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ABSTRACT

Prostate cancer (PC) is a heterogeneous disease characterized by variable morphological patterns. Thus,
establishing a patient-derived xenograft (PDX) model that retains the key features of the primary tumor for
each type of PC is important for appropriate evaluation. In this study, we established PDX models of hormone-
naive (D17225) and castration-resistant (B45354) PC by implanting fresh tumor samples, obtained from patients
with advanced PC under the renal capsule of immune-compromised mice. Supplementation with exogenous
androgens shortened the latent period of tumorigenesis and increased the tumor formation rate. The PDX
models exhibited the same major genomic and phenotypic features of the disease in humans and maintained
the main pathological features of the primary tumors. Moreover, both PDX models showed different outcomes
after castration or docetaxel treatment. The hormone-naive D17225 PDX model displayed a range of responses
from complete tumor regression to overt tumor progression, and the development of castrate-resistant PC was
induced after castration. The responses of the two PDX models to androgen deprivation and docetaxel were
similar to those observed in patients with advanced PC. These new preclinical PC models will facilitate research
on the mechanisms underlying treatment response and resistance.

INTRODUCTION

Prostate cancer (PC) shows high genetic and phenotypic
heterogeneity, which manifests in the classification and
histological characteristics of the tumor alongside the
growth rate and metastatic capacity between distinct
lesions [1, 2]. Androgen deprivation therapy (ADT) is the
standard treatment for patients with advanced PC [3];
however, most patients develop castrate-resistant prostate
cancer (CRPC) after 2-3 years, which often remains

androgen-dependent and is essentially untreatable [4].
Different stages of PC also exhibit considerable disease
heterogeneity, requiring distinct treatment methods.
Therefore, animal models that mimic the diversity and
progression of various types of PC are urgently needed
[5, 6]. Moreover, such models are expected to guide
treatment decisions for patients with PC.

Conventional cell-line-derived xenograft (CDX) models
lack heterogeneity that is associated with tumors, and
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grow in microenvironments that differ substantially from
the conditions in human tumors. PC research is limited
by the availability of tissues for molecular studies and
human PC cell lines that express intact androgen receptor
(AR) and exhibit androgen dependency [7, 8]. One
approach to overcome these limitations is through the
development of a patient-derived xenograft model
(PDX)—which involves the direct implantation of fresh
cancer tissue specimens into immunodeficient mice—a
clinically relevant model that can accurately capture the
"omic" diversity of PC [9-11].

The efficacy of a PDX model has been reported to be
similar to that in clinical patients. Most studies
demonstrated that the PDX model could be used to
screen therapeutic drugs in mice, thereby providing a
reasonable treatment strategy [12, 13]. Therefore, diverse
PC PDX models are urgently needed to simulate the
development of PC—from primary tumor to metastasis,
and from androgen-dependent to androgen-independent
disease—in mice so that this model reflects the diversity
observed in patients. The ideal PC PDX model will partly
simulate the clinical transformation process and the
mechanism of transition of tumors from hormone-naive
prostate cancer (HNPC) to CRPC, and from
adenocarcinoma to neuroendocrine carcinoma [14-16].

To date, aside from PDX models from hormone naive
primary prostate cancer, representative PC PDX models
include the LAPC, KUCaP, and LuCaP series [17, 18].
These were all derived from patients with advanced-
stage PC and represent only a small proportion of
phenotypes. Thus, the current models do not fully
recapitulate the disease heterogeneity. Application of
the results obtained from PDX models in a clinical
setting has been limited by the long incubation period,
hormone dependence, and low success rate of the graft
that closely mimics the conditions, characteristics, and
treatment response of clinical patients [19]. Therefore, it
is necessary to establish PC PDX models with various
clinical pathological characteristics that can mimic the
full stage of disease progression and represent patient
populations with different backgrounds. In this study,
we established PDX models of HNPC and CRPC,
evaluated their major genomic and phenotypic features,
and assessed their response to androgen deprivation and
docetaxel treatments. These models can be used to
expand the knowledge of the biology of PC and guide
more personalized treatment decisions.

RESULTS
Characteristics of the PDX models

Fresh surgical PC specimens, from a patient with
CRPC (B45354) and from another with HNPC

(D17225) were used to establish two PC PDX models
with differing androgen sensitivities. The tumor
specimens were implanted into the renal capsule of
male immune-compromised NPG/Vst (NOD-Prkdc
scid 2rgnull) mice and supplemented with
testosterone. Initial tumor growth was measured with
a near-infrared fluorescence (NIRF) optical imaging
system twice weekly using the NIRF heptamethine
carbocyanine dye MHI-148. The dye was seen to have
preferential uptake in tumor cells but not in normal
cells. This can be employed directly for non-invasive
dual imaging and for the targeting of agents in human
cancers without the need of chemical conjugation [20,
21]. As shown in Figure 1A (top), NIRF signals with
strong intensity were obtained in the kidney 3 months
after the transplantation of D17225 or B453543
specimens, indicating tumor formation. After
euthanizing the mice, tumor nodules were observed
(Figure 1A, bottom). Tumors that grew were dissected
from the host mice and further passaged sub-
cutaneously into new NPG/Vst male mice. The initial
PDX model was established within 3-6 months. We
considered three passages to indicate of an established
PDX line.

Fidelity of the PDX models to the primary tumor

Both the D17225 and B45354 PDX models exhibited
diverse histological features (Table 1). Hematoxylin and
eosin (H&E) staining confirmed that the PDX tumor
tissues exhibited identical morphological characteristics
to that of the original tumor. In order to distinguish
between human and mice tissues, the human mito-
chondria was used as a marker, and was strongly
expressed in both human xenograft tissues (Supple-
mentary Figure 1). In the D17225 PDX, the tumor basal
cells disappeared and a large number of irregular sieve-
like structures appeared. The cancer cells were enlarged
and infiltrated the surrounding space. Castration-resistant
B45354 PDX tumors retained the glandular structure of
the primary tumor with relatively clear boundaries. In the
D172225 PDX, both AR- and prostate-specific antigen
(PSA)-specific immunohistochemistry (IHC) profiles
were generally maintained (Figure 1B and 1C).
Additionally, the expression levels of the neuroendocrine
carcinoma  markers  synaptophysin  (SYP) and
chromogranin A (CGA) were concordant with those in
the original tissue. However, the expression of most of
the proteins in the B45354 patient were only weakly
positive, whereas that in the B45354 PDX mice were
negative; only CGA was weakly expressed in the PDX
model. Moreover, high metastatic potential was observed
in the B45354 PDX model, partly because of greater
vascularization at the graft site, and multi-organ
metastases ultimately developed, including in the lung
and liver (Figure 1D). The tumor cells invaded the right
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seminal vesicles and bladder tissue, resulting in a higher Factors influencing establishment of the PC PDX

degree of malignancy than that observed in the patient. models

The tumor of castration-resistant B45354 reached a

maximum volume of 800 mm® 4 weeks after To examine the main factors influencing the
implantation and grew faster than the androgen- establishment of the PC PDX models, tumor tissue from
dependent D17225 tumor. the D17225 PDX model was implanted into mice. The
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Figure 1. Establishment of molecular heterogeneous PDX models with maintained pathological features of patient tumors.
(A) NIRF optical imaging of NPG mice with PC xenograft tumors using MHI-148 dye (Top). The PDX models of PC were established by
implantation of clinical tumor specimens D17225 and B45353 into the renal capsule of NPG mice. Gross morphology of PC tissue-implanted
mouse kidney (bottom). (B, C) H&E and IHC analyses of tumor tissues derived from both PDX models and patient samples (D17225 and
B45353). (D) Multiple organ metastasis PDX models from B45354 (CRPC patient). H&E staining of metastatic tumors (including the lung and
liver). Original magnification, 400x; scale bars represent 20 um.
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Table 1. Characteristics of patients’ tumor and matched PDX tumor.

ID Pathology Hormone Chem STR PSA AR  CGA SYP
D17225 Ad De No NA + + + -
D17225 -PDX Ad De — human + + + -
B45354 Ad Re No NA + + * *
B45354- PDX Ad Re — human - - *

Note: PSA: Prostate Specific Antigen; AR: Androgen Receptor; CGA: Chromograin A; SYP: Synaptophysin; NA: Not Available;
Ad: Adenocarcinoma; De: depend; Re: resistance; Chem: Chemotherapy.

control group was only subcutaneously implanted with the
tissue, whereas in the testosterone groups implantation
was performed subcutaneously (testosterone 1) or under
the renal capsule (testosterone 2) and testosterone was
supplemented. The serum testosterone levels in androgen-
implanted mice were measured weekly. After one week,
the testosterone levels reached a peak and then gradually
decreased but remained between 20-60 ng/dl (Figure 2A),
significantly higher than that of normal male mice (6.0-
7.8 ng/dl). Mice supplemented with androgen displayed

faster tumor growth than those in the control group
(Figure 2B). The renal capsule transplantation group
exhibited significantly shortened growth latency (from the
first day of transplantation to the time of tumor growth to
100 mm?) (Figure 2C).

Induction of CRPC

One week after the castration of mice bearing D17225
tumors, the tumor volume was markedly reduced,
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Figure 2. Characteristics of the hormone-naive D17225 PDX model. (A-C) Factors influencing the establishment of the PDX model.
(A) Change in testosterone levels in androgen-implanted mice. (B) Effect of supplementation with androgen on PC tumor growth. (C) Effect of
supplementation with androgen on the growth latency of the PC tumor. Results are shown as the means + SD (n = 5). (D—E) Induction of CRPC
in the D17225 PDX model. (D) Tumor volumes of D17225 xenografts and mouse serum PSA levels at various time points before, during, and
after castration-induced CRPC development. (E) H&E staining of D17225 tumor sections, and the levels of AR and PSA in tumor sections (IHC
analysis) at various time points before and after host castration and in recurrent tumors. The scale bar indicates 100 mm. Cx indicates

castration weeks.
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Table 2. STR analysis of PDX models.

Locus Range of Alleles D17225 B45354
Amelogenin - XY X
D8S1179 7-20 14,15 13,16
D21S11 12-41.2 29,322 32.2
D7S820 5-16 8,10 10,11
CSF1PO 5-16 12,14, 15 12
D3S1358 8-21 14,16 15,18
D5S818 7-18 11,14 10
D13S317 5-16 8,10 8,13
D16S539 5-16 9,12 9,12
D2S1338 15-28 20,24 19
D19S433 9-17.2 13,15.2 13
D12S391 8-28 16, 19 17,18
D18S51 7-39.2 14,16 15
D6S1043 7.1-23.3 13 11
VWA 10-25 14,15 16, 18
FGA 12.2-51.2 22,30 22,26

accompanied by a substantial decrease in host serum
PSA levels (Figure 2D). This mimics the clinical
response of patients with PC to ADT. A few months
after castration, the host serum PSA levels increased
(Figure 2D). One week after host castration, tumor
growth slowed, and AR expression markedly decreased,
indicating reduced AR transcriptional activity.
However, after tumor recurrence, these markers were
positively expressed at higher levels (Figure 2E).

Short tandem repeat (STR) profile and AR mutation

To ensure the originality and maintenance of the genotypes
of the PDX models, we performed STR analyses, and
demonstrated distinct STRs in each model. The 16 STR
loci of tumor tissues derived from PDX models were
confirmed to be identical to the loci from the patient tumor
tissue (Table 2). Further analysis demonstrated the loss of
JARID1D expression in the tumor tissue from the B45354
PDX, which was similar to the pattern observed in the PC
cell line, PC-3 (Figure 3A). This gene—located on the Y
chromosome—is a prognostic marker and suppressor of
prostatic tumor invasion and metastasis [22, 23]. Poly-
merase chain reaction (PCR) from B45354 barely
amplified the specific AR band, whereas D17225 showed
an amplified band and the fragment size was consistent
with that of the AR target fragment after sequencing. The
expression of AR, as determined by reverse transcription
(RT)-PCR analysis was consistent with the results of IHC.
In addition, although AR expression was nearly negative in

B45354 tumor tissues, an increase in the levels of the
androgen receptor variant 7 (ARV7) was detected in the
PDX tissue by RT-PCR, but weak positive expression was
detected by IHC (Figure 3B and 3C).

Responses to castration and docetaxel

Because ADT is the first-line therapy for advanced PC
and docetaxel was the first therapeutic agent shown to
extend survival in men with metastatic CRPC [3], we
evaluated the responses of different PDX models to
castration, docetaxel and combination of the two. The
therapeutic effect was assessed by examining changes
in the tumor volume and body weight of tumor-bearing
mice. As shown in Figure 4A, in the D17225 PDX
model, docetaxel (Dctx), Castration (Cas) or the
combined castration + docetaxel (Dctx+Cas) treatment
significantly inhibited tumor growth (P < 0.01 com-
pared to controls). In the B45354 PDX model, although
docetaxel also inhibited tumor growth, there was no
significant difference with respect to the control group,
and both castration + docetaxel and docetaxel
treatments resulted in significant loss in the body weight
of the mice (Figure 4B).

The serum total prostate specific antigen (tPSA) level is
an important indicator used in the clinical diagnosis and
treatment evaluation of PC [1]. In the D17225 model,
tPSA levels in all tumor-bearing mice were above 100
ng/mL. The tPSA levels were the lowest in the
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Figure 3. Expression of AR and JARID1D by RT-PCR analysis. (A) Expression of JARID1D in tumors tissue of different PDX models and
PC cells were detected by RT-PCR. (B) Expression of AR and ARV7 in tumors tissues of different PDX models detected by RT-PCR. Data are
shown as the means * SD of three independent experiments performed in triplicate. (C) Expression of ARV7 in tumors tissues of B45354 PDX
models detected by IHC. Original magnification, 400x; scale bars represent 20 um.
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Figure 4. Responses to castration and docetaxel in PDX models. Change in the (A) tumor volume and (B) weight of PDX models
after treatment at various time points. (C) Serum tPSA levels in mice bearing PDX tumors after treatment for 30 days. **P < 0.01 compared
to the control.
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docetaxel + castration group (average 2.58 ng/mL),
followed by the castration group (average, 3.65 ng/mL).
In contrast, the average tPSA content in the docetaxel
group was 30.92 ng/mL (Figure 4C). In the B45354
model, the serum tPSA level was below the critical
minimum in all mice, which was consistent with the
results of histopathological analysis.

We also evaluated the therapeutic effect by observing
the changes in histological morphology with H&E
staining (Figure 5). In the D17225 model, the tumor
cells were abundant and varied in size, and the
morphology of the nucleus was variable. After
castration or docetaxel treatment, the number of tumor
cells decreased and the matrix component increased.
After castration + docetaxel treatment, the number of
tumor cells decreased gradually and did not exhibit
typical characteristics (Figure 5A). In the B45354
model, the different treatments did not alter the
structure of the tumor tissue significantly (Figure 5B).
The model even displayed liver metastasis after
treatment with docetaxel (Figure 5C) with metastatic
percentage reaching 30%. Moreover, the treatment of
B45354 PDXs with castration + docetaxel induced the
expression of the neuroendocrine markers CGA and
CYP at high levels, thus displaying a feature of
neuroendocrine carcinoma (Figure 5D).

DISCUSSION
In establishment of a PC PDX model, the PC tissues

extracted from patients presumably contain a mixture of
growth-arrested, androgen-dependent tumor cells, as

Cas+Dctx
Cas+Dctx

well as androgen-independent cells at the time of
implantation into mice [24, 25]. In intact male mice,
androgen-dependent cells have a growth advantage and
eventually develop into androgen-sensitive xenografts.
Some PDX models also exhibit castration resistance
after castration. Thus, these models accurately mimic
the main clinical types of PC characterized by hormone-
dependence and castration-resistance [1, 26]. In this
study, we selected two types of PC surgical specimens
from patients to establish the corresponding PDX
models. The clinical histopathology of PC is mainly
characterized by basal cell destruction or disappearance,
gland abnormalities, nuclear atypia, and infiltration [27,
28]. Both PDX models maintained the structural
characteristics of the primary tumor from the
corresponding patients. Two well-established PC
markers, PSA and AR, were found to maintain the same
expression level in D17225 PDX tumors that in the
primary tumor. However, in D45354 PDX tumors the
expression of PSA and AR decreased, which may be
due to individual differences in patients and species
differences between humans and mice. Corres-
pondingly, the PSA level in the serum of the B45354
patient remained low (only 19.18 ng/mL). The
consistency of the hormone-dependency status of the
primary tumor was further confirmed by surgical
castration.

To improve the success rate of PC PDX model
development, we applied a series of strategies. The level
of androgen in mice is much lower than that in adult
men, and a certain dose of androgen stimulation is
essential for the growth of tumor tissues [29].

Liver metastasis Parental tumors

H&E Gross

SYP

CGA

Figure 5. H&E staining and IHC analysis of different treatment groups. Results of H&E staining and IHC analysis in the different
treatment groups in the (A) D17225 and (B) B45354 PDX model. (C) Representative images of liver metastasis and the parental tumors after
treatment with docetaxel in the B45354 PDX model. (D) Expression of neuroendocrine carcinoma markers SYP and CGA after treatment with

castration + docetaxel in the B45354 PDX model.
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Therefore, we supplied the host mice with exogenous
androgen (androsten-173-01-3-one) to promote tumor
growth. Significant high level of testosterone was
induced by supplemented androgen, but it did not reach
the average level in males, which may be due to species
differences between humans and mice. In addition, we
optimized the transplant site. The model establishment
rate obtained by conventional subcutaneous trans-
plantation is only approximately 10% [30]. The
subrenal capsule, which has a rich vascular structure,
provides sufficient nutrients, hormones, and oxygen to
promote early tumor tissue growth, and is considered to
be a suitable site for PC tissue xenografts [31]. Further,
the tumor tissue was maintained in a fresh state. Patient
specimens obtained during surgery should be accurately
trimmed and transplanted into mice as soon as possible
to reduce the incidence of tissue liquefaction and
necrosis [32].

Neuroendocrine prostate cancer (NEPC), an aggressive
variant of PC, is often observed in patients with
progressive CRPC after treatment with drugs that target
AR signaling [33]. However, the mechanisms
contributing to the progression to prostatic NEPC remain
unclear [34]. In this study, D45354, as a typical
adenocarcinoma, expressed low levels of AR and PSA,
but further treatment with castration + docetaxel induced
the expression of the neuroendocrine markers CGA and
CYP, indicating that this model had the characteristics of
neuroendocrine carcinoma. The current lack of under-
standing of the genetic and epigenetic mechanisms
underlying NEPC makes diagnosis difficult, and has
further hindered the development of treatments against
this aggressive disease [35]. Therefore, the D45354 PDX
model offers a potential tool for developing effective
therapies and evaluating tumor responses to targeted
drugs for aggressive NEPC. Based on our findings, we
can hypothesize that post-treatment NEPC develops
clonally from an adenocarcinoma precursor.

ARV7, the most common variant of AR, plays an
important role in the clinical treatment of drug
resistance, and its expression is associated with the
malignancy and metastasis of PC, which affects
treatment outcome and prognosis [36]. Although some
patients with PC express low level androgens, ARV7
can continuously activate the AR signaling pathway,
leading to resistance to multiple treatments while
promoting disease progression and metastasis [37]. In
this study, the expression of ARV7 mRNA was detected
in both PDX models. In the B45354 model, although
IHC showed negative expression of the AR protein, the
levels of ARV7 remained at a certain level, indicating
the development of drug resistance and a malignant
phenotype. It is difficult to verify such low levels of
expression having any biological significance. It implies

that the activation of ARV7 signaling in B45354
requires further experimental verification. The B45354
PDX model developed multiple organ metastases
(including to the liver and lung) during passaging in
mice, showing a high degree of malignancy and a poor
therapeutic effect. Nguyen et al. [3] found that ARV7
expression was markedly upregulated in their LuCaP
PDX model of CRPC, suggesting that this model can be
used in the development of novel AR N-terminal
antagonists. Therefore, targeting ARV7 has emerged as
a new treatment strategy for PCs, particularly for
patients with relapsed or resistant PC.

Loss of the Y chromosome in the peripheral blood was
found to be correlated with the high risk of cancer [38].
The entire or partial regions of the male-specific Y
chromosome are deleted in up to 52% of prostate
tumors. The male-specific JARID1D gene encodes a
histone H3 lysine 4 demethylase, and is highly down-
regulated in metastatic prostate tumors relative to that in
normal prostate tissues and primary prostate tumors
[39]. Furthermore, JARID1D is frequently deleted in
metastatic prostate tumors, and its low levels are
associated with a poor prognosis in patients with PC
[23]. Consistently, JARID1D was barely amplified in
the B45354 PDX model with features of multi-organ
metastasis, thereby confirming that it is an effective
metastatic marker of PC.

Tumors from the hormone-dependent D17225 PDX
model exhibited markedly reduced volumes after
castration surgery or docetaxel treatment, whereas no
apparent effect of these treatments was observed on the
castration-resistant B45354 tumors. Body weight
continuously decreased and liver metastasis was
observed in the host mice, potentially due to the toxic
side effects of the chemotherapeutic drugs or due to the
high degree of malignancy of the B45354 tumor. In this
study, the drug treatment was stopped when the body
weight decreased by 20%. This significant decrease in
body weight suggests that the follow-up treatment of
patients should be appropriate. Weight loss is not only a
side effect of docetaxel, but is also a consequence of
specific interactions among the tumor, chemotherapy,
and the host.

The development of CRPC is currently the major
challenge in the management of advanced PC. It is
partly hindered by the lack of clinically relevant cancer
models, especially models based on patient-derived
HNPCs that develop CRPC following host castration
[11]. The D17225 PDX model established in this study
effectively mimicked the patient’s treatment responses,
as evidenced by CRPC development after castration,
offering a better understanding of PC with the aim of
improving the outcome.
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In summary, we successfully established two PC PDX
models with distinct clinical features, and confirmed
their similarities to the primary tumors of the respective
patients. Castration or docetaxel treatment inhibited the
growth of HNPC D17225 tumors, but had no apparent
effect on the CRPC B45354 tumors. We further induced
the HNPC PDX models to develop CRPC by castration.
The responses of the two PDX models during treatment
were similar to those of the clinical patients, providing
reliable data to support individualized treatments such
as evaluation of treatment efficacy and prognosis.

MATERIALS AND METHODS
Animals

Six to seven-week-old male NPG/Vst (NOD-Prkdc scid
112rg null) mice were purchased from Beijing Vitalstar
Biotechnology (Beijing, China) and housed in a
pathogen-free environment at the Laboratory Animal
Center of the Fourth Military Medical University
(FMMU, Xi’an, China). The mice were anesthetized
with ketamine (100 mg/mL, i.p.) and xylazine (20
mg/mL, i.p.) and maintained under isoflurane during
surgery and imaging. All animal experiments were
approved by the Institutional Animal Care and Use
Committee of FMMU (Protocol No. 16013).

Cells and tumor specimens

Both human prostate cancer cell lines LNCaP and PC3
were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). Fresh prostate
cancer specimens were obtained from the Xijing
Hospital of the FMMU, and informed consent was
obtained from both patients. One specimen was derived
from a clinical HNPC patient (D17225) and the other
was derived from a CRPC patient (B45354). The use of
these specimens in research was approved by the
Medical Eethics Committee of Xijing Hospital
(KY20193035). After dissection, the specimens were
cut into 1-3-mm?® fragments and the stromal capsules
and necrotic tissue were removed.

Establishment of the PDX models

Two to three PC specimen grafts mixed with an
appropriate amount of matrigel (BD Biosciences, Franklin
Lakes, NJ, USA) were implanted between the capsule and
underlying parenchyma of each kidney in the male mice
under general anesthesia [31]. To maintain host
testosterone levels, implants of testosterone (4 Androsten
17b-01-3-one, Sigma Chemical Co., St. Louis, MO,
USA) were inserted intraperitoneally at a dose of 40
mg/capsule per mouse [6]. Plasma testosterone levels in
tumor-bearing mice with implants were monitored by

enzyme-linked immunosorbent assay (ELISA). Initial
tumor growth was measured with an NIRF optical
imaging system (Caliper Life Sciences, Hopkinton, MA,
USA) twice weekly. The mice were intravenously
injected with MHI-148 (1 pmol/kg; provided by Dr.
Leland W.K. Chung, Cedars-Sinai Medical Center, Los
Angeles, CA, USA), and the NIRF intensity in the regions
of interest were measured using a Lumina Il Imaging
System at 24 h after dye administration. The mice were
monitored for up to 6 months post-implantation to
examine initial tumor growth [20], and MHI-148 uptake
was examined in accordance with the published methods
[19]. Tumor samples from PDX models were collected at
each stage and frozen or fixed with 4% poly-
formaldehyde.

STR analysis and PCR amplification

Genomic DNA was extracted from PDX tissues for
STR analysis with a tissue genomic DNA extraction kit
from Tiangen Biochemical Technology Co., Ltd.
(Beijing, China). To evaluate gene expression, total
RNA isolated from the PDX tissues was used for RT-
PCR as previously described [3, 23]. The primer
sequences of the target genes (AR, AR7, JARID1D) are
listed in Supplementary Table 1.

Treatment

Male NPG mice were subcutaneously implanted with
tumor grafts. When the tumor size exceeded 80-100
mm?, the mice were divided into the following four
groups: 1) castration group with surgical removal of the
bilateral testes and their attachments, 2) docetaxel group
that received docetaxel treatment at a dose of 2 mg/kg
via tail vein injection twice weekly, 3) castration +
docetaxel group, and 4) control group containing non-
castrated male mice. The docetaxel injection solution
was procured from Sanofi Pharmaceutical Co., Ltd.
(Hangzhou, China). Phosphate-buffered saline (control
group) was injected via the tail vein twice weekly. The
tumor volume and body weight of the mice in the PDX
model were measured once every 3 days. The body
weight of tumor-bearing mice and the maximum length
() and width (w) of the tumor were measured; tumor
volume (V) was calculated using the formula V = 1/2 x
(w? x I). After 30 days of treatment, the experiment was
terminated, and the blood was collected from the mice
to determine the tPSA levels in the serum by ELISA.
Then, all tumor-bearing mice were euthanized.

H&E and IHC staining
A section of each tumor was fixed in 4%

paraformaldehyde blocks and the morphology was
compared to that of the original patient tumor by H&E
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staining and IHC analysis. The following primary
antibodies were used: CGA (1:100; Abcam, Cambridge,
UK), SYP (1:50; Santa Cruz), rabbit anti-human anti-
PSA, anti-AR monoclonal antibodies (1:100, Abcam,
Cambridge, UK). Anti-AR(AR-V7 specific) antibodies
(1:200, Abcam, Cambridge, UK) and anti-human
mitochondria antibodies (1:100, Abcam, Cambridge,
UK). The secondary antibody was a biotin-labeled goat
anti-rabbit, which was used according to a published
protocol [1].

Statistical analysis

All data are presented as the mean + SD from at least
three  independent experiments. The statistical
significance of all data was analyzed by a two-tailed
unpaired Student’s t test, and a P value < 0.05 was
considered statistically significant.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Leland W.K.
Chung (Cedars-Sinai Medical Center, Los Angeles, CA,
USA) for providing the tumor target NIRF dye MHI-
148 for optical imaging.

CONFLICTS OF INTEREST

All the authors declare that they have no conflicts of
interest.

FUNDING

This study was funded by the National Natural Science
Foundation Program of China (Nos. 31772546 and
31572340).

REFERENCES

1. Terada N, Shimizu Y, Kamba T, Inoue T, Maeno A,
Kobayashi T, Nakamura E, Kamoto T, Kanaji T,
Maruyama T, Mikami Y, Toda Y, Matsuoka T, et al.
Identification of EP4 as a potential target for the
treatment of castration-resistant prostate cancer
using a novel xenograft model. Cancer Res. 2010;
70:1606-15.
https://doi.org/10.1158/0008-5472.CAN-09-2984
PMID:20145136

2. Kumar A, Coleman I, Morrissey C, Zhang X, True LD,
Gulati R, Etzioni R, Bolouri H, Montgomery B, White T,
Lucas JM, Brown LG, Dumpit RF, et al. Substantial
interindividual and limited intraindividual genomic
diversity among tumors from men with metastatic
prostate cancer. Nat Med. 2016; 22:369-78.
https://doi.org/10.1038/nm.4053 PMID:26928463

10.

11.

Nguyen HM, Vessella RL, Morrissey C, Brown LG,
Coleman IM, Higano CS, Mostaghel EA, Zhang X, True
LD, Lam HM, Roudier M, Lange PH, Nelson PS, Corey
E. LuCaP Prostate Cancer Patient-Derived Xenografts
Reflect the Molecular Heterogeneity of Advanced
Disease an—d Serve as Models for Evaluating Cancer
Therapeutics. Prostate. 2017; 77:654-71.
https://doi.org/10.1002/pros.23313 PMID:28156002

DiPippo VA, Nguyen HM, Brown LG, Olson WC,
Vessella RL, Corey E. Addition of PSMA ADC to
enzalutamide therapy significantly improves survival
in in vivo model of castration resistant prostate
cancer. Prostate. 2016; 76:325-34.

https://doi.org/10.1002/pros.23124 PMID:26585210

Korenchuk S, Lehr JE, MClean L, Lee YG, Whitney S,
Vessella R, Lin DL, Pienta KJ. VCaP, a cell-based model
system of human prostate cancer. In Vivo. 2001;
15:163-68. PMID:11317522

van Weerden WM, Bangma C, de Wit R. Human
xenograft models as useful tools to assess the
potential of novel therapeutics in prostate cancer. Br
J Cancer. 2009; 100:13-18.
https://doi.org/10.1038/sj.bjc.6604822
PMID:19088719

Lim DJ, Liu XL, Sutkowski DM, Braun EJ, Lee C,
Kozlowski JM. Growth of an androgen-sensitive
human prostate cancer cell line, LNCaP, in nude mice.
Prostate. 1993; 22:109-18.
https://doi.org/10.1002/pros.2990220203
PMID:7681204

Castanares MA, Copeland BT, Chowdhury WH, Liu
MM, Rodriguez R, Pomper MG, Lupold SE, Foss CA.
Characterization of a novel metastatic prostate
cancer cell line of LNCaP origin. Prostate. 2016;
76:215-25.

https://doi.org/10.1002/pros.23115 PMID:26499105

Russell PJ, Russell P, Rudduck C, Tse BW, Williams ED,
Raghavan D. Establishing prostate cancer patient
derived xenografts: lessons learned from older
studies. Prostate. 2015; 75:628-36.
https://doi.org/10.1002/pros.22946

PMID:25560784

Risbridger GP, Taylor RA. Patient-Derived Prostate
Cancer: from Basic Science to the Clinic. Horm
Cancer. 2016; 7:236-40.
https://doi.org/10.1007/s12672-016-0266-1
PMID:27177552

Lawrence MG, Taylor RA, Toivanen R, Pedersen J,
Norden S, Pook DW, Frydenberg M, Papargiris MM,
Niranjan B, Richards MG, Wang H, Collins AT,
Maitland NJ, Risbridger GP, and Australian Prostate
Cancer BioResource. A preclinical xenograft model of

WWW.aging-us.com 3857

AGING


https://doi.org/10.1158/0008-5472.CAN-09-2984
https://www.ncbi.nlm.nih.gov/pubmed/20145136
https://doi.org/10.1038/nm.4053
https://www.ncbi.nlm.nih.gov/pubmed/26928463
https://doi.org/10.1002/pros.23313
https://www.ncbi.nlm.nih.gov/pubmed/28156002
https://doi.org/10.1002/pros.23124
https://www.ncbi.nlm.nih.gov/pubmed/26585210
https://www.ncbi.nlm.nih.gov/pubmed/11317522
https://doi.org/10.1038/sj.bjc.6604822
https://www.ncbi.nlm.nih.gov/pubmed/19088719
https://doi.org/10.1002/pros.2990220203
https://www.ncbi.nlm.nih.gov/pubmed/7681204
https://doi.org/10.1002/pros.23115
https://www.ncbi.nlm.nih.gov/pubmed/26499105
https://doi.org/10.1002/pros.22946
https://www.ncbi.nlm.nih.gov/pubmed/25560784
https://doi.org/10.1007/s12672-016-0266-1
https://www.ncbi.nlm.nih.gov/pubmed/27177552

12.

13.

14.

15.

16.

17.

prostate cancer using human tumors. Nat Protoc.
2013; 8:836—48.
https://doi.org/10.1038/nprot.2013.043
PMID:23558784

Lange T, Oh-Hohenhorst SJ, Joosse SA, Pantel K, Hahn
O, Gosau T, Dyshlovoy SA, Wellbrock J, Feldhaus S,
Maar H, Gehrcke R, Kluth M, Simon R, et al.
Development and Characterization of a
Spontaneously Metastatic Patient-Derived Xenograft
Model of Human Prostate Cancer. Sci Rep. 2018;
8:17535.
https://doi.org/10.1038/s41598-018-35695-8
PMID:30510249

Davies AH, Wang Y, Zoubeidi A. Patient-derived
xenografts: A platform for accelerating translational
research in prostate cancer. Mol Cell Endocrinol.
2018; 462:17-24.
https://doi.org/10.1016/j.mce.2017.03.013
PMID:28315377

Yoshikawa T, Kobori G, Goto T, Akamatsu S, Terada N,
Kobayashi T, Tanaka Y, Jung G, Kamba T, Ogawa O,
Inoue T. An original patient-derived xenograft of
prostate cancer with cyst formation. Prostate. 2016;
76:994-1003.

https://doi.org/10.1002/pros.23188 PMID:27098584

Lin D, Wyatt AW, Xue H, Wang Y, Dong X, Haegert
A, Wu R, Brahmbhatt S, Mo F, Jong L, Bell RH,
Anderson S, Hurtado-Coll A, et al. High fidelity
patient-derived xenografts for accelerating prostate
cancer discovery and drug development. Cancer
Res. 2014; 74:1272-83.
https://doi.org/10.1158/0008-5472.CAN-13-2921-T
PMID:24356420

Beltran H, Prandi D, Mosquera JM, Benelli M, Puca L,
Cyrta J, Marotz C, Giannopoulou E, Chakravarthi BV,
Varambally S, Tomlins SA, Nanus DM, Tagawa ST, et
al. Divergent clonal evolution of castration-resistant
neuroendocrine prostate cancer. Nat Med. 2016;
22:298-305.

https://doi.org/10.1038/nm.4045 PMID:26855148

Toivanen R, Taylor RA, Pook DW, Ellem SJ, Risbridger
GP. Breaking through a roadblock in prostate cancer
research: an update on human model systems. J
Steroid Biochem Mol Biol. 2012; 131:122-31.
https://doi.org/10.1016/j.jsbmb.2012.01.005
PMID:22342674

18. Patrawala L, Calhoun-Davis T, Schneider-Broussard R,

Tang DG. Hierarchical organization of prostate cancer
cells in xenograft tumors: the CD44+alpha2betal+
cell population is enriched in tumor-initiating cells.
Cancer Res. 2007; 67:6796—-805.
https://doi.org/10.1158/0008-5472.CAN-07-0490
PMID:17638891

19.

20.

21.

22.

23.

24.

25.

26.

Lawrence MG, Pook DW, Wang H, Porter LH,
Frydenberg M, Kourambas J, Appu S, Poole C,
Beardsley EK, Ryan A, Norden S, Papargiris MM,
Risbridger GP, Taylor RA. Establishment of primary
patient-derived xenografts of palliative TURP
specimens to study castrate-resistant prostate
cancer. Prostate. 2015; 75:1475-83.

https://doi.org/10.1002/pros.23039 PMID:26177841

Shi C, Wu JB, Chu GC, Li Q, Wang R, Zhang C, Zhang Y,
Kim HL, Wang J, Zhau HE, Pan D, Chung LW.
Heptamethine carbocyanine dye-mediated near-
infrared imaging of canine and human cancers
through the HIF-1a/OATPs signaling axis. Oncotarget.
2014; 5:10114-26.
https://doi.org/10.18632/oncotarget.2464
PMID:25361418

Yang X, Shi C, Tong R, Qian W, Zhau HE, Wang R, Zhu
G, Cheng J, Yang VW, Cheng T, Henary M, Strekowski
L, Chung LW. Near IR heptamethine cyanine dye-
mediated cancer imaging. Clin Cancer Res. 2010;
16:2833-44.
https://doi.org/10.1158/1078-0432.CCR-10-0059
PMID:20410058

Forsberg LA, Rasi C, Malmqvist N, Davies H,
Pasupulati S, Pakalapati G, Sandgren J, Diaz de Stahl
T, Zaghlool A, Giedraitis V, Lannfelt L, Score J, Cross
NC, et al. Mosaic loss of chromosome Y in peripheral
blood is associated with shorter survival and higher
risk of cancer. Nat Genet. 2014; 46:624-28.
https://doi.org/10.1038/ng.2966 PMID:24777449

Li N, Dhar SS, Chen TY, Kan PY, Wei Y, Kim JH, Chan
CH, Lin HK, Hung MC, Lee MG. JARID1D is a
suppressor and prognostic marker of prostate cancer
invasion and metastasis. Cancer Res. 2016; 76:831—
43,

https://doi.org/10.1158/0008-5472.CAN-15-0906
PMID:26747897

Toivanen R, Frydenberg M, Murphy D, Pedersen J,
Ryan A, Pook D, Berman DM, Taylor RA, Risbridger
GP, and Australian Prostate Cancer BioResource. A
preclinical xenograft model identifies castration-
tolerant cancer-repopulating cells in localized
prostate tumors. Sci Transl Med. 2013; 5:187ra71.
https://doi.org/10.1126/scitranslmed.3005688
PMID:23720582

Craft N, Chhor C, Tran C, Belldegrun A, DeKernion J,
Witte ON, Said J, Reiter RE, Sawyers CL. Evidence for
clonal outgrowth of androgen-independent prostate
cancer cells from androgen-dependent tumors
through a two-step process. Cancer Res. 1999;
59:5030-36. PMID:10519419

Hao J, Ci X, Xue H, Wu R, Dong X, Choi SY, He H, Wang
Y, Zhang F, Qu S, Zhang F, Haegert AM, Gout PW, et

WWW.aging-us.com

3858

AGING


https://doi.org/10.1038/nprot.2013.043
https://www.ncbi.nlm.nih.gov/pubmed/23558784
https://doi.org/10.1038/s41598-018-35695-8
https://www.ncbi.nlm.nih.gov/pubmed/30510249
https://doi.org/10.1016/j.mce.2017.03.013
https://www.ncbi.nlm.nih.gov/pubmed/28315377
https://doi.org/10.1002/pros.23188
https://www.ncbi.nlm.nih.gov/pubmed/27098584
https://doi.org/10.1158/0008-5472.CAN-13-2921-T
https://www.ncbi.nlm.nih.gov/pubmed/24356420
https://doi.org/10.1038/nm.4045
https://www.ncbi.nlm.nih.gov/pubmed/26855148
https://doi.org/10.1016/j.jsbmb.2012.01.005
https://www.ncbi.nlm.nih.gov/pubmed/22342674
https://doi.org/10.1158/0008-5472.CAN-07-0490
https://www.ncbi.nlm.nih.gov/pubmed/17638891
https://doi.org/10.1002/pros.23039
https://www.ncbi.nlm.nih.gov/pubmed/26177841
https://doi.org/10.18632/oncotarget.2464
https://www.ncbi.nlm.nih.gov/pubmed/25361418
https://doi.org/10.1158/1078-0432.CCR-10-0059
https://www.ncbi.nlm.nih.gov/pubmed/20410058
https://doi.org/10.1038/ng.2966
https://www.ncbi.nlm.nih.gov/pubmed/24777449
https://doi.org/10.1158/0008-5472.CAN-15-0906
https://www.ncbi.nlm.nih.gov/pubmed/26747897
https://doi.org/10.1126/scitranslmed.3005688
https://www.ncbi.nlm.nih.gov/pubmed/23720582
https://www.ncbi.nlm.nih.gov/pubmed/10519419

27.

28.

29.

30.

31.

32.

al. Patient-derived Hormone-naive Prostate Cancer
Xenograft Models Reveal Growth Factor Receptor
Bound Protein 10 as an Androgen Receptor-repressed
Gene Driving the Development of Castration-resistant
Prostate Cancer. Eur Urol. 2018; 73:949-60.
https://doi.org/10.1016/j.eururo.2018.02.019
PMID:29544736

Epstein JI, Allsbrook WC Jr, Amin MB, Egevad LL, and
ISUP Grading Committee. The 2005 International
Society of Urological Pathology (ISUP) Consensus
Conference on Gleason Grading of Prostatic
Carcinoma. Am J Surg Pathol. 2005; 29:1228-42.
https://doi.org/10.1097/01.pas.0000173646.99337.b
1PMID:16096414

Kir G, Sarbay BC, Gim{s E, Topal CS, Kir G, Glim{s E,
Topal CS. The association of the cribriform pattern
with outcome for prostatic adenocarcinomas. Pathol
Res Pract. 2014; 210:640-44.
https://doi.org/10.1016/].prp.2014.06.002
PMID:25042388

MclLean DT, Strand DW, Ricke WA. Prostate cancer
xenografts and hormone induced prostate
carcinogenesis. Differentiation. 2017; 97:23-32.
https://doi.org/10.1016/].diff.2017.08.005
PMID:28923776

Wang Y, Wang JX, Xue H, Lin D, Dong X, Gout PW, Gao
X, Pang J. Subrenal capsule grafting technology in
human cancer modeling and translational cancer
research. Differentiation. 2016; 91:15-19.
https://doi.org/10.1016/j.diff.2015.10.012
PMID:26547391

Wang Y, Revelo MP, Sudilovsky D, Cao M, Chen WG,
Goetz L, Xue H, Sadar M, Shappell SB, Cunha GR,
Hayward SW. Development and characterization of
efficient xenograft models for benign and malignant
human prostate tissue. Prostate. 2005; 64:149-59.
https://doi.org/10.1002/pros.20225 PMID:15678503

Presnell SC, Werdin ES, Maygarden S, Mohler JL,
Smith GJ. Establishment of short-term primary human
prostate xenografts for the study of prostate biology
and cancer. Am J Pathol. 2001; 159:855-60.
https://doi.org/10.1016/50002-9440(10)61761-0
PMID:11549578

33.

34.

35.

36.

37.

38.

39.

Hirano D, Okada Y, Minei S, Takimoto Y, Nemoto N.
Neuroendocrine differentiation in hormone
refractory prostate cancer following androgen
deprivation therapy. Eur Urol. 2004; 45:586—92.
https://doi.org/10.1016/].eururo.2003.11.032
PMID:15082200

Akamatsu S, Wyatt AW, Lin D, Lysakowski S, Zhang F,
Kim S, Tse C, Wang K, Mo F, Haegert A, Brahmbhatt S,
Bell R, Adomat H, et al. The Placental Gene PEG10
Promotes Progression of Neuroendocrine Prostate
Cancer. Cell Rep. 2015; 12:922-36.
https://doi.org/10.1016/j.celrep.2015.07.012
PMID:26235627

Inoue T, Terada N, Kobayashi T, Ogawa O. Patient-
derived xenografts as in vivo models for research in
urological malignancies. Nat Rev Urol. 2017;
14:267-83.

https://doi.org/10.1038/nrurol.2017.19
PMID:28248952

Antonarakis ES, Lu C, Wang H, Luber B, Nakazawa M,
Roeser JC, Chen Y, Mohammad TA, Chen Y, Fedor HL,
Lotan TL, Zheng Q, De Marzo AM, et al. AR-V7 and
resistance to enzalutamide and abiraterone in
prostate cancer. N Engl J Med. 2014; 371:1028-38.
https://doi.org/10.1056/NEJM0a1315815
PMID:25184630

Antonarakis ES, Armstrong AJ, Dehm SM, Luo J.
Androgen receptor variant-driven prostate cancer:
clinical implications and therapeutic targeting.
Prostate Cancer Prostatic Dis. 2016; 19:231-41.
https://doi.org/10.1038/pcan.2016.17
PMID:27184811

Patel R, Khalifa AO, Isali I, Shukla S. Prostate cancer
susceptibility and growth linked to Y chromosome
genes. Front Biosci (Elite Ed). 2018; 10:423-36.
https://doi.org/10.2741/e830 PMID:29293466

Perinchery G, Sasaki M, Angan A, Kumar V, Carroll P,
Dahiya R. Deletion of Y-chromosome specific genes in
human prostate cancer. J Urol. 2000; 163:1339-42.
https://doi.org/10.1016/50022-5347(05)67774-9
PMID:10737540

WWW.aging-us.com

3859

AGING


https://doi.org/10.1016/j.eururo.2018.02.019
https://www.ncbi.nlm.nih.gov/pubmed/29544736
https://doi.org/10.1097/01.pas.0000173646.99337.b1
https://doi.org/10.1097/01.pas.0000173646.99337.b1
https://www.ncbi.nlm.nih.gov/pubmed/16096414
https://doi.org/10.1016/j.prp.2014.06.002
https://www.ncbi.nlm.nih.gov/pubmed/25042388
https://doi.org/10.1016/j.diff.2017.08.005
https://www.ncbi.nlm.nih.gov/pubmed/28923776
https://doi.org/10.1016/j.diff.2015.10.012
https://www.ncbi.nlm.nih.gov/pubmed/26547391
https://doi.org/10.1002/pros.20225
https://www.ncbi.nlm.nih.gov/pubmed/15678503
https://doi.org/10.1016/S0002-9440%2810%2961761-0
https://www.ncbi.nlm.nih.gov/pubmed/11549578
https://doi.org/10.1016/j.eururo.2003.11.032
https://www.ncbi.nlm.nih.gov/pubmed/15082200
https://doi.org/10.1016/j.celrep.2015.07.012
https://www.ncbi.nlm.nih.gov/pubmed/26235627
https://doi.org/10.1038/nrurol.2017.19
https://www.ncbi.nlm.nih.gov/pubmed/28248952
https://doi.org/10.1056/NEJMoa1315815
https://www.ncbi.nlm.nih.gov/pubmed/25184630
https://doi.org/10.1038/pcan.2016.17
https://www.ncbi.nlm.nih.gov/pubmed/27184811
https://doi.org/10.2741/e830
https://www.ncbi.nlm.nih.gov/pubmed/29293466
https://doi.org/10.1016/S0022-5347%2805%2967774-9
https://www.ncbi.nlm.nih.gov/pubmed/10737540

SUPPLEMENTARY MATERIALS

Supplementary Figure

- 3 et
Wy DoV Seeo, TEs
‘-ﬁ",’«_ ey o Q “"?‘, .
2 4 ,-‘:" = ) ¢ o ':".
WL OI SSEm e
D17225-Human Mouse Lung
PP et Wt SV RORE PO NS o T0 Dt e
v "« . LR ’ Ta g gt Ll i s
) ‘Q % \~§"g‘;{3‘3_9; ":‘eé % % s . .‘..'.‘ z*_;" oot e I&’:;’ 0_ "y
!‘ L e (3 o o-‘-‘ 7 75 -4 "O > ose iy S qn, v Tlert s, S . [T
A ) ',o'f?".‘-'-':"?'. ¢ s & WSS -gc@;.,:,g: . .: e
B Y . . - L2 ®
7S ?"Ri % {e S B T s s
o R ° \ M A gwl 4
““s -"‘\ ‘;‘ ‘4._\“...‘
‘».!.""?}ﬂ 3 %“ "."’ b .‘a. s0 0 $
P . S o, A
R 4 et ()
LU SR AL PR o )
et RN W L
% S Sam .}v,"”i"' T ey o e I
‘A¥;.~ Pt B 2 ?@"’_3';,": $r® s
.‘?;, 1 e 320 “ "’h ;‘ s~ o ‘,}‘o“ 4-.’ ‘
‘.:—; s :"‘ ..‘ < “.".;..‘_. }@

Supplementary Figure 1. The expression of human mitochondria in PDX tissue. Strong positive expression of human mitochondria
was detected in both B45354 and D17225 PDX tissues by IHC. Negative expression was observed in normal mouse lung tissue. Original
magnification, 200x; scale bars represent 20 pm.
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Supplementary Table

Supplementary Table 1. Primer sequences of different gene used for qRT-PCR.

AR AR1 F: CCAGGGACCATGTTTTGCC
R: CGAAGACGACAAGATGGACAA

F: TCCATCTTGTCGTCTTCGGAA

R: GGGCTGGTTGTTGTCGTGT
F:CCATCTTGTCGTCTTCGGAAATGTTATGAA

R: TTTGAATGAGGCAAGTCAGCCTTTCT
F: AGCCAACCATGTGCAATGTA
R: GGCTCTGGATCAGGCTGTAG
F: CCAGAGCCTACAGAGGAGGACAT
R: CCCACCTCCACTTTGCTCAT
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