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Abstract

Despite the advancement of transgenic and gene knockout animal models in the prostate cancer
research, there is still a need for utilizing xenograft models. Xenografts can be grown in multiple
sites/organs within immunocompromised animals such as mice and rats. Although prostate
xenografts have been derived from many species, human cells and tissues are the most commonly
used due to their potential clinical significance. Xenograft models that progress from one state or
stage to another are commonly used to address important scientific questions including malignant
transformation, metastatic spread, and castration resistance. Utilization of xenografts are
commonly being used to assess the biology and genetics of prostate cancer, as well as, for
therapeutic benefit.

In addition to models for the study of prostate cancer, xenografts are also utilized as a tool in
precision medicine where patient derived xenografts (PDX) can be grown in multiple animals and
assessed for therapeutic efficacy. The popularity of such xenograft models and PDXs have led to
availability of these resources through public and commercial institutions. In this review, we
describe both traditional and emerging models of prostate cancer and their potential uses. Further
development of current models and introduction of new models will likely provide new insights
and better understanding of prostatic carcinogenesis and progression.
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Introduction

Prostate cancer is the second leading diagnosed cancer in men in the United States, trailing
only lung cancer. Over 220,000 men are diagnosed per year with 27,000 deaths resulting
from metastatic prostate cancer (SEER 2014). Prostate cancer is a relatively slowly
progressing disease that occurs spontaneously in the aging dog and human as the ratio of
testosterone to estradiol decreases. Recreating this hormone environment has led to prostatic
carcinogenesis in mice, dogs, and rats (Ittmann et al., 2013; Leroy and Northrup, 2009;
Ricke et al., 2008; Shirai et al., 2000; Wang et al., 2005). While these models have been
immensely useful in understanding the role of specific factors involved in prostate cancer
progression, they are limited by long tumor latency and low incidence of tumor
development. As a localized disease, prostate cancer presents relatively low risks to the
patients, with 5-year survival rates close to 100%. However, patients that have undergone
androgen deprivation therapy (ADT) to treat high-grade prostate cancer will progress to
castration resistant prostate cancer (CRPC) in 10-20% of cases, whereby the 5-year survival
rate drops to 29% (Kirby et al., 2011). The events that lead to CRPC are not well
understood, but invariably result from the ability of the prostate cells to grow in hormone-
depleted environment. This can result from multiple mechanisms including
“hypersensitivity” to androgens from androgen receptor (AR) upregulation, promiscuity of
AR, ligand-independent activation of AR, or complete bypassing of the receptor through
other receptors such as growth factor signaling (Arnold and Isaacs, 2002; Choong et al.,
1996; Culig et al., 1994; Watson et al., 2015; Zhao et al., 2000). To date, few models allow
for in-depth examination of the processes that lead to prostate carcinogenesis and the
development of CRPC using human cells.

Traditional cell line and xenograft models as well as newer patient derived xenograft (PDX)
models will described in this review.

Steroid Receptors and Prostate Cancer Progression

Prostate cancers are most often diagnosed in aging men, where the sex hormone milieu is
typically marked by an increasing ratio of 17p-estradiol (E2) to testosterone (T) (Vermeulen
et al., 2002). Androgens and estrogens have previously been implicated in prostatic
carcinogenesis in the rat (Noble, 1977a, b). These hormones have also been shown to induce
carcinogenesis in wild-type mice, and administration of testosterone in mouse
retinoblastoma protein (pRb)-deficient prostatic epithelium promoted cancer progression
(Ricke et al., 2008; Wang et al., 2000). It has since been established that sex hormones are
critical in the progression of human prostate cancer; we and others have shown that the ratio
of T to E2 is a key component (Ricke et al., 2006; Wang et al., 2001). Recapitulation of this
aspect of prostate cancer carcinogenesis is useful in understanding the roles of stromal-
epithelial interaction and hormone action.

Treatment of prostate epithelial cells with estrogen unopposed by androgens can induce
squamous metaplasia of prostatic epithelium. (Bainborough, 1952; Cunha et al., 2001; Ricke
et al., 2006; Risbridger et al., 2001). Estrogens work through estrogen receptors (ER), which
are ligand activated transcription factors. There are at least two forms of the ER, a and 3,
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that have been detected in the prostate. ERa and p are found in both the stroma and the
epithelium (Ratliff, 2005; Ricke et al., 2008). As prostate cancer progresses, epithelial ERP
expression decreases; suggesting a protective role of ERp (Christoforou et al., 2014; Ricke
et al., 2008; Royuela et al., 2001). Using genome wide ER-knockout mice, we have
observed that ERa. is the main driver of prostate carcinogenesis (Ricke et al., 2008). The
tissue specific role of ERa has yet to be resolved. However, given the critical function of
stromal AR in prostatic carcinogenesis and organogenesis, ERa may play a similar role.

Androgens target the prostate and are regulators of growth, development, function, and
maintenance. These effects are mediated through the androgen receptor (AR), present in
both the stroma and the epithelium of the prostate (Heinlein and Chang, 2004; Nicholson et
al., 2013a). Using tissue recombinants, we have shown that stromal AR is essential for
prostate organogenesis and prostate cancer progression and metastasis while epithelial AR is
not (Cunha et al., 2003; Cunha and Lung, 1979; Ricke et al., 2012). It has been suggested
that AR functions as both a tumor suppressor and a proliferator, representing contradictory
roles. To this point, restoring AR function in AR-negative PC3 cells results in decreased
invasion and metastasis. In mice, eliminating AR in the prostate epithelium caused increased
apoptosis of luminal cells; yet also resulted in increased epithelial basal cells (Litvinov et al.,
2006a; Niu et al., 2008). Adult mice that lack epithelial AR develop prostates that display
less differentiated but hyperproliferative tissue when compared to wild-type littermates
(Simanainen et al., 2007; Wu et al., 2007). However, when AR is eliminated from stromal
WPMY cells /n vitro, a decrease in proliferation was observed, suggesting a stromal-
mediated paracrine role of AR. Taken together, it is clear that the cooperation of ARs and
ERs in both stroma and epithelium are important factors in prostate carcinogenesis. Models
that address these aspects of the disease are necessary to elucidate the cross-talk between
these critical receptors.

Several “progression” models have been created using the LNCaP cell line as well as other
traditional prostate cancer cell lines (Sobel and Sadar, 20053, b). Traditionally, most of these
models use a late stage cell line representation of prostate cancer as a starting point and are
often focused on one aspect such as tumor growth, metastasis, or androgen independence.
There are a limited number of models that have utilized non-tumorigenic human prostatic
epithelium as the starting point to assess prostate cancer (PRCA) progression. No single
model exists that allows one to examine the progression of normal to metastatic cancer,
androgen dependence to independence, genetic and epigenetic changes, as well as gene
fusion events such as TMPRSS-ERG (transmembrane protease serine 2- ETS-related gene
fusion). Such a model may allow for the better interrogation of events that lead to prostate
carcinogenesis and disease progression.

Over the years, there have been many efforts to develop xenograft and implantation methods
to create a model that accurately represent prostate cancer and prostate cancer progression.
Subcutaneous xenografting was developed when researchers began implanting prostatic
tissues from patients into athymic nude mice, creating one of the first patient derived
xenograft lines, PC-82 (Hoehn et al., 1980). An advantage of subcutaneous xenografting is
that it is an efficient way to monitor growth of tumors. A major disadvantage is that they
often fail to produce metastases in mice. In an attempt to mimic the prostate cancer at the
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site of implantation, orthotopic xenografting was introduced (Stephenson et al., 1992). This
model has the advantage of cells encountering an environment similar to the organ in which
they originated, possibly offering a more clinically and biologically relevant model.
Orthotopic implantation of cell lines has been successful in generating new cell lines that are
metastatic. This method was used to generate PC-3 and LNCaP lineages, which were
discovered to metastasize, specifically to bones (Pettaway et al., 1996). More recently,
subrenal capsule xenografting has been used as a way to xenograft cells that could be
recovered at a very high rate. The high degree of vascularity that is present at this site allows
for implanted material to grow more successfully than other methods (Nicholson et al.,
2013b; Wang et al., 2005). Additionally, implanted cells have also metastasized from this
site to distant lymph nodes and tissues. Unlike orthotopic xenografting, this method lacks
the advantage of having a prostatic environment. This can, in part, be overcome by
introducing different populations of stromal cells through tissue recombination technology.
This method, although more difficult and requires surgical expertise, does have improved
take rates compared to other sites. Finally, several methods have been employed to
specifically study metastasis of prostate cancer cells including cardiac injection, tail vein
injection, and direct injection into bone or other tissues. These methods allow researchers to
study the behavior of cells at specific sites outside the prostate, but bypasses the steps of
extravasation and intravasation of cancer cells. In this review, we will discuss current and
historical xenograft models of prostate cancer carcinogenesis in which the addition or
subtraction of hormones was used to induce a more advanced phenotype as well as some of
the newer patient derived xenograft models.

Current “progression” models

For decades, the most common cell lines used in prostate cancer research have been LNCaP,
DU-145, and PC3. LNCaP has been the most used cell line in prostate cancer research with
over 7,000 manuscripts indexed on PubMed. Following LNCaP, PC3 has been the second
most used cell line with 4,313 references. Through prolonged passaging in mice and
subsequent selection of increasingly malignant phenotypes, an expansive list of derivative
lines has been established. These derivative lines vary in androgen sensitivity and ability to
grow and metastasize. However, it is important to note that researchers began these
experiments using cell lines that were taken from patients with advanced disease, metastasis,
or were undergoing ADT.

Xenograft Models using Benign Cell Lines

RWPE-1 + MNU

One of the few non-tumorigenic human prostate epithelial cell lines is RWPE-1. These cells
were harvested from the peripheral zone of a 54-year-old white male donor whose prostate
histology appeared normal. RWPE-1 cells were isolated from plated acini that were then
immortalized with HPV 18. RWPE-2 cells were then created by transforming them with
insertion of a Ki-ras oncogene. Both cell lines reportedly express AR/PSA mRNA and
protein and display a dose-dependent increase in growth following treatment with androgens
(Bello et al., 1997; Rhim et al., 1994). When RWPE-1 is injected into nude mice with or
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without Matrigel, malignant tumors do not form. In contrast, RWPE-2 cells readily form
malignant tumors /7 vivo and are moderately invasive when compared to DU-145. In another
attempt to create a malignant cell line out of RWPE-1, cells were treated with N-methyl-N-
nitrosurea (MNU), a chemical carcinogen, and injected subcutaneously into adult male nude
mice (Rivette et al., 2005). After 10 weeks, tumors were harvested, cultured, re-injected and
grown for another 10 weeks. Following this second round of xenotransplantation injection,
isolated cells were then plated in soft agar and colonies were selected to re-inject for another
round. The resulting cell lines were established: WPE1-NA22, WPE1-NB14, WPE1-NB11
and WPE1-NB26 (cells were isolated in order of increasing malignancy). As a final step,
metastatic WPE1-NB26 cells were injected and tumors were harvested giving rise to the
most malignant cell lines, WPE1-NB26-64 and WPE1-NB26-65. Collectively, this cell
series mimics progression characteristics from benign, to low, to highly malignant stages
(Rivette et al., 2005). Growth and MMP expression increases significantly when comparing
parental to tumorigenic lines. When NB26 cells are injected intravenously into nude mice,
2/5 mice had evidence of lung metastases. However, the relevance of a DNA alkylating
agent, i.e. MNU, that results in the accumulation of mutations in DNA and prostate cancer is
yet to be determined (Golding et al., 1997). Therefore, while this model is valuable to the
study of different stages of prostate cancer, the method of induced carcinogenesis may not
represent the human disease process.

NHPrEl and BHPrEI Tissue Recombination Xenograft Model

To avoid issues with viral transformation, a series of spontaneously immortalized benign
human prostate epithelial cell lines called NHPrE1 and BHPrE1 were generated (Jiang et al.,
2010). Although these cell lines lack AR expression /n vitro, tissue recombination with
inductive urogenital sinus mesenchyme (UGM) induced luminal epithelial differentiation
with AR expression. NHPrE1 cells were characterized as a “progenitor” line due to their
high expression of CD133/CD44/OCT4/PTEN and the ability of as few as 10 cells to
regenerate fully secretory glandular structures when recombined with inductive UGM. The
BHPrEI cells were characterized as an “intermediate” cell line due to enhanced expression
of p63/p53/p21/RB and the necessity to xenograft a minimum of 200,000 cells with
inductive UGM to regenerate fully differentiated glandular structures. Genomic analysis
detailed the small number of rearrangements and amplifications likely responsible for the
immortalization. These cell lines represent a major advancement in our ability to accurately
model transformation-independent effects of specific genes on cancer initiation. Future
studies will assess the role of hormones and stroma, as well as oncogenes and tumor
suppressor genes in carcinogenesis.

BPH1 Cancer Progression Model

Most models that will be discussed in this review use either subcutaneous or orthotopic
injection to generate sublines. Subcutaneous injection generally does not produce reliable
rates of metastasis, and orthotopic xenografting is technically more difficult and has a low
limit of material that can be injected. Subrenal capsule xenografting of prostate tissue was
introduced in the 1970’s and allowed for a high rate of tumor recovery in a relatively simple
procedure. The high degree of vascularity results in rapid tumor growth in most cases and
allows for metastasis to distant tissues (Ricke et al., 2006; Wang et al., 2005). Sex steroids
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have long been known to be important to both growth and maintenance of the prostate
(Huggins, 1943; Huggins and Hodges, 1972; Nelles et al., 2011; Wibowo et al., 2011).
Addition or removal of sex steroids have resulted in the generation of dozens of sublines
from established xenografts/cell lines, and we know that steroids play a pivotal role in the
carcinogenesis of prostate cancer (Bosland, 2000; Wilding, 1992). The BPHL1 cell line is
another example of the limited supply of benign prostate cell lines. This cell line was
isolated from a transurethral resection of 68-year-old white male exhibiting urinary
symptoms (Hayward et al., 1995; Hayward et al., 2001). Cells were immortalized with SV40
large T-antigen and one clone was used to derive the BPH1 cell line. The status of the
androgen receptor in BPH1 cells has been controversial, but literature favors evidence for an
absence of both AR and PSA protein. Whereas other benign cell lines used chemicals,
oncogenes, or loss of tumor suppressors to induce malignant transformation, use of “natural”
inducers such as hormones and stromal-microenvironment may be more biologically
relevant. Several studies have used BPH1 cells that were transformed by the
microenvironment, which included both hormonal and stromal components. This
recapitulated the conditions similar to the aging male prostate environment. When BPH1
cells were recombined with rodent urogenital sinus mesenchyme (rUGM) and xenografted,
they form solid branching epithelial cords that could become canalized (Wang et al., 2001).
However, when these UGM+BPH1 recombinants are grown in hosts that are treated with
testosterone (T) and 17p-estradiol (Ey), they form invasive carcinomas. The resultant tumors
shrink following host castration, and tumors were capable of being transplanted and growing
in a new host for at least 6 generations, which was the longest time point assessed. In the
absence of stroma but in the presence of hormones, BPH1 cells survive and proliferate at the
implantation site but do not form cancers. The hormonal milieu that was required to induce
carcinogenesis in BPH1 cells was then further elucidated in 2006. Varying doses of T:E,
treatments in hosts were employed to determine if the amount or ratio of sex steroids was an
important factor in the process of carcinogenesis. It was found that only groups with T:E,
ratios of 25:2.5 or 100:10 conferred carcinogenesis. In groups that had low T:E; ratios of
0:2.5 or 2.5:2.5, benign squamous metaplasia, a non-malignant growth formed (Ricke et al.,
2006). To form cancer, the concentration of T had to be at least 10x higher than E, and at
least 25 mg of T had to be present at the start of treatment. This experiment linked the
importance of a decreasing ratio of T:E5 to the process of carcinogenesis. After 4 months of
treatment, the rate of carcinogenesis and malignant transformation in BPH1 tissue
recombinants was 87.5%. Rate of metastasis was also monitored in this study. After 2
months of treatment with the optimal ratio of hormones, 2/25 mice were found to have lung
or liver metastases. In addition, 2/3 treated from another group had renal lymph node
metastases. Once the cells had undergone malignant transformation using T+E,, they were
able to grow in mice in the absence of both hormones and co-injected stromal cells. This is
the first model to demonstrate that non-tumorigenic human epithelial cells could develop
into tumorigenic and metastatic cells using stroma and naturally occurring hormones to
promote malignancy. Since the publication in 2006, we have been able to isolate various
stages of progression using this method of transformation. An advantage of this model is
that changes in malignancy can be compared back to the parental line. Using the benign/
non-tumorigenic cell lines, one can focus on aspects of prevention of progression, while at
the same time studying aspects of treatment using metastatic cell lines.
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Patient Derived Xenografts (PDXs)

Perhaps the largest limitation of most models in use, is the inability to address the aspect of
tumor heterogeneity. Most cell lines are inherently homogenous and increase in
homogeneity over time due to the most proliferative cells taking over the culture.

Prostate cancer, on the other hand, is a heterogeneous disease. Spatial sampling and
sequencing of prostate tumors has shown significant heterogeneity in multifocal tumors
arising in the same patient (Boutros et al., 2015). In addition, the typical resurgence of
prostate cancer that can follow long-term androgen deprivation therapy points to sub-clones
of cells that could be present and resistant to therapy in early stages of disease. Androgen
receptor mutations are rarely seen in non-treated primary tumors, and almost exclusively
arise in therapeutically treated and metastatic prostate cancer (Taplin and Balk, 2004; Tilley
et al., 1996). This heterogeneity and variable nature of prostate cancer is a facet that is
largely missed in most cell line and xenograft models. Patient derived xenografts (PDX) are
one way to increase growth of heterogeneous cancer within and between patients. Tumor
samples can be harvested within a patient and directly transplanted subcutaneously,
orthotopically, or under the renal capsule of immunocompromised animals. These xenografts
maintain their stromal components, architecture, and heterogeneity that are present in the
primary tumor isolate. This method is especially useful for studying tumor response to
various pharmacologic and therapeutic treatment strategies. In particular it could be
invaluable in developing strategies that are specific to individual patients, improving
precision medicine strategies.

CWR22 and 22Rv1 Xenograft Model

The CWR xenograft models were established as a serially-transplantable xenograft
harvested from transurethral resections of the prostate (TURP) of several patients
(Nagabhushan et al., 1996; Pretlow et al., 1993; Wainstein et al., 1994). All patients that
contributed to the generation of CWR lines (CWR22, 21, 31, and 91) had advanced stage D
prostate cancer, as well as, bone metastases. CWR22 cells were not injected in suspension
during the initial experiments, but were instead injected as minced tissue combined with
Matrigel. Initial experiments injected the cells at various sites in the mouse, with
subcutaneous, bone, and testiclar sites growing best. It is of interest to note that of the 4
animals injected in the prostate, none formed tumors. Tumors also failed to grow in all
female mice. One of the advantages of these xenografts is after castration of injected
animals, the tumor initially regresses and PSA decreases, much like the human disease.
After prolonged androgen deprivation, tumors relapse and re-establish in 25-50% of animals,
then designated as CWR22R. Relapsed tumors grow at a significantly slower rate than
CWR22 tumors. This was one of the first models that could successfully recapitulate relapse
and regrowth /n vivo as well as in soft agar. Later a purified cell line was established from a
relapsed CWR22 tumor xenograft, designated 22Rv1 (Sramkoski et al., 1999). Initial
experiments using CWR22 cells from xenografts ended with cultures being overgrown with
mouse cells. When establishing the 22Rv1 cell line, researchers used flow cytometry,
targeting CD44 to select for a pure, human cell line. This cell line is reportedly similar to the
parental CWR22 xenografts, expresses PSA in vivo and has similar xenograft morphology
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and growth (Sramkoski et al., 1999). Following establishment and use of the CWR22 model,
other researchers began to examine and characterize it, attempting to define its progression
from hormone dependent to hormone independent. In 2002, a novel AR mutation that
conferred a loss of the ligand binding domain was identified in both CWR22R and 22Rv1.
This mutation contains an in-frame tandem duplication of exon 3 which originated in the
original CWR22R xenograft (Tepper et al., 2002). The progression of CWR22 tumors to the
relapsed 22Rv1 tumors continues to be a valuable resource for studying the progression of
PRCA to CRPC.

In all cases that have been described in this section, researchers used the manipulation of
hormones to induce changes in prostate cancer cells and to the subsequent derivations. These
techniques were used to derive cell lines representing singular aspects of prostate cancer
progression. Regardless, these models represent aspects of prostate cancer progression that
will add to the understanding of PRCA.

LuCaP Xenograft Models

The LuCaP series of 21 patient derived xenografts was derived over the span of 15 years
from 1991-2005 when 261 prostate cancer samples were collected from 156 patients (Corey
et al., 2003; Ellis et al., 1996; Nguyen et al., 2017; True et al., 2002). These samples were
implanted subcutaneously into nude mice. While the overall take rate was low (10%),
researchers were still able to create a diverse set of transplantable PDX’s. Of the 21 PDX’s
that were further characterized, 4 were taken from the primary graft site while 17 were taken
from a spectrum of metastatic sites. Within this series there are 4 PDX’s that are AR-
negative (LuCaP 49, 93, 145.1, 145.2), and all were designated as neuroendocrine prostate
cancers (NEPC) based on coinciding synaptophysin (SYP) expression. Researchers also
tested for ERG, PTEN, and SYP by IHC; as well as response to either castration or
docetaxel. The responses and markers varied across the 21 samples. Almost all of the
harvested samples retained the host histological features and protein expression patterns.

More recently, researchers have further characterized this series of xenografts and have
shown that it covers a wide breadth of disease variability and heterogeneity that is in prostate
cancer from patient to patient. The most common genomic alterations in xenografts were
AR amplification (8/21), PTEN loss (12/21), RBI loss (16/21), and TMPRSS2-ERG
rearrangement (10/21), which are consistent with human disease phenotypes. Most of these
phenotypes were seen in the host patient with the exception of a five AR amplifications that
occurred following transplantation (Linja et al., 2001; Lotan et al., 2017; Macoska et al.,
1992; Visakorpi et al., 1995). In addition to AR amplification, 4/21 of the xenografts
exhibited AR mutations in the AR ligand domain, a characteristic often seen in mCRPC
(Tilley et al., 1996). AR transcript levels and splice variants were also analyzed as a part of
characterization and varied across the 21 samples. ARV7, a splice variant most commonly
seen in mCRPC, was significantly upregulated in PDX’s that originated in castration-
resistant patients (Guo et al., 2009). Up to 150 passages of xenografts were analyzed for
retention of the characteristics described here and it was found that xenografts continued to
display host tumor features (Nguyen et al., 2017).
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Finally, researchers analyzed the LuCaP xenograft series for use in testing responses to ADT
and docetaxel treatment. The ability to grow patient tumors in mice and test various
treatment strategies are techniques that will prove indispensable in the future. Cumulatively,
the LuCaP series displayed variable responses to ADT, ranging from complete regression to
striking progression. This outcome mimicked what is seen in human patients with most
responding to ADT, while some have little to no response. In some instances, mice displayed
signs of tumor heterogeneity contributing to response. Mice that harbored the same PDX in
multiple sites displayed differing responses between lesions. After prolonged treatment
under castrate conditions, most PDXs adapt and regrow. The time of regression ranged from
2-25 weeks, and neuroendocrine PDXs showed no response to ADT. Interestingly, AR
mRNA and signaling had no correlation with response to ADT. Docetaxel, which is the most
common chemotherapy used in men with mCRPC, again showed varied responses across the
xenograft series (Petrylak et al., 2004). Interestingly, the LuCaP 35 PDX was the only
xenograft that displayed an initial negative response to docetaxel treatment that coincided
with significant decreases in host body weight. Because significant host body weight loss
was not seen in any of the other mice treated with docetaxel, this points to a unique
interaction between the tumor and docetaxel. Unfortunately, like most prostate cancer
models, the LuCaP PDXs do not spontaneously metastasize to bone even when implanted
orthotopically. However, nine of the sublines did show osteoblastic lesions when injected
directly into the bone, a condition that mimics that of the human.

Overall, the newly characterized series of LuCaP PDXs represents a series of models that
will be very valuable in assessing prostate cancer progression, CRPC, and testing new
treatment drugs and strategies. Unlike /inn vitro models and xenografts created from cell lines,
this xenograft model has the ability to retain host heterogeneity, molecular signatures, and
stromal compartments, all important in progression and treatment in the clinic. Further
characterization and use of this model may illuminate novel aspects of the role of the
microenvironment, the stroma, progression, and drug interactions.

Commercially Available PDXs

Recently, the development of PDXs from the Living Tumor Laboratory, a public repository
of growing PDXs from both surgery and the core biopsies that are extensively characterized
has been established (Lin et al., 2014a; Lin et al., 2014b). These PDX models are xenografts
of patient tissue harvested from both surgery and core biopsy. Using the subrenal
xenografting method (SRC) robust growth was observed from 7 of 18 patient samples, while
9 of the tumors were viable despite remaining quiescent for >2 years. All transplanted
xenografts maintained histopathologic features of the matched patient tumor. Transplanted
tissue had also shown key chromosomal alterations that are most often observed in patients:
loss of TP53, NKX3.1, RBI, and PTEN (Lin et al., 2014a; Rubin and De Marzo, 2004).
Chromosomal comparisons between the patient’s tumor and xenografts was performed on 5
samples and showed high conservation of both gene expression levels and gross genomic
structure.

Following transplantation of the 5 different biopsy foci from a single patient, it was observed
that each xenograft had a different rate of growth and metastatic capability; highlighting the
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importance of tumor heterogeneity and how it is maintained using this model. Of the 14
patients who donated tissue to the experiment, two had been diagnosed with NEPC. NEPC
represents a rare yet growing population of CRPC (Beltran et al., 2016). All other patients
had been diagnosed with adenocarcinoma, the most common form of prostate cancer. When
mice harboring xenografts were treated with bicalutamide or castration, all adenocarcinomas
initially regressed, while the NEPCs did not respond to castration or bicalutamide treatment.
In addition, after several months in castrate conditions, two of the adenocarcinoma
xenografts had developed resistance to bicalutamide treatment and demonstrated growth in
castrate conditions.

Most strikingly, one of the xenografted adenocarcinoma lines developed into NEPC
following androgen deprivation. While the patient tumor initially expressed AR and PSA,
following several months of growth in a castrated mouse, the xenograft was entirely AR and
PSA negative and expressed several neuroendrocrine markers including synaptophysin
(SYP) and chromogranin A (CHGA). This represents a model of transformation from
adenocarcinoma to NEPC. Of the 9 grafts that remained quiescent in mice, only 2 came
from patients who later had PSA recurrence (Beltran et al., 2011). However, of the 7 grafts
that grew readily in mice, all 7 patients had PSA recurrence. Latency of regrowth also
correlated with overall time to PSA recurrence; the faster a tumor established in mice, the
quicker that patient progressed to recurrence. Much like the LuCaP series, these models
provide means for study of treatment of heterogeneous tumors and development of
personalized medicine. The investigators have yet to report the ability of xenografts to
metastasize to bone, another critical component of prostate cancer progression. These
xenografts can be passaged in mice over several years and are available for study from the
Living Tumor Laboratory (livingtumorlab.com).

Even with the continuing development of PDXs, a number of disadvantages to the model
remain. Perhaps most notably is the low rate of establishment, making it necessary to obtain
a high number of samples. This can make it impossible for some labs because it is often
difficult to obtain sufficient primary patient tissue to be used for xenografting. Furthermore,
their inability to be grown in vitro as well as their high costs are other reasons for limited
application. Nonetheless, they represent unique model systems to study prostate cancer. In
addition, there are other commercial repositories including Jackson Labs and Charles River
that offer PDXs for purchase. However, prostate cancer is not currently well represented in
these consortiums, with only 6 prostate cancer PDXs being offered by Jackson Labs. The
advantages of PDXs offered to researchers outweigh many of the negatives, and hence will
likely lead to more companies and non-profit institutions offering these valuable resources in
the future.

Xenograft Models using Malignant Cell Lines

LNCaP and Derivatives

Perhaps the most widely used cell line in prostate cancer research has been the LNCaP cell
line. This cell line was isolated from a needle biopsy of a lymph node that had a metastatic
lesion (Horoszewicz et al., 1980). LNCaP has a doubling time that is significantly shorter
than the other commonly used lines; however it is capable of anchorage independent growth
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(Horoszewicz et al., 1983). When LNCaP was initially isolated, it was capable of forming
tumors in 50% of mice when injected subcutaneously. However, since this original
experiment, LNCaPs now require injection with collagen or Matrigel to form subcutaneous
tumors. Tumors grow at the same rate in both male and female mice, but form earlier in
male mice (Horoszewicz et al., 1983). What has made this cell line particularly attractive to
researchers is that it expresses both AR and ER. While it does express AR, the receptor
contains the T877A mutation, which confers promiscuous binding activity of the receptor
(\Veldscholte et al., 1990). This makes some studies on inhibitors and steroids difficult to
interpret. Because LNCaP contains AR and is hormone sensitive, the derivation of sublines
has been focused on creating lines that are androgen insensitive. Thus, the list of derivations
is much more expansive than any other cell line. The technique of re-passaging cell lines
through the prostate orthotopically and subsequently isolating cells from the prostate and
lymph node generated the LNCaP-Pro and LNCaP-LN series. As the researchers continued
to inject, isolate, culture, and then re-inject; the tumorigenicity and metastatic rate increased.
LNCaP-Pro3 had the highest rate of tumorigenicity, forming tumors in 8/8 mice injected and
forming metastatic lesions in 6/8 mice. All LNCaP-LN lines retained the same degree of
metastatic ability, metastasizing in 60-70% of mice. However, the highest rate of
tumorigenicity was seen in the LNCaP-LN3 line, forming tumors in 19/19 mice injected.
The LNCaP-LN3 line was also unaffected by orchiectomy 48 hours following injection and
when grown /n vitro without androgen, PSA produced was 10-fold higher than that of the
parental line. All other variants were unable to form tumors following orchiectomy
(Pettaway et al., 1996).

Perhaps the best-known LNCaP sublines are the LNCaP-C4 variants. The first three cell
lines that began this series of derivations were the M, C4, and C5 cell lines. These were
created when researchers injected mice with mixtures of LNCaP cells with the human bone
stromal cell line, MS (Wu et al., 1994). After 4 weeks, the mouse hosts were castrated and
after another 4 weeks, the LNCaP-C4 cell line was isolated. Another set of animals had cells
isolated from tumors following 5 weeks of castration, and became the LNCaP-C5 line. As a
control, the LNCaP-M cell line was established from intact hosts following 12 weeks of
growth. The C4 cell line was then co-injected with MS cells back into mice that were again
castrated and the C4-2 cell line was isolated (Thalmann et al., 1994). All 4 cell lines express
AR and PSA mRNA with M, C4-2, and C5 expressing significantly higher levels. The C4-2
line is the only line that can form tumors in castrated mice consistently in the absence of MS
cells and served as another jumping off point for the next set of derivations (Thalmann et al.,
1994; Wu et al., 1998).

The focus of the next study was to create cell lines that had increased metastatic ability,
specifically to bone. This led to the creation of the LNCaP-C4-2B progression series (Table
1). This study was designed much like the previous study and started with the injection of
C4-2 cells subcutaneously and orthotopically in both intact and castrated mice. In both intact
and castrated mice, cells that were injected orthotopically formed tumors 100% of the time
(Thalmann et al., 2000). However, out of the 66 subcutaneous injections in intact mice, only
one tumor formed, while tumors did not form in castrated mice. It is interesting to note that
although there was no tumor formation following subcutaneous injection into castrated mice,
these mice had the highest incidence of paraplegia and osseous metastases (50%). Intact

Differentiation. Author manuscript; available in PMC 2019 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McLean et al.

Page 12

mice had lower incidences of paraplegia when compared to castrated mice. Four LNCaP-C4-
B variants were created as well as a control cell line from the primary tumor and a lymph
node, C4-2-Pr and C4-2-Ln respectively. All cell lines exhibited increased invasion when
compared to parental LNCaP and had shown an increased production of PSA.

Two LNCaP variants were created by long-term culture in the absence of androgen (Culig et
al., 1999). The LNCaP-abl and LNCaP-Al both exhibit similar levels of androgen receptor
as parental LNCaP, but are able to grow in an androgen-depleted environment. The LNCaP-
abl line was sub-cultured for 87 passages and responded positively to androgens up until
passage 75. Following passage 75, the cells started to be inhibited by androgens.
Researchers also noted that bicalutamide switched from being an antagonist in parental
lines, to an agonist in LNCaP-abl (Culig et al., 1999). LNCaP-abl cells grew well in intact
mice without testosterone supplementation and were unable to grow in mice with
testosterone supplementation. LNCaP-abl xenografts grew best when implanted in castrated
mice that also received bicalutamide treatment, reaching an average size of 140mm2. When
injected into the prostates of mice, LNCaP-abl cells can metastasize to both lymph node and
bone sites. The LNCaP-Al was derived in a similar experiment of passaging cells for an
extended period in the absence of androgens. The parental line used in this experiment was
LNCaP-FGC cells, which are a faster growing cell line than the initially established LNCaP
line. Faster growth is the only difference between LNCaP-FGC and LNCaP. LNCaP-Al cells
were cultured for up to 6 months in the absence of androgen. At this point 99% of the cells
had died and the remaining cells were used to establish the cell line. Unlike the LNCaP-abl
cell line, LNCaP-Al still exhibited a growth effect following stimulation with androgen. The
LNCaP-abl cells are also more resistant to apoptosis induced by TPA, likely through
increased expression of the anti-apoptotic gene BCL2 (Lu et al., 1999). These cells also
exhibit increased expression of p21 and decreased expression of p16. Several other variants
have been established using androgen deprivation and prolonged cell culture. These are
known as the LNCaP-C series and the LNCaP-104 series, which will not be covered in this
review (Kokontis et al., 1998). A more recent LNCaP line was created by culturing LNCaP
cells in the presence of IL-6 for a prolonged period of time. These cells exhibited better
growth /n vivo likely through the reduction of pRb (Steiner et al., 2003). Together, the
multitude of LNCaP variants have allowed researchers to examine many different
mechanisms of gained hormone independence and prostate cancer progression.

PC3 and Derivatives

The PC3 cell line was derived from a vertebral metastasis of a 62-year-old white male
(Kaighn et al., 1979). This cell line is similar to DU-145 in that it is androgen insensitive and
lacks AR and PSA expression. It is important to note that re-expression of AR in PC3 results
in decreased motility, migration, and invasion (Huo et al., 2015; Litvinov et al., 2006b; Niu
et al., 2008). PC3 cells express high levels of EGFR and TGF-a, while they are deficient in
PTEN. An interesting observation of this cell line is the presence of the transferrin receptor,
which allows for growth stimulation via bone marrow-derived transferrin (Keer et al., 1990).
This is one of the fastest growing cell lines /n vivo, but has recently begun to represent
features of neuroendocrine carcinoma (Tai et al., 2011). The PC3 line expresses the
neuroendocrine markers CD44, CgA, and NSE. The study of neuroendocrine prostate
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carcinomas (NEPC) is a rapidly expanding field. While it is represented in a small subset of
patients, NEPC is untreatable and survival times for those patients are drastically shorter
than the rest of the population and therefore must be studied further (Parimi et al., 2014).
Regardless of this, PC3 has been invaluable in understanding tumors that no longer respond
to conventional therapy. Because this cell line is already androgen independent, creation of
sublines has been focused on variants that are more metastatic or metastasize to certain
tissues.

The PC3-M line was derived from grossly visible lesions on the liver of a nude mouse that
received intrasplenic injection of PC3 cells 6 weeks prior. These cells were designated PC3-
M (Kaighn et al., 1979; Kozlowski et al., 1984). From the PC3-M cell lines, several more
cell lines were created by passaging or injecting PC3-M cells into the prostates of nude
mice. With each round of injection, the most metastatic cells were selected, cultured and
then re-injected back into the prostate (Pettaway et al., 1996). With this technique, they
created the PC-3M-Pro4 and PC-3M-LN4, harvested from the prostate and lymph node
respectively. Both cell lines grow significantly faster than their parental PC3/PC-3M lines.
The LN4 variant has the highest incidence of metastasis and tumorigenicity. Another 4
sublines were created by injecting cells into the tail vein of nude mice after 3 rounds of
selection through Boyden chambers (Table 2). The most invasive cells after 3 rounds of
Boyden chamber selection were then injected into the tail vein of nude mice. Once the cells
had metastasized to soft tissues, they were harvested and plated. This process was repeated 5
times and 4 cell lines were isolated based on where they preferentially metastasized (Wang
and Stearns, 1991). A caveat of this series of derivations is that specificity of the metastatic
site decreased as passage and cell number increase.

The models that have been described in this review have immensely furthered our
understanding of the prostate cancer carcinogenesis and progression. Cell line models and
their derivatives have provided researchers with the ability to quickly and efficiently study
aspects of the disease /n vitroand in vivo. However, these models have been limited by the
inability to recapitulate aspects of cancer progression, initiation, and heterogeneity, yet
model at least one important feature. In addition, many of these cell lines were founded in
men that were not receiving the same treatments that are given today (e.g. enzalutamide).
Over time, cell line models have come closer to emulating the human disease through the
use of tissue recombinants containing a stromal component and the use of hormones
treatments. Increasingly, researchers are turning to PDXs to study aspects of heterogeneity,
treatment, and progression. While PDXs are time consuming and generally have low take
rates, they retain characteristics such as biomarkers, heterogeneity, histological features, and
androgen response of the host tumor. Take rates of PDXs have been significantly improved
through the use of subrenal capsule xenografting which provides high vascularization and
lymphatic flow which provides a supply of nutrients, hormones, oxygen, and growth factors
to the xenografts (Ott and Knox, 1976). The ability to establish a xenograft has been
correlated with the aggressiveness of the host tumor. Early stage prostate tumors are
generally slower growing and do not establish as well. Even when using tissues harvested
from metastatic lesions graft take rates are around 25-30% (Alsop et al., 2016).
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More recently, PDX consortiums are being established by public and commercial
institutions that offer mice bearing PDXs from patients for collaboration or purchase. This
may allow more labs with limited resources to acquire and use PDXs. Use of a wide breadth
of models, including those that are described here will be necessary for ultimately
deciphering this disease, understanding therapeutic mechanisms, and increasing precision
medicine. We must also focus on the development of new models, new therapies, and the
improvement of those models already established.
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Figure 1. Xenografting Sites:

Depiction of the most common sites of xenografting that are used in prostate.
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Figure 2: Tissue recombination using human prostatic epithelia (BPH1) and mouse stroma
(UGM) grown in hormone treated mice leads to malignant transformation and metastasis.

BPH1 and UGM cells were implanted under the kidney capsules of mice, and were allowed
to grow for 2-4 months while receiving sustained doses of T + E2, effectively mimicking the
environment seen in men as they age.
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Summary of C4-2 variants generated from LNCaP

Table 1:

Cell Line Host Injection Site  Derived From  Tumorigenicity S.C. Paraplegia
C4-2B-2 Intact SubC Bone Met. 4/4 1/4
C4-2B-3  Castrated Sub C Bone Met. 718 3/8
C4-2B-4  Castrated Orthotopic Bone Met. 4/4 1/4
C4-2B-5  Castrated Sub C Bone Met 4/4 1/4
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Table 2:

Summary of PC-3M variants.

PC3 Variant  Preferential Site of Metastasis  Secondary Sites of Metastasis

PC3-ML Lumbar vertebrae Lung, Liver, Brain, Colon
PC3-MR Rib Cartilage Lung

PC3-MC Mandible Brain, Colon
PC3-MK Right knee bone Colon
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