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BACKGROUND. Metastatic prostate cancer is a common and lethal disease for which there
are no therapies that produce cures or long-term durable remissions. Clinically relevant
preclinical models are needed to increase our understanding of biology of this malignancy
and to evaluate new agents that might provide effective treatment. Our objective was to
establish and characterize patient-derived xenografts (PDXs) from advanced prostate cancer
(PC) for investigation of biology and evaluation of new treatment modalities.
METHODS. Samples of advanced PC obtained from primary prostate cancer obtained at
surgery or from metastases collected at time of death were implanted into immunocompro-
mised mice to establish PDXs. Established PDXs were propagated in vivo. Genomic,
transcriptomic, and STR profiles were generated. Responses to androgen deprivation and
docetaxel in vivo were characterized.
RESULTS. We established multiple PDXs (LuCaP series), which represent the major
genomic and phenotypic features of the disease in humans, including amplification of
androgen receptor, PTEN deletion, TP53 deletion and mutation, RB1 loss, TMPRSS2-ERG
rearrangements, SPOP mutation, hypermutation due to MSH2/MSH6 genomic aberra-
tions, and BRCA2 loss. The PDX models also exhibit variation in intra-tumoral androgen
levels. Our in vivo results show heterogeneity of response to androgen deprivation and
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docetaxel, standard therapies for advanced PC, similar to the responses of patients to
these treatments.
CONCLUSIONS. The LuCaP PDX series reflects the diverse molecular composition of
human castration-resistant PC and allows for hypothesis-driven cause-and-effect studies of
mechanisms underlying treatment response and resistance. Prostate 77: 654–671, 2017.
# 2017 The Authors. The Prostate Published by Wiley Periodicals, Inc.

KEY WORDS: prostate cancer; patient-derived xenografts; response to castration; bone
response

INTRODUCTION

Metastatic prostate cancer (mPC) is a deadly
disease that is responsible for approximately 27,000
deaths per year in the United States. As most localized
PCs are cured by primary intervention, a subset will
recur with distant spread, and other men present with
de novo mPC, for which there is no curative treat-
ment. Despite initial responses to androgen depriva-
tion therapy (ADT), mPC eventually progresses to
metastatic castration-resistant PC (mCRPC) with
highly variable responses to second-line androgen
receptor (AR) targeted therapeutics, chemotherapy,
and other targeted agents [1–7]. To improve outcomes,
more effective therapeutics must be identified and the
inter-individual heterogeneity of tumor drivers and
mechanisms of resistance to treatments need to be
defined and exploited.

Preclinical cancer models have the potential to
rapidly advance drug development efforts. However,
in vitro models, including cell lines and organoid
systems, have well-recognized limitations [8,9]. In
vivo experiments using human tumor cell lines as
xenografts are limited by strong selective pressures
produced by prior in vitro adaptation to culture
conditions, and in many cases correlate poorly with
clinical outcome [10,11]. An alternative approach is
developing patient-derived xenografts (PDXs) that
are initially established and subsequently passaged in
murine hosts. Many PDX models retain key features
of patients’ tumors such as histologic architecture,
genomic signatures, tumor heterogeneity, and in some
situations, an influential stromal microenviron-
ment [12]. PDXs have also been shown to more
faithfully reflect clinical responses to cancer therapeu-
tics and consequently have the potential to accelerate
drug development [13,14].

The ability to comprehensively interrogate genomes
and gene expression has enabled the underlying genetic
drivers of tumor behavior to be integrated with assess-
ments of response and resistance to drugs and to
develop biomarkers predictive of treatment out-
come [15]. Notably, drug studies involving panels of
PDX models have identified molecular characteristics of
PDXs that are concordant with responses observed in

clinical studies involving the same drug [13]. This work
provided a foundation for efforts to generate preclinical
data that accurately predicts which drugs and drug
combinations should be assessed clinically. As there is
substantial molecular heterogeneity in tumors, preclini-
cal models can also serve to provide insights into which
tumor subtypes in patients are most likely to respond
to a particular therapeutic [16,17]; and consequently,
inform clinical trial designs where a companion predic-
tive biomarker may be informative.

To realize the full potential of PDX models, it is
useful to evaluate therapeutics efficacy across a
spectrum of PDXs that reflect the tumor diversity
observed in the clinic. However, only a few PC
PDX models have been developed. A recent study
describing �1,000 PDX models, representing a wide
range of human cancers, included no PC PDXs [13].
Moreover, existing PDX repositories (e.g., Jackson
Laboratories) contain very few (n¼ 4) PC PDX
models, a number which hardly represent the
molecular diversity of human PC.

Our objective was to address a major limitation in
the development of effective therapeutics for advanced
PC by generating PDX models representing the diverse
genotypes and phenotypes found across the spectrum
of advanced PC. Here we report the characterization of
21 PC PDXs, designated the LuCaP series. We demon-
strate that the LuCaP PDX models exhibit histologies,
genetic alterations, and phenotypes concordant with
patient specimens, and also recapitulate the heteroge-
neous responses to standard therapies observed
in patients. The LuCaP PC PDX series is a clinically
relevant platform to investigate the biology of
advanced PC, evaluate therapeutics, and identify
biomarkers predictive of treatment responses.

MATERIALS AND METHODS

Acquisition of Prostate Cancer Patient Tissues
and PDX Establishment

Patient samples and clinical data abstraction. Tissue
collection for research was approved by the Univer-
sity of Washington Human Subjects Division IRB,
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which approved all Informed Consents that were
used for tissue acquisition (IRB #39053). Tumors were
acquired from patients who signed informed consent.
The vast majority of implanted tissues was from
metastatic foci obtained at tissue acquisition necropsy
(TAN) in a manner which limited warm ischemic time
as much as possible (aiming for 4–8 hr after
death) [16]. A few samples were obtained from
surgical procedures. Pertinent clinical information
was abstracted from the patients’ charts, including
age, PSA levels, treatments, and treatment responses.

PDX establishment. All animal procedures were ap-
proved by UW Institutional Animal Care and Use
Committee and according to NIH guidelines. Har-
vested tumor tissues were evaluated by pathologists,
viable tumor tissue was macro dissected to minimize
content of stroma, fat, and necrotic tissue. The tumor
pieces were then immediately placed in �10ml of
Dulbecco’s Phosphate Buffered Saline (DPBS) with
20mg/ml of Gentamicin for 5min, rinsed with DPBS
and cut into �20mg pieces (about 3–4mm per cubed
side) for implantation. Tumor bits were implanted
subcutaneously in 6–8 weeks old intact male athymic
Nu/Nu (NU-Foxn1nu) or CB-17 SCID (CB17/Icr-
Prkdcscid/IcrCrl) mice (Charles River Laboratory)
[18–20]. Mice were monitored for up to 18 months post
implantation for initial growth. Tumors that grew
were passaged into new intact male mice. We set three
passages as an indication of an established PDX line.
Tumor samples were harvested from later passages
(>3) and frozen or embedded in paraffin for character-
ization. LuCaP PDXs are maintained by constant
passaging in SCID mice.

LuCaP PDXs Molecular Characterizations

Histopathology and immunohistochemistry (IHC).
Subcutaneous LuCaP PDX tumors were formalin
fixed and paraffin embedded. Five-micrometer sec-
tions were cut and stained with hematoxylin and
eosin (H&E) and results were compared with the
originating tissues (as available). One-millimeter
tissue cores from two different tumors of each PDX
(33 lines) were punched in duplicates and embed-
ded into tissue microarrays (TMA). TMA tissue
sections were used for IHC analyses, which
was standardized: primary antibodies at 4°C over-
night (Table S1), followed by appropriate biotiny-
lated secondary antibody (1:150), ABC reagent
(Vector Laboratories), and DAB (Invitrogen). Mouse
or rabbit normal IgG were used as negative con-
trols, respectively. Immunoreactivity was typically
assessed using a compositional scoring system—the

multiplicand of each intensity level (“0” for no
reaction product, “1” for faint and fine brown
chromogen, and “2” for clear and coarse granular
chromogen) by percentage of cells at each intensity.
The final score was the sum of multiplicands. The
distribution of final scores was grouped as “negligi-
ble” (score range: <3), “weak” (score range: 3–99),
“moderate” (score range: 100–149), and “intense”
(score range: 150–200) [21].

Single tandem repeat (STR) signatures. The STR
signature was used to determine the unique identity
of individual PDX line and to assure the identity and
maintenance of the PDX lines (General Genetics
Corporation). The STR analyses are repeated about
every fifth to tenth passage, depending on growth
rate of the PDXs.

RNA isolation and qRT-PCR. RNA isolated from
subcutaneous tumors was used for qPCR analysis to
evaluate expression levels of AR and ARV7, and
RPL13a using Applied Biosystems 7,900 sequence
detector as described previously [22] (Table S2). Two
to three samples per PDX were used and reactions
were run in triplicates. Expression levels were nor-
malized to RPL13a.

Genomic analysis of DNA copy number. Genomic
DNA was extracted from subcutaneous tumors using
DNeasy Blood & Tissue Kit (Qiagen) and labeled with
the Agilent Genomic DNA Enzymatic Labeling Kit
(Cy3-dUTP). A pool of reference normal DNA (Prom-
ega) was labeled with Cy5-dUTP. Cy3 and Cy5 probes
were combined and hybridized to Agilent 2� 400K
SurePrint G3 CGH Microarrays following the manu-
facturer’s specifications [23].

Genome-wide gene expression analyses. To evaluate
gene expression, total RNAwas extracted from subcu-
taneous PDX tissues as described above and Agilent
array analysis was done as described previously using
one tumor per PDX [24].

AR sequencing. Genomic DNA was extracted from
subcutaneous PDXs and PCR amplified. AR primer
sequences are listed in Table S2. Sanger Sequencing
was performed using BigDye Terminator v3.1
Cycle Sequencing Kit (Life Technologies). Sequences
were aligned to human AR genomic sequence
NC_000023.11 and mRNA RefSeq NM_000044 using
Sequencher Software (version 5.1, Gene Codes, Ann
Arbor, MI). Mutations were verified using The An-
drogen Receptor Gene Mutations Database (McGill
University).

656 Nguyen et al.

The Prostate



Intra-tumoral Testosterone (T) and Dihydrotestoster-
one (DHT) measurements. Subcutaneous PDX
tumors (30–100mg) were used for T and DHTanalyses
using described LC-MS methodology [25]. Two or
three tumors were used per PDX.

LuCaP PDX In Vivo Characterization

Responses to castration and docetaxel. Eighty intact
male mice (CB-17 SCID, Charles River Laboratory)
were implanted subcutaneously with tumor bits.
When tumors exceeded �100mm3 animals were
enrolled in groups: group 1: intact male mice; group
2: castration; group 3: low dose docetaxel (5mg/kg or
10mg/kg docetaxel via intraperitoneal injection (IP)
every other week (EOW)); and group 4: high dose of
docetaxel (20mg/kg docetaxel via IP once a week
(QW)). To characterize docetaxel responses of the
castration-resistant (CR) PDXs, tumor bits were
implanted into castrated male SCID mice; group
1: castrated control; and group 2: high dose docetaxel
(20mg/kg docetaxel via IP QW). Tumor volume (TV)
and body weight (BW) were measured once a week.
Blood was collected every other week for determina-
tion of serum PSA levels (Total PSA Assay, Architect,
Abbott Laboratories). Animals were sacrificed when
tumors exceeded 1,000mm3 or if animals became
compromised.

Establishment of CR PDX sublines. A sample of a
tumor that regrew after castration (one tumor per line
from group two above for each line) was harvested
and immediately transplanted into castrated male
SCID mice. These PDX lines are passaged in castrated
male mice and designated with “CR” after the name
of the parental lines and passaged in castrated hosts.

Bone response. Subcutaneous LuCaP PDX tumors
were dissociated to a single-cell suspension and
injected into tibiae of intact male SCID Beige mice
(CB17.Cg-PrkdcscidLystbg-J/Crl, 4–6 weeks of age,
Charles River Laboratories) as described previ-
ously [26]. Intra-tibial tumor growth was monitored
by serum PSA levels where appropriate and by radio-
graphs (MX-20, Faxitron X-ray Co.). Animals were
followed for up to 5 months. Tumored tibiae were
harvested at sacrifice, decalcified by EDTA (10% for
1–2 weeks) and embedded in paraffin for Goldner
staining to evaluate bone response, as described [27].

Statistical Analyses

Statistical comparisons were made with GraphPad
Prism software. All P values are two-sided. P values

less than 0.05 were considered significant. Association
of gene transcript with genomic copy number was
tested by pairwise t-test to WT group using the
pairwise t-test function in R.

RESULTS

General Characteristics of the LuCaP PDXs

Establishment of the LuCaP PC PDX series. During
the period of 1991–2005, we collected 261 PC samples
from 156 patients and implanted them subcutane-
ously into immunodeficient male mice. Of these, 26
were successfully propagated beyond three passages
for an overall take rate of �10% (Table I). Five of the
PC PDX lines did not survive past passage five and
were not further characterized. Ten of the stable PC
PDXs were established from primary PC or PC
metastases obtained from the operating room (OR).
Eleven were established from mCRPC samples
obtained through a tissue acquisition necropsy. In our
series, we did not observe any consistent differences
in the establishment rates of lines from metastases
compared to primary tumors or from tumors acquired
from the OR versus those obtain at TAN. We also did
not observe any association of take rates with a
specific metastatic site or time from death to implan-
tation, though the low rate of establishing PC PDXs
precludes a systematic analysis. Collectively, the 21
PC PDX models, designated the LuCaP PC PDX
series, represent a spectrum of metastatic sites, histol-
ogies, and prior exposures to a variety of therapeutics
used in the treatment of men with advanced PC
(Tables II and III).

TABLE I. Prostatic Tissues Xenografting

Tissue type
Tissues

implanted
Established

PDXs

Primary PCa 21 4
Adrenal metastasis 2 0
Ascites 2 1
Bladder metastasis 7 1
Bone metastasis 54 2
Bowel metastasis 2 1
Lymph node

metastasis
121 8

Liver metastasis 52 4

261 21

2-5 mice per tissue.
Number of patients, 156; number of tissues, 261; long-term
PDXs, 21.
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Growth characteristics of LuCaP PDXs. Establish-
ment of PC PDXs is known to be difficult with a low
take rate and long time to initial growth. In our series
we achieved approximately 10% establishment rate of
stable PC PDXs with the time to initial growth from
four up to over 12 months. After the initial growth, the
LuCaP PDXs are passaged in mice. The established
LuCaP PDXs have differential growth characteristics:
take rates of secondary passages ranges from 50% to
80%; with the exception of LuCaP 92, which has a very
low take rate (10–30%). The time from implantation to
initial growth of secondary passages (� 50mg) ranges
from 6 to 36 weeks. The time from the initial growth to
�1,000mg ranges from 4 to 16 weeks. It is important
to note that the LuCaP PDXs are biologically heteroge-
neous; the PDXs vary in take rates and time to initial
growth between the sequential passages, and even
exhibit variability in growth characteristics of PDXs
grown from the same tumor donor.

Establishment of castration-resistant PDXs. While a
majority of the PC patients from which the LuCaP
PDX lines were derived received ADT and progressed
to CRPC, several of the PDXs implanted in intact male
mice responded to castration with tumor regression.
This response may be attributed to the lower andro-
genic conditions in castrate mice compared to
humans [28]. Tumors that regrew after castration
were harvested and re-implanted into castrated male
mice to establish castration-resistant (CR) sublines.
Twelve CR PDXs were established and are continually
propagated in castrated hosts (Table II).

Fidelity of PDXs to the source tumor. PC is a
heterogeneous disease with multiple morphological
patterns, and the LuCaP PDXs exhibit diverse histologi-
cal features that recapitulate the histologies observed in
the patients’ source tumors. For example, LuCaP 86.2
and LuCaP 96 are well-differentiated adenocarcinomas,
LuCaP 147 is a poorly differentiated adenocarcinoma,
and LuCaP 145.1 is a neuroendocrine carcinoma, as are
the respective originating tumors. Immunohistochemi-
cal profiles are also generally maintained in the LuCaP
PDXs (Fig. 1). Rarely did we observe significant
alteration of protein expression during passaging of
LuCaP PDXs. One such example is ERG expression in
later passages of LuCaP 86.2, while the first four
passages and the originating metastasis were ERG
negative. However, the vast majority of protein expres-
sion levels were concordant and relatively stable across
multiple passages of each line.

STR profile. To ensure the originality and mainte-
nance of genotype of each line we perform STR
analyses of the PDXs and each line has a specific STR

profile (Table S3) that is checked every 5–10 passages.
CR lines show the same STR profile as the parenting
androgen-sensitive lines (data not shown).

Molecular Characteristics of the LuCaP PDXs

Genomic alterations. Multiple recurrent chromo-
somal alterations occur in mCRPC [16,29,30]. We
assessed genomic alterations in the LuCaP PDXs by
array comparative genomic hybridization (CGH). The
chromosomal alterations in LuCaP PDXs are concor-
dant with those commonly found in CRPC patient
metastases (Fig. 2A and B). Recurrent events include
AR amplification (8/21; 38%), PTEN loss (8/21 hetero-
zygous loss; 4/21 homozygous loss; overall 57%), RB1
loss (10/21 heterozygous loss; 6/21 homozygous loss;
overall 76%), and TMPRSS2-ERG rearrangement
(10/21; 48%). In the experimentally derived CR sub-
lines, the genomic aberrations are generally concor-
dant with the original PDX with a few exceptions
including AR amplification following castration in
five lines (Fig. 2B). Furthermore, our characterization
data also show that three models have a hyper-
mutated phenotype with microsatellite instability and
mismatch repair enzyme mutations [31]. In some
instances, we were able to establish multiple PDXs
from the same patient but from different metastases.
LuCaP 23.1 originated from a lymph node metastasis
and LuCaP 23.12 from a different lymph node
metastasis of the same patient. Similarly LuCaP 145.1
originated from a liver metastasis and LuCaP 145.2
from a lymph node metastasis of the same patient.
These two sets of PDX models demonstrated numer-
ous concordant genomic aberrations but also a degree
of diversity (Fig. 2B). Differential characteristics of the
PDXs from the same patient demonstrate the hetero-
geneity of PC metastases within a single patient.

AR expression and activity. AR is a key transcription
factor in PC biology and progression. Seventeen of the
original 21 LuCaP PDXs are adenocarcinomas that
express AR and exhibit AR-transcriptional activity
based on the expression of AR-regulated genes and
proteins including PSA. Four of the LuCaP PDXs are
NE PC which express synaptophysin, but lack AR
and PSA (Fig. 2C).

AR mutations. Mutations in the AR ligand binding
domain occur frequently in mCRPC and contribute to
disease progression and treatment resistance. Eight of
the 33 LuCaP PDXs (4/21 original and 4/12 CR lines)
exhibit AR mutations (Table IV) LuCaP 73 and LuCaP
73CR PDX models have the well-characterized AR
gain of function mutation, V715M, which promotes
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AR activation by estrogen and progesterone. LuCaP
147 and LuCaP 147CR harbor the H874Y AR muta-
tion, which was originally reported in the CRW22
xenograft model and can be activated by cortisol,
estradiol, DHEA, and hydroxyflutamide. The LNCaP
AR mutation T877Awas detected in LuCaP 73, LuCaP
73CR, LuCaP 78, and LuCaP 78CR and in LuCaP
147CR. These mutations in the ligand-binding domain
also promote AR activation at low concentrations of T,
and DHEA [32,33].

AR transcript quantification. AR mRNA amounts
vary substantially across the adenocarcinoma
LuCaP PDXs (Fig. 3B). While the neuroendocrine
PDXs do not express AR transcripts (Fig. 3B). Our
results also demonstrate upregulation of AR mRNA
in CR PDX, with 2–11 fold increases in matched CR
PDXs and their original androgen-dependent (AD)
lines. LuCaP 86.2 PDX is a notable exception—with
no increase in AR mRNA in the CR subline. This
might be due to expression of ARV567, negating

Fig. 1. LuCaP PDXs and the originating tissues H&E and IHC of four representative LuCaP PDXs and their originating metastases are
shown. Paraffin embedded metastases and subcutaneous PDX tumors were used. The PDXs maintain morphology of the originating
metastases. AR, PSA, PTEN, ERG, and SYP expression (as representative markers) in the LuCaP PDXs also show, in general, concordance
with the originating tissue, with an exception of LuCaP 86.2 that expresses ERG and SYP while the originating metastasis was negative.

Prostate Cancer PDXs: LuCaP Series 661

The Prostate



the requirement for increased wild type AR to
maintain the AR transcriptional activity at low
androgen levels [34].

AR transcript splice variants. One of the mecha-
nisms of resistance to primary and secondary ADT is

increased expression of spliced variants of AR that
are constitutively active. To date, multiple AR tran-
script splice variants (ARVs) have been reported,
most with loss of the ligand-binding domain. Clinical
data indicate that several ARVs, most prominently,
ARV7, are associated with resistance to primary and

Fig. 2. Genomic and IHC analyses of LuCaP PDXs. (A) Frequency of copy number alterations in LuCaP PDXs (n¼ 33: 21 LuCaP PDXs
and 12 experimentally derived castration-resistant LuCaP PDXs, top panel) and CRPC metastases (n¼ 149 from 60 patients; bottom panel
(16)). Segmented data are sorted by chromosomal position; vertical-dotted lines indicate centromere position of each chromosome; y-
axis, percentage of tumors with gains (segment threshold >0.3) in red or losses (segment threshold <�0.3) in blue. Selected genes of
interest in peak regions of gain or loss are shown. (B) Alteration of copy number of selected genes in LuCaP PDXs; (C) IHC analysis of
LuCaP PDXs. IHC Score is plotted. Adenocarcinomas express AR and AR-regulated proteins while neuroendocrine PDXs express
chromogranin A and/or synaptophysin. HG, high gain; CG, one copy gain; WT, wild type; 1CL, heterozygous loss; HZ, homozygous
deletion.
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secondary ADT [35,36]. When comparing ARV7
expression in the adenocarcinoma PDXs we found a
200-fold difference in ARV7 transcript levels with
lowest ARV7 in LuCaP 73, and high levels in LuCaP
141. Our analyses also clearly show the increased
expression of ARV7 in CR disease; all CR sublines of

the LuCaP PDXs except one (LuCaP 81CR) had
higher levels of ARV7 ranging from 1.2- to 43-fold
increase in paired CR sublines (Fig. 3C). In addition
to ARV7, we have also shown that LuCaP 86.2
expresses ARV567 another constitutively active AR
variant [34].

Fig. 3. AR expression, and intra-tumoral androgens. (A and B) AR and ARV7 Expression. RNA was isolated from subcutaneous tumors
(n¼ 2–3 per model). AR and ARV7 mRNA levels were normalized to RPL13a and expressed relative to the LuCaP 73 value using DDCT
method. LuCaP 73 value was arbitrarily assigned an abundance value of 1. (C) T and DHT levels were determined in tumors using LC-MS
(n¼ 2-3 per PDX). The mean� SEM are plotted. �P< 0.01; #P< 0.05. LB, ligand binding domain; NT, N-terminus; AD, androgen
dependent; NE, neuroendocrine.
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Intra-tumoral androgens. The extragonadal synthesis
of androgens within PC cells, either de novo or using
adrenal androgen precursors promotes survival and
growth of PC following ADT [37]. We measured intra-
tumoral T and DHT in several parental LuCaP PDX
lines grown in intact male mice and in tumors that
regrew after castration. Intra-tumoral levels of T
ranged from 0.14 to 11 pg/mg in tumors prior to
castration and dropped after castration in all models
(range 35–90% decrease). Intra-tumoral levels of DHT
ranged from 0.1–3 pg/mg in PDX tumors from intact
mice. However, in contrast to T, concentrations of
DHT increased in several of the PDXs that regrew
after castration while decreasing in others (Table IV).
Our data also show that T and DHT levels are
substantially lower in the NE PDXs and LuCaP 86.2
than in the other adenocarcinoma PDXs, suggesting
either that the intra-tumoral synthesis is not active in
the PDXs that are not responsive to ADT or, alterna-
tively, that androgens are not retained in the tumors
that do not express AR or express mainly AR variant
that lacks ligand binding domain.

Molecular fidelity during long-term passaging.
Early passages of PDX lines are thought to be the
most similar to the originating tumors and are consid-
ered the best models of the human disease. However,
it has been challenging to re-establish the growth of
LuCaP PDXs after cryopreservation, nor do these
models grow readily in vitro. Therefore, the LuCaP
PDXs are maintained by continuous growth in mice.
The current passages of the LuCaP PDXs are in a
relatively high range (10–150 passages; Table II).
Therefore, we assessed the effects of long-term pas-
saging on the models. Genome-wide gene expression
analyses showed clustering of the early and late
passages of each individual LuCaP PDX, indicating
maintenance of the general phenotypes of each PDX
during prolonged growth in mice (Fig. S1A). If the
murine environment substantially influenced the PDX
phenotype over time, one may expect to see clustering
of early passages of the PDXs versus late passages.
Though other investigators found a higher content of

murine tissue-derived transcripts in later PDX pas-
sages [13], we did not observe a significant change.

Transcriptome and whole exome sequencing
analyses. We assessed the gene expression program
of each PDX by genome-wide microarray hybridiza-
tion (GSE66187). We also evaluated concordance
between the transcriptomic and genomic data for well
described PC associated genes of interest. We ob-
served significant associations between copy number
alteration and gene transcript levels (Fig. S1B). We
have previously reported the spectrum of DNA
mutations in the LuCaP PDX series using whole
exome sequencing [38] (http://trace.ncbi.nlm.nih.
gov/Traces/sra/?study=SRP008162).

LuCaP PDX Responses to the Therapeutics

Responses to ADT. Since the first line of therapy for
advanced and recurrent PC is ADT, we evaluated
LuCaP PDX responses to castration. While most
patients respond well to primary ADT, a subset
exhibit only transient remissions or no response.
Collectively, the LuCaP PDXs also exhibited variable
outcomes following ADT from complete tumor re-
gression to overt tumor progression (Fig. 4 and
Table II). Notably, variable responses to castration
were detected even between animals bearing the
same PDX, most probably related to cellular heteroge-
neity and stroma content, (Fig. 4B). This is an impor-
tant issue to address when designing preclinical
studies with a single PDX in order to power the study
appropriately accounting for variable responses. In
the clinical setting serum PSA levels are used to
evaluate patient responses to therapy. In the assess-
ments of PDX responses to ADT, serum PSA closely
followed changes in TV after castration; again with
variability between and within PDX lines (Fig. 4C).
Similar to clinical observations, the majority of tumors
adapt to castrate conditions and eventually regrow as
CR disease. Overall, ADT results in survival benefits
of adenocarcinoma PDX models that ranged from

TABLE IV. AR Mutations in LuCaP PDXs

LuCaP xenograft Type of mutation Domain Exon Base pair change Codon change

73, 73CR Gain of function LB 4 3261G>A V715M
147, 147CR Gain of function, deletion LB, 30 UTR 8, 30 UTR 3738C>T, del T 4037 H874Y
73, 73CR, 78, 78CR, 147CR Gain of function LB 8 3747A>G T877A
23.1, 23.1CR, 78, 78CR Silent NT 1 1754G>A E212E

Genomic DNAwas used to evaluate AR mutation status (n¼ 1 per PDX). LB, ligand binding domain; NT, N-terminus; AD, androgen
dependent; NE: neuroendocrine.
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increases of 25 weeks (LuCaP 96) to only 2 weeks
(LuCaP 147), to no benefit in the NE LuCaP PDXs
(LuCaP 49, LuCaP 93, LuCaP 145.1, and LuCaP 145.2)
and LuCaP 86.2 (Fig. 4D and data not shown). Using
the expression array results we queried association of
AR expression and AR-activity with responses to

castration. The CR PDXs tend to have higher levels of
AR mRNA, which is concordant with increased AR
copy number in these lines, but weaker AR-signaling
activity when compared to the adenocarcinomas
grown in intact male mice (Fig. S1C). There was no
significant association of responses to castration with

Fig. 4. LuCaP PDXs responses to castration. The LuCaP PDXs shown were selected to span the large scale of differential responses.
Intact animals were implanted with tumor bits subcutaneously and when tumor exceeded 100mm3 animals were castrated and tumor
volume response was monitored. (A) We observed prolonged to minimal response in attenuation of tumor progression; average
TV� SEM is plotted. (B) Responses of individual animals are plotted. (C) Decreases of serum PSA levels (animals bearing LuCaP 147 do
not have measurable PSA in serum). It is important to note the variability of the responses of the same tumor in different animals. This is a
result of heterogeneity of the PDXs. (D) Improvements in survival. The LuCaP PDXs shown were selected to span the large scale of
differential responses.
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AR expression or AR signaling activity. Trend
toward a negative association was detected between
intra-tumoral T levels and response to castration
(R¼�0.68, P¼ 0.063) indicating the involvement of
intra-tumoral T synthesis in response to castration.

Responses to docetaxel. Docetaxel was the first
chemotherapy shown to extend survival in men with
mCRPC and remains in widespread use [7]. As with

ADT, the duration of clinical responses to docetaxel
vary substantially. We evaluated responses of LuCaP
PDX lines to low dose and high dose docetaxel. In the
majority of LuCaP PDX lines high dose docetaxel
suppressed tumor growth and resulted in survival
benefits though, as in patients, the improvement of
survival varied widely. Of interest, docetaxel treat-
ment reduced the survival of mice implanted with
several PDX lines, notably LuCaP 35, because of

Fig. 5. LuCaP PDXs responses to docetaxel. The LuCaP PDXs shown were selected to span the large scale of differential responses.
Intact animals were implanted with tumor bits subcutaneously and when tumor exceeded 100mm3 animals were treated with 20mg/kg
docetaxel by IP once a week, and tumor volume response was monitored. (A) We observed variable attenuation of tumor progression;
mean� SEM is plotted. (B) There was also variability of responses between animals bearing the same tumor. (C) Docetaxel treatment also
resulted in improvement of survival with some models but not all. (D) Effects of the treatment on body weight. In the examples shown the
treatment did not reduce body weight losses caused by tumor. Moreover, DOC treatment resulted in increased body weight loss of
animals bearing some PDXs (e.g., LuCaP 35). Normalized body weight to beginning of the treatment is plotted (mean� SEM).
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Fig. 6. Differential responses of androgen-dependent and castration-resistant PDXs to Docetaxel. Intact or castrated animals
were implanted with tumor bits subcutaneously as appropriate and when tumor exceeded 100mm3 animals were treated with
20mg/kg docetaxel by IP QW, and tumor volume responses were monitored for 6 weeks. The tumors that grew in intact animals
(top panel) showed more pronounced tumor inhibition than their matched castration-resistant lines bottom panel). Average
TV� SEM is plotted.

Fig. 7. Tumor bone interactions: osteoblastic reaction. Subcutaneous LuCaP PDXs were dissociated to a single cell suspension and
injected into the tibiae of male mice. Tumor growth was monitored by serum PSA and/or radiography. Goldner’s stain was used to
visualize mineralized woven bone (light green), and tumor cells (purple). An osteoblastic reaction of the bone is demonstrated by a large
volume of new woven bone and replacement of bone marrow with tumor cells.

Prostate Cancer PDXs: LuCaP Series 667

The Prostate



significant decreases in body weight, despite the
inhibition of tumor progression (Fig. 5 and Table II).
Since the animals bearing these tumors were treated
with the same dose and regimen as animals bearing
other PDX tumors where survival improvements
were observed, BW loss is not simply a negative side
effect of docetaxel, but is a consequence of specific
interactions between tumor, chemotherapy, and
effects on the host. The low dose of docetaxel showed
efficacy only in LuCaP 86.2 (data not shown), reflect-
ing a rare exceptional responder to docetaxel [39].

Though docetaxel chemotherapy has been used
primarily in mCRPC, the use of docetaxel earlier in
treatment has been reported to produce survival
benefits when given concurrently with initial ADT
[40]. Based on the efficacy of docetaxel in PC before it
develops castration-resistance, we compared doce-
taxel effects on the progression of androgen-sensitive
and castration-resistant PDX pairs. We observed more
pronounced inhibition of tumors growing in intact
male mice versus their CR sublines (Fig. 6) supporting
the potential benefits of a docetaxel treatment prior to
the development of CRPC. Analyses of tissues from
these studies may provide insights into the greater
benefit of using docetaxel in androgen-sensitive
tumors.

Characterization of bone responses to prostate
cancer. The second most common site of PC dissemi-
nation is bone, and bone metastases are a source of
significant morbidity. To effectively treat bone metas-
tases, it is important to better understand interactions
of PC cells and the bone microenvironment. Unfortu-
nately most PC models, including the LuCaP PDXs,
do not spontaneously metastasize to bone from
subcutaneous tumors and even in the few cases
where we evaluated tumor cell dissemination after
orthotopic implantation we did not identify bone
metastases [41]. To specifically assess tumor cell and
bone microenvironment interactions, we directly
injected tumor cells from LuCaP PDXs into murine
tibia and followed tumor development and bone
responses [26]. Of the 25 lines studied, 21 were able
to proliferate to some extent in bone, but the take
rates were highly variable ranging from 10% for
LuCaP 145.2% to 80% for LuCaP 58. As in the clinical
scenario, the bone responses were osteoblastic,
mixed, and/or osteolytic (Table II). Importantly nine
of the lines elicited a pronounced osteoblastic re-
sponse (Fig. 7). Interestingly, the PDXs established
from bone metastases did not show better take rates
or growth in the bone versus the PDXs derived from
soft tissue metastases. The most pronounced osteo-
blastic reaction was elicited by LuCaP 23.1, which
originated from a lymph node metastasis. Detailed

characteristics of the highly osteoblastic response to
LuCaP 23.1 and the mixed/osteolytic/osteoblastic
reaction to LuCaP 35 in bone was published previ-
ously [26].

DISCUSSION

PC is a heterogeneous disease with variation in
gene expression, structural genomic aberrations, epi-
genetic states, predilection for metastatic spread, and
responses to therapeutics. We have established a
series of PC PDXs that reflect key molecular features
and clinical phenotypes observed in human disease
[31,38,42], including AR amplification, expression of
AR splice variants, PTEN and RB1 loss, TP53 muta-
tion, TMPRSS2-ERG rearrangements, hypermutation,
NE differentiation, intra-tumoral T and DHT synthe-
sis, and variable responses to ADT and docetaxel
chemotherapy.

The paucity of PC PDX models clearly reflects the
difficulties with xenografting prostatic tissues. To
establish a PC PDX, the most critical step is access to
tissues of good quality and viability. While primary
PC is relatively easy to obtain in view of the frequency
of prostate biopsy and radical prostatectomy proce-
dures, metastases of CRPC are difficult to obtain, and,
when acquired, are often of limited quantity. Our
success in establishing mCRPC LuCaP PDXs is based
on taking advantage of a robust tissue procurement
program that acquires metastatic tissues through a
TAN protocol [43,44]. The second critical step is the
successful engraftment of tissues into suitable recipi-
ent animals. Several technical improvements to the
xenografting protocol have improved PC take rates,
including the use of murine hosts with more compro-
mised immune systems, subrenal implantation,
recombination of tissues with mesenchyme, and
supplementation with T. Despite these advances, PC
tissue is still challenging to establish as a PDX.

We and other investigators, and pharmaceutical
companies have used the LuCaP PDX models to
investigate fundamental features of PC biology and to
evaluate therapeutic agents designed to treat PC.
Results of these studies clearly indicate relevance of
these models for identifying therapeutic targets and
conducting early-phase research that support further
clinical evaluations (Supplemental references). To
date, the vast majority of our studies have evaluated a
small number of PDX models, generally matching a
particular tumor characteristic with a drug mecha-
nism of action, rather than assessing responses across
all available models. However, we have characterized
all lines with respect to the two most commonly
employed standard of care therapies for PC: ADT and
docetaxel. We observed a wide-range of responses to
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these modalities, as also occurs in men with PC.
Notably, results of studies using LuCaP PDXs identi-
fied AR amplification/activity as an important mech-
anism of resistance to ADT [45], supporting the use of
enzalutamide (now FDA-approved for men with
mCRPC) [45,46], and also identified AR splice var-
iants as an important mechanism of resistance to ADT
[34,47] which supported the development of new AR
N-terminal antagonists [48].

In the context of translational research, PDX mod-
els can be used in the drug development pipeline
using a PDX Clinical Trials (PCT) approach. This
strategy uses multiple PDXs with different character-
istics, which reflects a traditional phase II clinical trial
without pre-selection for a particular tumor character-
istic. A major limitation hindering the more wide-
spread adoption of PCT centers on the limited
number of PDX models. This is particularly true for
PC. This limitation severely curtails the opportunities
afforded by PDX clinical trials in advancing novel
drugs and drug combinations into the clinic, and
particularly identifying an individual molecular vul-
nerability which could be exploited by enriching a
trial population and developing a companion predic-
tive biomarker. The existing LuCaP PDX series pro-
vides opportunities for conducting PC PCTs. To
enhance such studies, we continue our efforts to
generate additional mCRPC PDXs that (i) use tumors
that were exposed to new FDA approved agents; (ii)
exhibit both recurrent and rare molecular aberrations
in AR-driven mCRPC; and (iii) include the new
emerging phenotype/genotype of AR-null PC aggres-
sive variant PC.

CONCLUSIONS

In this article, we present characterization data of
multiple advanced prostate cancer PDXs, designated
the LuCaP series, that maintain biological character-
istics of the originating tumor including genomic and
phenotypic features. Our in vivo results also show
that the LuCaP series of PDXs recapitulate well the
heterogeneous character of the advanced PC in
patients and responses to standard-of-care treatments,
that is, androgen deprivation and cytotoxic chemo-
therapy. Collectively, the LuCaP PDX series reflects
the diverse molecular composition of human CRPC
and allows for hypothesis-driven cause-and-effect
studies of mechanisms underlying treatment response
and resistance.
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