
recurrent and rare molecular aberrations in AR-driven
mCRPC; and (II) include the new emerging phenotype/
genotype of AR-null aggressive variant Pca.

PDX models derived from CTC

CTC play a critical role in Pca metastasis. These tumor cells
escape from the primary tumor mass and enter circulation,
the most common cause of cancer related mortality.
Recently, more novel methods have been developed for
detection, isolation and characterization of CTCs. It has
been used to generate PDX experimental models of prostate
cancer (67). This approach avoids surgical sample collection
and provides experimental models at various disease stages.
However, the disadvantage of this method is that CTCs
with metastatic potential have often undergone epithelial-
to-mesenchymal transition (EMT), which down regulates
epithelial surface markers.

Conclusions

The prostate cancer PDX model can accurately reproduce
the heterogeneity of the primary tumor and maintains good
consistency with clinical results. A thorough consideration
of androgen levels, SVM, transplantation sites, and
transplant tissue status may improve the success rate of
developing this model further. This model showed extensive
application for individualized treatment, the development of
new drugs, the discovery of new targets, and the exploration
of Pca mechanisms in transformation studies. In the future,
the ideal PDX model should faithfully reflect the distinct
clinical phenotypes and different stages of the Pca patients,
and offers tremendous potential for understanding Pca

Transl Androl Urol 2019;8(5):519-528 | http://dx.doi.org/10.21037/tau.2019.08.31



526

biology and achieving individualized treatment.
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