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Abstract: Next-generation sequencing has revealed numerous genomic alterations that induce aberrant signaling
activities in prostate cancer (PCa). Among them are pathways affecting multiple cancer types, including the PI3K/
AKT/mTOR, p53, Rb, Ras/Raf/MAPK, Myc, FGF, and Wnt signaling pathways, as well as ones that are prominent
in PCa, including alterations in genes of AR signaling, the ETS family, NKX3.1, and SPOP. Cross talk among the
oncogenic pathways can confer PCa resistance to therapy, particularly in advanced tumors, which are castration-
resistant or show neuroendocrine features. Various experimental models, such as cancer cell lines, animal models,
and patient-derived xenografts and organoids have been utilized to dissect PCa progression mechanisms. Here,
we review the current preclinical mouse models for studying the most commonly altered pathways in PCa, with an
emphasis on their interplays. We highlight the power of genetically engineered mouse models (GEMMs) in trans-
lating genomic discoveries into understanding of the functions of these oncogenic events in vivo. Developing and
analyzing PCa mouse models will undoubtedly continue to offer new insights into tumor biology and guide novel
rationalized therapy.
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Introduction

Prostate cancer (PCa) is one of the most com-
mon malignancies in men of developed coun-
tries and is continuously increasing in deve-
loping countries [1]. Prostatic intraepithelial
neoplasia (PIN), the precursor lesion to adeno-
carcinoma, can be present in men of young
age. Most patients with early stage PCa under-
go active surveillance, or are treated with ra-
diation or radical prostatectomy. Androgen-de-
privation therapy was first adopted by Huggins
and Hodges in 1941 [2], and remains the first
line treatment for advanced PCa. However,
the inevitable recurrence of castration-resis-
tant prostate cancer (CRPC) after androgen-
deprivation therapy remains a major challen-
ge, as treatment options are limited (Figure 1).
Tumors that become androgen receptor (AR)
independent may develop into neuroendocrine
prostate cancer (NEPC), which is one of the
most lethal subtypes of PCa [3]. Understanding

the molecular mechanism of PCa progression
is crucial for the development of effective
therapies.

The prostate gland forms through budding fr-
om the urogenital sinus during development [4].
The mature prostate contains ductal structures
consisting of a stromal compartment and an
epithelium, from which adenocarcinomas ari-
se. The normal prostate epithelium is primarily
comprised of stratified basal cells and luminal
cells identifiable by specific markers, as well
as interspersed rare neuroendocrine cells [5].
Multiple cancer genomics studies have reveal-
ed the recurrent mutational events involved in
PCa progression, such as MYC and AR amp-
lification/overexpression, ETS family gene fu-
sions, alterations in the TP53, PTEN, MAPK,
and WNT pathways, and various mutations in
FOXA1, SPOP, and genes of DNA repair and
chromatin remodeling (Figure 1). Among them,
TP53, WNT and AR pathway alterations are par-
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Figure 1. Overview of PCa stages, treatment options, and molecular altera-

opensity of bone metastasis
also exist. Below, we summa-
rize GEMMs for the most fre-
quently altered pathways fo-
und in human PCa (listed in
Table 1) following the likely
order of events during cancer
progression, and discuss how
they have contributed to our
understanding of pathway in-
teractions and therapeutic re-
sistance mechanisms.

tions. Cancer progression in the prostate undergoes different stages from

hyperplasia to metastatic tumor. Timing and the temporary effect on the

PI3K signaling pathway

tumor volume are shown for different treatment options at various stages.

Genomics studies have revealed major molecular alterations in PCa, shown
in their likely order during cancer progression. Color code indicates whether

the alteration is loss-of-function or gain-of-function.

ticularly enriched in metastatic CRPC compar-
ed to primary PCa, and are believed to be late
events [6-12].

In order to understand how various mutations
and dysregulated signaling pathways affect
PCa progression, different experimental mod-
els have been utilized. PCa cell lines are tradi-
tionally the most widely used models in PCa
research and have been discussed in detail
elsewhere [13-16]. Recent development of the
organoid technology has enabled better in vitro
modeling of prostate tumors from patient biop-
sies which recapitulate the molecular diversity
of prostate cancer subtypes [17, 18]. In addi-
tion, xenograft models, in particular patient-
derived xenografts (PDX) provide valuable re-
sources to study PCa treatment responses and
resistance [19, 20]. Finally, over the past two
decades, genetically engineered mouse mod-
els (GEMMs) have been instrumental in reve-
aling the functions of genetic alterations in pro-
moting PCa progression in vivo. The NIH es-
tablished the Mouse Models of Human Cancer
Consortium (MMCQC) in 1999. Since then, GE-
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PCa mouse models investigat-
ing the role of the PIBK/Akt/
mTOR axis

The PI3K/Akt/mTOR axis is an important intra-
cellular signaling pathway that drives cellular
growth and survival, and its hyper-activation is
common across many types of cancers. Nearly
50% of primary and metastatic PCas have ab-
errant PI3K signaling activities, commonly th-
rough copy-number loss of the PTEN tumor-
suppressor gene [7, 10, 11]. Although PI3K
activation is not the earliest event in PCa initia-
tion, we discuss this pathway first since its ac-
tivation is the single most extensively model-
ed event in PCa mouse studies, often serving
as a baseline model for studying oncogenic
cooperation.

Pten loss results in constitutive activation of
downstream targets including the Akt kinase
family [21]. Initially, knockout mice were ge-
nerated to investigate the function of Pten in
cancer. While Pten-/- mice are embryonic leth-
al, Pten-/+ mice developed multiple types of
tumors, and hyperplasia/dysplasia in the pros-
tate [22, 23]. Later, the prostate-specific Pb-
Cre4 line [24] was used for Pten conditional
knockout, and the Pb-Cre; Pten™" model reli-

Am J Cancer Res 2019;9(10):2079-2102
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Table 1. List of GEMMs analyzing the functions and interactions of major altered signaling pathways

in PCa
Pathways References Mouse model Histology and interpretation
PI3K/Akt/mTOR [22, 23] Pten-/+ Hyperplasia/dysplasia, decreasing Pten level associated
[30] Ptent+ with worse phenotypes
Pten
[25] Pb-Cre; Pten™" Adenocarcinoma
[28, 29] ARR2PB-CreER™; Pten”" PIN/adenocarcinoma
PSA-CreER™; Pten™"
[62, 63] CK5 (or CK14, CK8, Nkx3.1)-CreER™; PIN/adenocarcinoma, with more aggressive phenotypes
Pten™? using luminal drivers
[34] Pb-myrAkt1 (MPAKT) PIN
[32] Pb-Cre; p110a™"; Pten™" PIN
Pb-Cre; p110B""; Pten™" Impairment of PIN formation
[33] ARR2PB-MF-p110p3 PIN
[37] Pten-/+; Rictor-/+ Impairment of hyperplasia or PIN formation
Pb-Cre; Pten™"; Rictor""
[38] Pb-Cre; Pten™; elF4ES209 Impairment of hyperplasia or PIN formation
[40] Pten/+; Pml/+ Accelerated progression to PIN or adenocarcinoma
[41] Pten/+; Tsc2-/+ Accelerated progression to PIN or adenocarcinoma
[39] Pb-Cre; Pten""; 4EBP1-/-; 4EBP2-/-  Accelerated progression to PIN or adenocarcinoma
[42] Pb-Cre; Pten™"; Pik3cat1047%/+ Accelerated progression to PIN or adenocarcinoma
PI3K & p27 [45] Pten-/+; p27¢rl-/+ Accelerated PIN
[46] MPAKT; p27¥irl./- Adenocarcinoma, overcome of senescence
PI3K & TGFB [52] Pb-Cre; Pten"; Smad4"" Metastatic tumor
[53] CK8-CreER™; Pten™"; Tgfb2"" Metastatic tumor
Other PI3K interactions [47] Pb-Cre; Pten™"; Her2"! Accelerated adenocarcinoma, overcome of senescence
[48] Pb-Cre; Pten™*; Z/Sox9 Accelerated PIN
[49-51] Pb-Cre; Pten™"; Zbtb7a™" Overcome of senescence, resistance to castration
[56] Pb-Cre; Pten™"; Whsc1"" Impairment of PIN formation
Pb-Cre; Pten"; Whsc1%/* Metastatic tumor
Myc [70] Lo-Myec, Hi-Myc PIN/Adenocarcinoma
[72] Pb-Cre; Z-Myc PIN
PI3K & Myc Pb-Cre; Pten™"; Z-Myc Accelerated PIN/Adenocarcinoma
[75] Pb-Cre; Pten™"; Hi-Myc Accelerated PIN/Adenocarcinoma
PI3K & N-Myc [79] Pb-Cre; Pten™"; R2GHSLMYCN Neuroendocrine prostate cancer
Nkx3.1 [84-90] Nkx3.1-/+ or Nkx3.1-/- PIN
PSA-Cre; Nkx3.1%"
PI3K & Nkx3.1 [89-92] Nkx3.1-/-; Pten+/- Adenocarcinoma in aged mice
ETS [98, 99] ARR2PB-ETV1 PIN
[100, 101] ARR2Pb-ERG PIN of various degrees
[102, 103] ARR2Pb-ERG Mostly normal morphology
[104] Pb-Cre; R26ERG/ERG Mostly normal morphology
[105-107] Tg (TMPRSS2-ERG) Mostly normal morphology
PI3K & ETS [103] ARR2Pb-ERG; Pten+/- Accelerated progression to PIN/Adenocarcinoma
[104] Pb-Cre; Pten™; R26ERG/ERG Accelerated progression to PIN/Adenocarcinoma
[105] KI (TMPRSS2-ERG); Pten-/+ Accelerated progression to PIN/Adenocarcinoma
KI (TMPRSS2-ERG); Pb-Cre; Pten™"
[106] ARR2Pb-TMPRSS2-ERG; Pten+/- Accelerated progression to PIN/Adenocarcinoma
[111] Pb-Cre; Ets2""; Pten™" Accelerated progression to PIN/Adenocarcinoma
SPOP [115] Pb-Cre; Spop™" PIN, upregulation of AR and Myc
[116, 119] Pb-Cre; R265POPF133V Normal
PI3K & SPOP Pb-Cre; Pten™"; R26SPOPF133V Accelerated PIN
Wnt [123-128] MMTV-Cre, Nkx3.1-Cre, Pb-Cre or Squamous metaplasia, PIN of varied degrees
p6 3CreERT2/+; Ctnnb1Lex3/Lexs)
[130] Pb-Cre; Apc™" Adenocarcinoma
[131] Ubi-Cat Adenocarcinoma
2081 Am J Cancer Res 2019;9(10):2079-2102
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PI3K & Wnt [129] Pb-Cre; Ctnnb""; Pten”"
Pb-Cre; Ctnnb1-e3/tes): ptent/i
Wnt & p53/Rb [126] Pb-Cre; Ctnnb14e3/43): | PB-Tag
MAPK [136] Pb-H-Ras®?"
Wnt & MAPK [127] Pb-Cre; K-Ras*S-V12/+
Pb-Cre; ctnnb1*/™3; K-Ras-stv12/*
MAPK & p16 [137] iBRAF*
PI3K & MAPK [138,141,142]  Pb-Cre; Pten™"; K-Ras\s-6120/+
[143] Nkx3.19¢6R72/*; pten™T; K-Ras!s-0120/+
FGF [152, 153] Pb-Fgf7, Pb-Fgf8, Pb-Fgfr2iib
[154-157] Pb-Fgfrl
PI3K & FGF [158] ARR2PB-Fgf8b; Pb-Cre; Pten”*
Wnt & FGF [159] Ubi-Cat; JOCK1
Tp53/Rb 143, 76, 169] Pb-Cre; p53""
[170] Pb-p537273#
[171] Nkx3.1-Cre; p53-S-R270H/R270H
[176] Pb-Cre; Rb""
[177-179] TRAMP, LADY
[169, 185] Pb-Cre; p53"1; Rb""
PI3K & p53/Rb [43,50] Pb-Cre; Pten"; p53""
[186, 187] Pb-Cre; Pten"; Rb1%""
Pb-Cre; Pten™"; Rb1"": p53 71
AR [190] Pb-mAR
[191] Osr1-Cre; R26-LSL-AR
[192] Pb-AR-E231G
[194] Pb-ARY567es
[195] ARR2PB-AR-V7T
Wnt & AR [128, 215] Pb-Cre or p63°eERT2/+; Ctnnh11©x3/+;
R26hARY*
PI3K & AR [212, 213] Pb-Cre; Pten™"; ARV
[204, 214] Osr1-Cre; Pten™"; AR"Y

CK5-CreER'™?; Pten™"; ARYY
Nkx3.1CreERT2: pten/: ARVY

No impairment of progression

Accelerated adenocarcinoma
Adenocarcinoma with neuroendocrine feature
Low grade PIN

Adenocarcinoma

Adenocarcinoma
Metastatic tumor
Metastatic tumor

PIN, Fgfrl and Fgfr2iib synergize to promote high grade
PIN

PIN, Fgfrl and Fgfr2iib synergize to promote high grade
PIN

Metastatic tumor

Accelerated adenocarcinoma with reactive stroma
Normal

PIN

PIN

Hyperplasia

Metastatic tumor with neuroendocrine feature
Neuroendocrine tumor

Accelerated adenocarcinoma, bypass of senescence and
castration-induced apoptosis

Metastatic tumor with neuroendocrine feature

Low grade PIN at old age
PIN/adenocarcinoma

PIN

Adenocarcinoma at old age
PIN

Accelerated adenocarcinoma

AR dispensable for Pten tumor progression. PI3K & AR
form reciprocal negative feedback loop.

AR dispensable for Pten tumor progression

ably developed invasive adenocarcinoma [25].
Studying murine cell lines derived from this
model suggested that Pten loss bestows tu-
mors androgen-independent proliferation [26].
In addition, this model also revealed that epi-
thelial Pten deletion may trigger the secretion
of inflammatory cytokines to promote the ex-
pansion of a subset of Gr-1*CD11b* myeloid-
derived suppressor cells (MDSCs), leading to
immune suppression and tumor progression
[27]. It is worth noting that in this model Pten
deletion occurs during prostate postnatal de-
velopment due to the early timing of Pb-Cre
activation. Indeed, when the inducible ARR2PB-
CreER™ or PSA-CreER™ lines were used, Pten
loss at the adult stage yielded less aggressive
prostate tumors [28, 29]. Besides timing, Pten
expression level can heavily influence PCa pro-
gression. Using hypomorphic Pten mutant mi-
ce Pten™, it was shown that decreasing Pten
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levels were correlated with progressively worse
phenotypes (Pten™* > Pten”" > Pten™ >
Ptenprostate-knockouty 13(3] - One possible mechani-
sm of regulating Pten protein level is through
the ubiquitin ligase NEDD4-1, which is strongly
expressed in neoplastic areas of Pten™" pros-
tates [31].

Other components of the PI3K/Akt/mTOR
axis have been modeled (Figure 2). PI3K cla-
ss IA catalytic subunit p110a (PIK3CA) or
p110pB (PIK3CB) is frequently overexpressed in
PCa [11]. Interestingly, conditional knockout of
p110B, but not p110q, impeded Akt phosph-
orylation and Pten-loss-induced tumorigenes-
is [32], while overexpressing activated p110f3
in transgenic mice induced PIN phenotypes
[33]. A transgenic mouse model overexpress-
ing activated Aktl under the probasin promo-
ter (MPAKT) was developed, and mice only

Am J Cancer Res 2019;9(10):2079-2102
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Figure 2. Mouse models used to study the PI3K/AKT/mTOR axis in PCa. Major components of the PI3K/AKT/mTOR
pathway and their molecular signaling relationships are shown. Pioneer papers that described the GEM models of
the individual components or their interactions are listed.

developed PIN in the ventral lobes [34]. Akt-
induced cancer initiation is dependent on
downstream mTOR activation since treatment
with the mTOR inhibitor RADOO1 reversed the
PIN phenotype in MPAKT mice [35]. mTOR is a
protein kinase that exists in two distinct com-
plexes, the mTOR complex 1 (mTORC1) and
mTORC?2, and serves as a central regulator of
cell metabolism and growth. The two complex-
es share certain protein subunits, with Rictor
being one of the components in mTORC2 [36].
Double mutant mice Pten-/+; Rictor/+ and
Pb-Cre; Pten™"; Rictor" showed dramatically
reduced tumor phenotypes compared to their
respective models of single Pten mutant, sug-
gesting an essential role of mMTORC2 in trans-
ducing the PI3K signal in Pten-loss tumors
[37]. On the other hand, mTORC1 can phos-
phorylate 4E-BP1 and 4E-BP2, preventing them
from binding and inhibiting elF4E, a factor pro-
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moting protein synthesis. To study the role of
elFAE, a knock-in model elF4ES29% was built
to mutate its only phosphorylation site, and
this was sufficient to inhibit the Pten-loss-
induced PCa progression [38]. Interestingly, in
Pb-Cre; Pten™"; 4EBP1-/-; 4EBP2-/- mice, 4E-
BP1/2 knockout significantly accelerated PCa
progression from Pten loss, suggesting 4E-
BP1/2 are tumor-suppressing even under con-
stitutive mTORC1 activation, possibly due to
their dephosphorylation under hypoxia condi-
tions [39]. The accelerated PCa progression
compared to Pten loss alone was also seen in
Pten-/+; Pml-/+ mice, which had reduced Akt
antagonizer Pml [40], Pten-/+; Tsc2-/+ mice,
which had reduced mTOR antagonizer Tsc2
[441], and Pten conditional knockout mice that
overexpressed a mutant p110a (Pik3ca"to47R)
[42]. Overall, these findings suggest that PCa
progression is very sensitive to the activity lev-

Am J Cancer Res 2019;9(10):2079-2102
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els of Akt and mTOR, and alterations of other
components in the PI3K pathway are not func-
tionally redundant to Pten loss.

Models of other regulators that cooperate with
the PI3K pathway

Although the PISK/Akt/mTOR axis plays a piv-
otal role in driving prostate adenocarcinoma
formation, Pten loss can induce p53-depen-
dent cell senescence response to prevent fur-
ther progression [43]. We will discuss this and
other major pathway interactions in later indi-
vidual sections. Here, we briefly list a few other
regulators that help keep the Pten-null tumors
in check.

In many tissues, p27%** functions as a negative
regulator of cyclin-CDK activity to inhibit cell
cycle progression. Disruption of p27%*! led to
prostatic hyperplasia in p27¥°i-/- mice [44],
and Pten-/+; p27%#1-/+ mice displayed acceler-
ated neoplastic transformation [45]. Notably,
p27%Ptand senescence marker levels increased
in MPAKT mice, and MPAKT; p27¢r-/- mice
developed invasive PCa, suggesting that a
p27%Pi-driven checkpoint limits progression
from PIN to PCa [46]. Another event that can
overcome Pten-loss-induced cell senescence
is the activation of the receptor tyrosine kinase
Her2, as conditional expression of activated
Her2 in Pb-Cre; Pten™": Her2*' mice activated
the MAPK pathway and led to faster progres-
sion [47].

Transcription factor Sox9 is expressed in cer-
tain human PCa specimens and is correlated
with decreased survival. Prostate-specific Sox9
overexpression was shown to cooperate with
one copy loss of Pten in transformation in
Pb-Cre; Pten™*; Z/Sox9 mice [48]. One factor
that can inhibit Sox9-dependent oncogenic
pathways is Zbtb7a, as its homozygous deleti-
on led to bypass of Pten-loss-induced cellular
senescence [49] and resistance to castration
in the Pten-null tumors [50]. Recently, loss of
Zbtb7a was also shown to trigger the infiltration
of Gr1*CD11b* immune cells through CXCL5
up-regulation in Pb-Cre; Pten”"; Zbtb7a™" mice
to promote tumor progression [51].

Regarding PCa metastasis, TGF3/Smad4 sig-
naling has been shown to serve as a barrier
for Pten-null tumors. Pb-Cre; Pten™f; Smad4""
mice developed metastasis to the lymph nod-
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es and lung with high penetrance [52], and
inactivating TGFB receptor in luminal cells in
CK8-CreER™; Pten™f; Tgfb2%" mice enhanced
metastasis and luminal cell dedifferentiation
[53]. Another gene that was shown to drive
Pten-null tumors towards metastasis is Whsc1,
a histone methyltransferase overexpressed in
a number of metastatic tumors [54, 55]. Pro-
state-specific ablation of Whscl prevented tu-
mor progression in Pb-Cre; Pten™"; Whsc1™f
mice, while its overexpression promoted tumor
metastasis in Pb-Cre; Pten™"; Whsc1°* mice
[56]. Mechanistically, Pten-loss-induced Akt
activation stabilizes Whscl from degradation
via phosphorylation, and allows Whsc1 to tran-
scriptionally upregulate Rictor, forming a posi-
tive-feedback loop through mTORC2 to further
enhance Akt activity [56].

PI3K-based mouse models for studying PCa
cell of origin

It has been appreciated in multiple cancers
that the cell of origin, defined as a normal cell
that can give rise to a tumor upon transforma-
tion, plays a major role in determining tumor
subtype and outcome [57]. Although PCa shows
a predominantly luminal phenotype, tumors
originating from basal and luminal cells may
be distinguishable by their agressiveness and
such information may be useful for prognosis
[58]. Transplantation-based studies, in which
basal and luminal cells were renal-grafted in
immunodeficient mice, mostly reported basal
cells to be more aggressive in cancer initiation
[59-61]. However, the renal-graft assay intrinsi-
cally disfavors luminal cell growth, and lacks
the intact tumor microenvironment in GEMMs.
To test the cell of origin in situ, cell-type-specific
inducible Cre lines have been used to knockout
Pten in either basal or luminal cells of the
mouse prostate. In one study, basal-lineage-
traced K14-CreER'™; Pten™"; mTmG mice and
luminal-lineage-traced K8-CreER™;  Pten”";
mTmG mice were analyzed. Luminal cells were
found to be more responsive to Pten-null in-
duced mitogenic signaling, while basal cells
underwent luminal differentiation before trans-
formation [62]. Similar results were also ob-
served by comparing CK5-CreER™; Pten"T;
R26R-YFP/+ and Nkx3.1¢¢ER12/*; pten™f: R26R-
YFP/+ mice, where luminal-derived tumors pro-
gressed faster and showed a gene signature
predictive of poor outcomes in patients [63].

Am J Cancer Res 2019;9(10):2079-2102
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Notably, the relative susceptibility of luminal
cells to oncogenic transformation is not restrict-
ed to the Pten-loss models, as a comparative
lineage-tracing study showed that luminal cells
are favored to be the cell of origin for PCa in
multiple genetic and chemical-induced models
[64].

Early oncogenic events in PCa initiation

Recent research suggests that prostate carci-
nogenesis favors the dysregulation of cancer
genes in defined orders [65]. In this section, we
discuss how modeling some of the early onco-
genic events has led to a deeper understanding
of the mechanisms underlying the transitions
from normal prostate to PIN and subsequently
to adenocarcinoma.

Myc up-regulation

The Myc transcription factor responds to di-
verse mitogenic and developmental signals to
coordinate expression of diverse genes impor-
tant for the orderly proliferation of somatic cells
[66]. Myc expression is highly regulated, and
changes of its expression level can influence
somatic cell proliferation and oncogenesis [67,
68]. Up-regulation of c-Myc appears to be an
early event in human PIN [69], and the gene is
within the most commonly amplified loci on
80g24.21 in advanced PCa [10]. As a functional
confirmation, transgenic mice of Myc overex-
pression under the probasin promoters (Lo-Myc
and Hi-Myc) displayed PIN and progressed to
invasive adenocarcinoma [70]. Two other mod-
els, the transgenic C(3)1-c-Myc [71] and the
inducible Pb-Cre; Z-Myc mice [72] showed mu-
ch milder PIN phenotypes, possibly due to the
different expression levels or mouse backgr-
ounds. Nevertheless, up-regulation of Myc ne-
eds to cooperate with other oncogenic path-
ways for PCa to progress. Myc overexpression
synergized with PIM1 kinase expression [73]
and myrAkt expression [59, 74] in lentiviral-
transfected renal grafts. In GEMMs, Pb-Cre;
Pten”: Hi-Myc bigenic mice showed faster
tumor progression than either of the single le-
sion models [75]. Z-Myc also cooperates with
Pten loss [72]. Interestingly, in Pb-Cre; Z-Myc;
Pten™*; p53%* triple mutant mice, loss of the
wild-type Pten allele occurred prior to p53 [76].
The order of these oncogenic events is consis-
tent with findings in humans, and suggests a
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greater selective advantage to the tumor cell
by Pten loss than p53 loss.

Unlike c-Myc, N-Myc was proposed to be in-
volved in the development of NEPC [77].
Indeed, introduction of N-Myc and activated
AKT1 into human prostate cells was sufficient
to transform them into NEPC in renal grafts
[78]. In Pb-Cre; Pten”"; R26-SEMYCN mice, over-
expression of N-Myc when Pten is lost led to
the development of poorly differentiated, inva-
siveNEPCthroughthe Ezh2-mediatedtranscripti-
onal program [79]. This study, and others whi-
ch are discussed later in the section of the p53
and Rb pathways, provide excellent examples
of using GEMM to understand the mechanism
behind transition from CRPC to NEPC as a treat-
ment resistance.

Nkx3.1 down-regulation

The homeobox gene Nkx3.1 is a key regulator
in prostate development and tumorigenesis
and is located within a region on chromosome
8p21.2 that frequently undergoes loss-of-het-
erozygosity in PIN lesions [80-82]. Although
Nkx3.1 is rarely mutated in primary PCa [9],
its down-regulation is correlated with PCa in-
itiation and progression [83]. NKX3.1-/+, Nkx-
3.1-/-, and PSA-Cre; Nkx-3.1"" mice all devel-
oped PIN lesions [84-90], supporting an initiat-
ing role of Nkx3.1 loss-of-function in prostate
tumorigenesis. Nkx3.1-/~ Ptent/- mice were
prone to develop adenocarcinoma in aged mice
[89-92], emphasizing the importance of the
PIBK pathway in driving the progression of
Nkx3.1-deficient tumors. In fact, loss of Pten
alone leads to Nkx3.1 down-regulation at the
transcriptional level [25, 93, 94]. Decreased
Nkx3.1 expression was also observed in pros-
tate tumors but not PINs of Hi-Myc mice, raising
the possibility that Myc gain and Nkx3.1 loss
may be cooperating events in the PIN to ad-
enocarcinoma transition [70]. Mechanistically,
in cancer cell line and xenograft models, Nkx-
3.1 has been shown to negatively modulates
AR transcription and stabilize p53 to impede
cancer progression [94].

Genomic rearrangement of ETS family genes

Fusions of the TMPRSS2 gene to the ETS fami-
ly transcription factor genes ERG, ETV1, ETV4
and ETV5 are frequent chromosome rearran-

Am J Cancer Res 2019;9(10):2079-2102
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gement events in human PCa, accounting for
50-60% of all cases [95]. The most common
gene fusion is TMPRSS2-ERG, which allows
androgens to drive expression of the N-ter-
minally truncated ERG protein in the prostate
[95-97]. The presence of this fusion in benign
prostatic hyperplasia and PIN cases indicates
that it can be a relatively early event in prosta-
te tumorigenesis.

Transgenic mouse models were established
to functionally test the role of ETS genes. The
ARR2Pb promoter was used to drive full-length
and truncated ETV1, and these mice develop-
ed PIN with high penetrance [98, 99]. Mixed
results have been reported for mice overex-
pressing truncated ERG. Some studies show-
ed that ARR2Pb-ERG mice displayed pheno-
types ranging from PIN to adenocarcinoma at
old age, with higher levels of ERG expression
correlating with more severe phenotypes [100,
101]. Mechanistically, ERG was suggested to
activate the YAP1/Hippo transcriptional pro-
gram, and a mouse model with prostate-specif-
ic activation of YAP1 developed phenotypes
that were similar to ARR2Pb-ERG mice [101].
However, others reported largely normal pros-
tate morphology for the ARR2Pb-ERG model
[102, 103], the Pb-Cre; R265R¢/ERG conditional
expression model [104], and models in which
the TMPRSS2-ERG fusion product is expressed
[105-107]. Mouse strains, timing of analyses,
the precise portion of the expressed protein,
and transgene integration sites are all possible
factors contributing to these varied outcomes.
Rigorous quantitation of ERG levels and bet-
ter control for mouse genetic background may
help clarify, but TMPRSS2-ETS fusions certainly
need to cooperate with other pathways for PCa
to progress. Analysis of genetic alterations in
human PCa showed that ERG rearrangement
was significantly associated with PTEN loss
[103, 106, 108]. Compound mouse models
with ERG overexpression and Pten loss, such
as ARR2Pb-ERG; Pten+/- [103], ARR2Pb-
TMPRSS2-ERG; Pten+t/- [106], TMPRSS2-ERG
knock-in; Pten-/+ and TMPRSS2-ERG knock-
in; Pb-Cre; Pten™ [105], and Pb-Cre; Pten"";
R26ERE/ERG [104] mice, all showed accelerated
PIN and adenocarcinomas progression compa-
red to Pten-mutant mice, suggesting synergy
between ERG overexpression and PI3K path-
way activation. Mechanistically, ERG may re-
store AR transcriptional output in the Pten-
loss background, and upregulate genes involv-
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ed in cell migration and angiogenesis [104], but
differences in ERG- and ETV1-regulated tran-
scriptional programs have also been reported
[105].

Interestingly, TMPRSS2-ERG fusion can be
accompanied by the deletion of a highly con-
served interstitial region between these two
genes [109, 110], raising the possibility that
this event may have other oncogenic functi-
ons besides ERG overexpression. Indeed, in a
recent study comparing two TMPRSS2-ERG
knock-in models, the model containing the
interstitial deletion cooperated more strongly
with Pten-loss [111]. One of the deleted genes
is Ets2, and Pb-Cre; Ets2"": Pten™™ mice dis-
played more aggressive phenotypes than Pb-
Cre; Pten™" mice, suggesting the delete genes
may have tumor suppressor functions [111].

SPOP mutations

Recurrent mutations in the gene SPOP, which
encodes a Cullin-based E3 ubiquitin ligase sub-
unit, are found in ~10% of primary and advanc-
ed PCa cases [8, 112]. Interestingly, SPOP
mutations are mutually exclusive with ETS fa-
mily gene rearrangements, defining a distinct
molecular subtype of PCa [8, 9, 113]. SPOP
mutations are significantly enriched in primary
tumors [6], indicating that they are early events
during PCa development [114].

In a loss-of-function model, Pb-Cre; Spop™"
mice developed PIN through upregulation of
AR and c-Myc [115]. In another model, SPOP-
F133V, a common missense mutation found in
human PCa, was conditionally overexpressed
in Pb-Cre; R265POFF133V mice [116]. Although
SPOP-F133V alone was insufficient to drive
tumorigenesis, it synergized with Pten loss,
through increasing PI3BK/mTOR signaling acti-
vity and maintaining AR activity against PI3K-
mediated feedback inhibition [116], indicating
SPOP-F133V has dominant negative function.
Notably, there has been some controversy re-
garding the tumor-suppressing mechanism of
SPOP. Some studies reported that SPOP facili-
tates the ubiquitination and degradation of
ERG, but not TMPRSS2-ERG [117, 118]. How-
ever, the vast majority of human SPOP-mu-
tant cancers do not express ERG, and Pb-Cre;
Pten®for #/+: R2GSFOPFI33V mice showed no evi-
dence of ERG expression [119], questioning
such regulation. Analysis of human PCa datas-
ets and zebrafish models of SPOP-F133V sug-
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gested that SPOP mutations drive prostate tu-
morigenesis at least partly through impaired
DNA double strand break repair and increased
genomic instability [114].

Whnt signaling pathway

The canonical Wnt signaling pathway via nucle-
ar B-catenin regulates numerous processes in
animal development, tissue homeostasis, and
diseases [120, 121]. A recent integrated analy-
sis of primary and metastatic PCas found that
10% of the cases harbored genomic alterati-
ons in the Wnt/B-catenin pathway [6], and Wnt-
related alterations are significantly enriched in
CRPCs [7, 11].

To investigate the potential role of the canoni-
cal Wnt pathway in prostate tumorigenesis,
many groups used the CtnnblY®3* mouse
strain, in which Cre-mediated deletion of the
third exon of the B-catenin gene results in a
dominant stable protein [122]. Driven by the
MMTV-Cre, Nkx3.1-Cre, Pb-Cre or p63CreErT/+,
such mouse models developed squamous me-
taplasia and varied degrees of PIN [123-128].
These phenotypes progressed to adenocarci-
noma when B-catenin stabilization is combined
with SV40-large T-antigen overexpression [126]
or Pten deletion [129], suggesting synergy with
the p53/Rb and PI3K pathways, respectively.
Notably, although B-catenin level seems to
increase in Pb-Cre; Pten”™ tumors, there is no
phenotypic difference between Pb-Cre; Pten™
and Pb-Cre; Ctnnb"f; Pten™" tumors, suggest-
ing that B-catenin is dispensable for Pten loss-
driven PCa [129]. Besides Ctnnb1-®3*-pased
models, adenocarcinomas were also observ-
ed in Pb-Cre; Apc™™ mice where the Wnt path-
way negative regulator Apc is inactivated [130],
and in Ubi-Cat mice where [-catenin is activat-
ed through a genetically modified inducible Wnt
co-receptor LRP-5 [131]. Taken together, these
data imply Wnt/B-catenin pathway as a driv-
ing force of prostate tumorigenesis. Further evi-
dence comes from renal-graft studies showing
that manipulation of the stromal compartment
by overexpressing Hmga2 or knocking out Tg-
fbr2 enhances paracrine Wnt signaling to pro-
mote PCa initiation [132, 133]. Despite these
progresses, the role of Wnt activation in pro-
moting PCa cell metastasis remains largely elu-
sive. Developing GEMMs that activate Wnt in
advanced tumors should shed light onto this
important question.
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Ras/Raf/MAPK signaling pathway

The mitogen-activated protein kinase (MAPK)
cascade relays extracellular cues to activate
Ras and Raf for subsequent phosphorylation
and activation of MEK1/2 and ERK1/2 (MA-
PKs), which phosphorylate multiple targets reg-
ulating cell survival, proliferation, and differen-
tiation [134]. Although RAS and RAF mutati-
ons are not frequent in PCa, the activity of the
MAPK signaling pathway is often upregulated
in both primary and metastatic PCas [9, 10,
135]. Ras®? and BRaf'é°°t activating muta-
tions are common in human cancers and are
also present in PCa patients [10]. To model
these oncogenic events in vivo, Pb-H-Ras®?V
transgenic mice [136] and Pb-Cre; K-Ras‘S-V12/+
conditional activating mice [127] were devel-
oped, and both models exhibited low grade
PIN. In the iBRAF" model where BRaf'é%°F ex-
pression is doxycycline-inducible under the In-
k4a/Arf-/- background, mice developed pros-
tate adenocarcinomas [137]. Another hotspot
mutation, K-Ras®?®, is not found in human
PCa. Nevertheless, it has been modeled in
Pb-Cre; K-Ras‘S-6122* mice, which showed no
sign of cancer development [138].

Aberrant Wnt signaling has been shown to
synergize with Ras/Raf/MAPK activation, as
Pb-Cre; ctnnb1”"3); K-Ras'S-¥12* mice devel-
oped invasive carcinoma [127]. But it is the
cooperation of the PI3K and MAPK pathway
activations in PCa progression that has been
best characterized [139, 140]. For example,
PCa in Pb-Cre; Pten™"; K-Ras'S-¢122/* mice dis-
played epithelial to mesenchymal transition
(EMT) and metastatic phenotypes [138, 141],
which could be suppressed by inhibition of the
chromatin remodeling protein HMGA2 [142].
Metastasis also occurred in Nkx3.1CreERT2/+,
Pten”": K-Ras-S:¢120/* mice, and the ETS tran-
scription factor family member Etv4 was acti-
vated in response to activation of MAPK and
PI3K pathways to promote this process [143].
Importantly, inhibition of mTOR by the drug
RADOO1 activates the MAPK pathway in both
human samples and the Pb-Cre; Pten™” mo-
del, suggesting a feedback loop between PI3K
and MAPK pathways [144]. Recently, loss of
Pml in Pten-null mouse tumors was shown to
relieve this feedback inhibition and activate
the MAPK pathway, resulting in an SREBP-de-
pendent lipogenic program to promote metas-
tasis [145]. Collectively, these studies suggest
the combined therapy using both mTOR and
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MAPK inhibitors as a potential strategy for
treating patients with advanced PCa.

FGF/FGFR signaling pathway

The fibroblast growth factor (FGF) and its recep-
tor FGFR are one of the key stromal paracrine
signals that regulate prostate epithelial devel-
opment and homeostasis. The pathway con-
sists of 18 FGF ligands, 4 receptor tyrosine
kinases (FGFRs), and a pool of heparan sulfate
proteoglycans (HSPGs) [146]. Although genom-
ic mutations in the FGF pathway are rare in
human PCa, research using xenograft and cell
line models has suggested the existence of
abnormal autocrine and paracrine FGF loops in
PCa [147]. For instance, enhancing paracrine
FGF10 in urogenital sinus mesenchyme led to
the formation of PIN and adenocarcinoma [60,
148-151].

In earlier GEM models, FGF7 or FGF8 expres-
sion driven by the probasin promoter induced
PIN formation [152, 153], while enforced ex-
pression of a dominant negative FGFR2iiib in-
duced hyperplasia with neuroendocrine feature
[152]. PIN was also observed when FGFR1 or
its mutant activated form was overexpressed
using the probasin promoter [154-157], and
combined expression of FGFR1 and FGFR2iib
synergistically promoted high-grade PIN [155].
These models clearly demonstrated that aber-
rant FGF signaling environment is conducive
to PCa initiation. Possible mechanisms include
the activation of downstream MAPK/Erk signal-
ing [156], increase in EMT-associated Sox9 and
changes in the Wnt signaling pathway [157].

Synergy of FGF signaling with the PI3K pathway
was shown in ARR2PB-Fgf8b; Pb-Cre; Pten™*
mice, which developed metastatic PCa [158].
Induced FGFR1 expression also synergized wi-
th induced B-catenin expression to accelerate
PCa progression, potentially through elevating
stromal TGF-B signaling [159]. Recently, a mo-
lecular study in human PCa cells and xeno-
grafts discovered that FGF signaling was able
to sustain a portion of AR-null CRPC [160]. It
will be interesting to develop new preclinical
GEMMs to test the possibility that inhibition of
FGF and MAPK pathways together may be effi-
cacious against PCas that are resistant to
AR-directed therapies.
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Tp53 and Rb pathways

The p53 and Rb pathways are almost univer-
sally involved in cancer [161]. The p53 pathway
responds to stresses to initiates programs of
cell cycle arrest, cellular senescence or apop-
tosis [162]. Pathological analyses of clinical
samples indicated that TP53 alterations are
closely associated with PCa progression and
occur mostly at later stages [163-167]. Com-
prehensive molecular analyses also showed
that TP53 mutations are highly enriched in
metastatic PCa compared to primary PCa [9,
11].

It is important to point out that p53 mutations
can provoke activities involved in cell invasion,
metastasis, proliferation and survival that are
different to those resulting from simply loss of
wild-type p53 [168]. Therefore, different p53
mouse models may yield different phenotypes.
Simple prostate-specific knockout of p53 in
Pb-Cre; p53"" mice largely had no tumorige-
nic effect [43, 76, 169], while overexpressing
a human hotspot mutant R273H (mouse
R270H) in Pb-p53Rf273" mice [170] or Nkx3.1-
Cre; p53tSLR2T0H/R270H mjce [171] induced PIN.
More mouse models have focused on how
p53 alterations drive cancer progression. It has
been proposed that p53 presents a PCa pro-
gression barrier and its alterations lead to
genomic instability and evasion of senescence
or apoptosis in clones that will become aggr-
essive [65]. In support of this idea, p53-de-
pendent cellular senescence and castration-
induced apoptosis were found to be bypassed
in Pb-Cre; Pten™"; p53"" mice [43, 50], and
analyzing Pb-Cre; Z-Myc; Pten™; p53"f mice
revealed that c-Myc expression shifted the
p53 response from senescence to apoptosis
by repressing the p53 target gene p21°! [72,
76]. Other potential oncogenic mechanisms
induced by p53 loss include upregulation of
hexokinase 2-mediated Warburg effect [172]
as well as increased immune cell infiltration
through CXCL17 upregulation [51]. Therefore,
p53 serves as an essential checkpoint prevent-
ing Pten-loss-induced PCa progression.

The tumor suppressor gene Rb plays a pivotal
role in cell-cycle regulation. It often undergoes
copy number loss in both localized and ad-
vanced PCas [10, 11, 173, 174], but is more
commonly mutated in neuroendocrine prosta-
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te cancers [175]. Prostate-specific deletion of
Rb alone in Pb-Cre; Rb™" mice only showed
hyperplasia [176]. However, it is the NEPC phe-
notypes induced by the combined loss of Rb
and p53 that should be brought to attention.
The pioneer models of PCa, including the
TRAMP model [177, 178] and the LADY model
[179] used the Pb promoter to drive the expres-
sion of SV40 large T-antigen, which binds and
inactivates p53 and Rb [180-182]. These mice
showed rapid PCa progression with metasta-
sis, and tumors often had “small cell” and syn-
aptophysin positive phenotypes, suggesting
they were neuroendocrine [183, 184]. Carci-
nomas from the conditional double knockout
model Pb-Cre; p53"7; Rb"" also displayed neu-
roendocrine differentiation [169, 185]. Recent-
ly, two important studies characterizing the
Pb-Cre; Pten™®: Rb1"" and Pb-Cre; Pten"f:
Rb1"f: n53%" mice suggested that Rb and p53
loss depresses epigenetic reprogramming fac-
tors Ezh2 and Sox2, thereby facilitating linea-
ge plasticity and metastasis of prostate adeno-
carcinoma initiated by Pten loss [186, 187].
These findings have important therapeutic im-
plications, since tumors cells can acquire lin-
eage plasticity as a means to escape lumin-
al-targeted androgen deprivation therapy, and
epigenetic modulations such as Ezh2 inhibition
may provide new approaches to treat NEPC.

AR signaling pathway

The androgen receptor (AR), a member of the
steroid hormone receptor superfamily, is es-
sential for normal prostate development, and
supports growth of PCa. In the past decade,
aberrant AR signaling has emerged as the cen-
tral driver of CRPC [3]. Alterations of the AR
signaling through AR gene mutations, gene/
enhancer copy-number amplification, AR splic-
ing variants, and mutations of AR binding part-
ners are particularly frequent in CRPC [7, 9-11,
188, 189].

GEMMs of prostate AR loss- or gain-of-function
experiments are generally in agreement with
human sequencing data, showing that manipu-
lation of AR signaling alone has subdued effect
on early cancer initiation. In the Pb-mAR trans-
genic model where the AR transgene is driven
by the rat probasin promoter, PIN lesions only
appeared in old mice (> 1 year) [190]. PIN was
also observed in an Osrl-Cre induced AR-

2089

overexpressing mouse model [191]. In another
study, overexpressing either wild-type AR or
AR-T857A (human T877A), an AR mutant pres-
ent in LNCaP cells that is responsive to non-
classical ligands, had no obvious phenotypes,
while overexpressing AR-E231G, a mutant wi-
th increased ligand-independent activity, indu-
ced PCa formation [192]. However, it should be
noted that AR-E231G was discovered in the
TRAMP model [193], and has not been ob-
served in human PCa. Recently, an ARvsé7es
splice variant frequently found in human CRPC
was shown to induce invasive adenocarcinoma
in Pb-AR®¢7¢s transgenic mice by one year of
age [194], and overexpression of AR-V7, a con-
stitutively active and androgen-independent
AR splice variant, by the ARR2PB promoter
induced PIN in mice [195]. These models offer
opportunities for studying the mechanisms of
AR-variant-driven PCa progression. Notably, in
these studies AR overexpression started at the
developmental stage, and the probasin pro-
moter itself is regulated by androgen. Modeling
AR overexpression in later cancer stages may
prove to be beneficial.

On the other hand, AR loss-of-function model-
ing has also been performed by AR-floxed con-
ditional knockout using various Cre or CreER
lines targeting the whole prostate or specific
epithelial or stromal cell types [196-205]. The
phenotypes were mixed and sometimes con-
troversial, possibly due to the complex timing
and spatial specificities of different Cre expres-
sion. Overall, although decreased androgen lev-
els in aging men has been shown to correlate
with the increase of PCa incidence [206], the
AR gene is not lost in human PCa. Therefore,
while these loss-of-function models have shed
light onto prostate development and normal
homeostasis, their cancer-relevance is less
clear.

The interplay of AR signaling with other path-
ways in PCa progression has been under exten-
sive investigation. In renal-graft experiments,
overexpression of AR synergized with Akt, K-
ras, FGF10, ERG, Src family kinases, and Hm-
ga2 to promote PCa initiation and progression
[60, 61, 132, 149, 207-211]. In GEMMs, the
PI3K pathway and AR signaling pathway have
been shown to form a reciprocal negative feed-
back loop to drive PCa survival. In Pb-Cre;
Pten™® mice and human PCa cells, drug inhibi-

Am J Cancer Res 2019;9(10):2079-2102



Prostate cancer mouse model review

Tumor progression

Figure 3. Using GEMMs to study pathway interactions in PCa progression.
Diagram summarizes pathway interactions shown to promote PCa progres-
sion by studying GEMMs. The PI3K pathway activation has been the most
extensively modeled event in PCa GEMMs and usually serves as a baseline
model. Cooperation of PI3K pathway with other pathways is required for
PCa to overcome various barriers and checkpoints to progress. Each line
connecting two pathways indicates that at least one GEMM has been used
to establish a functional correlation of the two pathways, through analyzing
either phenotypes of double mutant mice or pathway activities in single mu-
tant mice. Pathway interactions revealed by cancer cell line and xenograft

studies are not drawn.

tion of the PI3K pathway activates the AR sig-
naling output through increased HER3 kinase
expression [212]. Pb-Cre; Pten™" tumors were
also shown to suppress androgen-responsive
genes by upregulating AR signaling co-regula-
tors EGR1, c-JUN, and EZH2, thereby rendering
cancer cells less dependent on androgen [213].
On the other side, while AR is dispensable for
tumor formation in Pb-Cre; Pten™; AR™Y mice,
deletion of AR or AR blockade upregulated Akt
Activity in Pten-null cells by decreasing FKBP5-
and PHLPP-mediated Akt dephosphorylation
[212, 213]. These findings were also corrobo-
rated by models using the Osr1-Cre and basal-
and luminal-specific CreER lines [204, 214].
Together, these studies provide strong ratio-
nale for combined therapy inhibiting both the
PI3K and AR signaling pathways in PCa pati-
ents. Recently, AR overexpression was shown
to accelerate PCa progression in Pb-Cre or
p63CreERT2* driven  Ctnnb1:©3*;  R26hARY*
mice, where B-catenin was stabilized to acti-
vate the Wnt signaling pathway [128, 215]. In
these Wnt and AR compound mice, tumor- and
metastasis-promoting genes such as Sppl,
Egrl, c-Myc, and Sp6 were upregulated. Fu-
ture GEMMs that turn on AR signaling at later
stages in combination with multiple other path-
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way perturbations should con-
tinue to reveal the key to cas-
tration resistance in CRPC.

Conclusion

slratlan
sistance Development of the transgen-

ic, knock-out/in, and Cre-lox
conditional expression tech-
niques in mice paved the way
for building GEMMs for ans-
wering key biological questi-
ons in PCa progression. The
intact tumor microenvironm-
ent and fully functional im-
mune system in GEMMs offer
unique advantages to other ex-
perimental models. Although
mice rarely develop spontane-
ous PCa, modeling the recur-
rent genetic alterations of hu-
man patients has provided a
much clearer picture of PCa
progression. It is increasingly
appreciated that many of the
molecular events, such as p53
or Rb loss of function and TMPRSS2-ERG
fusion, are insufficient to initiate PCa if they
occur early individually. However, these events
may prime prostate cells for future oncogenic
transformation by altering their downstream
transcriptional programs. PI3K pathway activa-
tion in the form of Pten loss, on the other hand,
has proved to be an essential step in many
models for the transition from PIN to adenocar-
cinoma. Further progression to CRPC appears
to require PI3K signaling cooperation with other
pathways (Figure 3). For example, the disco-
very of the reciprocal negative feedback loop
between PI3K and AR signaling argues for the
combined treatment targeting both pathways.
The finding that loss of p53 and Rb at later
stage further drives the tumor cells to undergo
lineage switch provides new potential thera-
peutic avenues to inhibit disease progression
towards neuroendocrine cancer. In comparing
various GEMM studies, it is important to bear in
mind that mouse strain background could be
a complicating factor contributing to some of
the controversies. For example, mice of the
commonly used C57BL/6 genetic background
are relatively tumor resistant [216]. PCa me-
tastasis remains an underaddressed topic in
GEMMs, as very few models show bone me-
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tastasis, which is common in patients. While
this may very well reflect intrinsic species dif-
ferences, developing new models, such as la-
te-stage activation of Wnt and AR variants mo-
dels, may lead to new discoveries on the mech-
anisms of PCa metastasis. With the incorpora-
tion of new technologies such as CRISPR and
single cell techngiues, we envision that the
next-generation mouse models will help dis-
sect the signaling cross talks in PCa with more
sophisticated modeling of molecular events in
more refined tissue space.

Acknowldegements

Z.A.W.issupported by NIHgrantRO1GM116872
and D.N. is supported by the Santa Cruz Cancer
Benefit Group.

Disclosure of conflict of interest
None.

Address correspondence to: Zhu A Wang, Depart-
ment of Molecular, Cell and Developmental Biology,
University of California, Santa Cruz, CA 95064, USA.
E-mail: zwang36@ucsc.edu

References

[1] Global Burden of Disease Cancer Collabora-
tion, Fitzmaurice C, Dicker D, Pain A, Hamavid
H, Moradi-Lakeh M, Macintyre MF, Allen C,
Hansen G, Woodbrook R, Wolfe C, Hamadeh
RR, Moore A, Werdecker A, Gessner BD, Te Ao
B, McMahon B, Karimkhani C, Yu C, Cooke GS,
Schwebel DC, Carpenter DO, Pereira DM, Nash
D, Kazi DS, De Leo D, Plass D, Ukwaja KN,
Thurston GD, Yun Jin K, Simard EP, Mills E,
Park EK, Catala-Lopez F, deVeber G, Gotay C,
Khan G, Hosgood HD 3rd, Santos IS, Leasher
JL, Singh J, Leigh J, Jonas JB, Sanabria J,
Beardsley J, Jacobsen KH, Takahashi K, Frank-
lin RC, Ronfani L, Montico M, Naldi L, Tonelli M,
Geleijnse J, Petzold M, Shrime MG, Younis M,
Yonemoto N, Breitborde N, Yip P, Pourmalek F,
Lotufo PA, Esteghamati A, Hankey GJ, Ali R,
Lunevicius R, Malekzadeh R, Dellavalle R,
Weintraub R, Lucas R, Hay R, Rojas-Rueda D,
Westerman R, Sepanlou SG, Nolte S, Patten S,
Weichenthal S, Abera SF, Fereshtehnejad SM,
Shiue |, Driscoll T, Vasankari T, Alsharif U, Rahi-
mi-Movaghar V, Vlassov VV, Marcenes WS, Me-
konnen W, Melaku YA, Yano Y, Artaman A,
Campos |, MacLachlan J, Mueller U, Kim D, Tril-
lini M, Eshrati B, Williams HC, Shibuya K, Dan-
dona R, Murthy K, Cowie B, Amare AT, Antonio
CA, Castaneda-Orjuela C, van Gool CH, Violan-

2091

(3]

(5]

(6]

(8]

te F, Oh IH, Deribe K, Soreide K, Knibbs L,
Kereselidze M, Green M, Cardenas R, Roy N,
Tillmann T, Li Y, Krueger H, Monasta L, Dey S,
Sheikhbahaei S, Hafezi-Nejad N, Kumar GA,
Sreeramareddy CT, Dandona L, Wang H, Voll-
set SE, Mokdad A, Salomon JA, Lozano R, Vos
T, Forouzanfar M, Lopez A, Murray C and
Naghavi M. The global burden of cancer 2013.
JAMA Oncol 2015; 1: 505-27.

Huggins C. Studies on prostatic cancer. Il. The
effect of castration on clinical patients with
carcinoma of the prostate. Arch Surg 1941; 43:
209.

Watson PA, Arora VK and Sawyers CL. Emerg-
ing mechanisms of resistance to androgen re-
ceptor inhibitors in prostate cancer. Nat Rev
Cancer 2015; 15: 701-11.

Toivanen R and Shen MM. Prostate organogen-
esis: tissue induction, hormonal regulation
and cell type specification. Development 2017;
144: 1382-98.

Shen MM and Abate-Shen C. Molecular genet-
ics of prostate cancer: new prospects for old
challenges. Genes Dev 2010; 24: 1967-2000.
Armenia J, Wankowicz SAM, Liu D, Gao J, Kun-
dra R, Reznik E, Chatila WK, Chakravarty D,
Han GC, Coleman |, Montgomery B, Pritchard
C, Morrissey C, Barbieri CE, Beltran H, Sboner
A, Zafeiriou Z, Miranda S, Bielski CM, Penson
AV, Tolonen C, Huang FW, Robinson D, Wu YM,
Lonigro R, Garraway LA, Demichelis F, Kantoff
PW, Taplin ME, Abida W, Taylor BS, Scher HlI,
Nelson PS, de Bono JS, Rubin MA, Sawyers CL,
Chinnaiyan AM; PCF/SU2C International Pros-
tate Cancer Dream Team, Schultz N, Van Allen
EM. The long tail of oncogenic drivers in pros-
tate cancer. Nat Genet 2018; 50: 645-51.
Grasso CS, Wu YM, Robinson DR, Cao X, Dha-
nasekaran SM, Khan AP, Quist MJ, Jing X, Loni-
gro RJ, Brenner JC, Asangani IA, Ateeq B, Chun
SY, Siddiqui J, Sam L, Anstett M, Mehra R,
Prensner JR, Palanisamy N, Ryslik GA, Vandin
F, Raphael BJ, Kunju LP, Rhodes DR, Pienta KJ,
Chinnaiyan AM and Tomlins SA. The mutation-
al landscape of lethal castration-resistant
prostate cancer. Nature 2012; 487: 239-43.
Barbieri CE, Baca SC, Lawrence MS, Demi-
chelis F, Blattner M, Theurillat JP, White TA, Sto-
janov P, Van Allen E, Stransky N, Nickerson E,
Chae SS, Boysen G, Auclair D, Onofrio RC, Park
K, Kitabayashi N, MacDonald TY, Sheikh K, Vu-
ong T, Guiducci C, Cibulskis K, Sivachenko A,
Carter SL, Saksena G, Voet D, Hussain WM,
Ramos AH, Winckler W, Redman MC, Ardlie K,
Tewari AK, Mosquera JM, Rupp N, Wild PJ,
Moch H, Morrissey C, Nelson PS, Kantoff PW,
Gabriel SB, Golub TR, Meyerson M, Lander ES,
Getz G, Rubin MA and Garraway LA. Exome se-
quencing identifies recurrent SPOP, FOXA1 and

Am J Cancer Res 2019;9(10):2079-2102



(9]

(10]

[11]

(12]

[13]

(14]

Prostate cancer mouse model review

MEDZ12 mutations in prostate cancer. Nat Gen-
et 2012; 44: 685-9.

Cancer Genome Atlas Research Network. The
molecular taxonomy of primary prostate can-
cer. Cell 2015; 163: 1011-25.

Taylor BS, Schultz N, Hieronymus H, Gopalan A,
Xiao Y, Carver BS, Arora VK, Kaushik P, Cerami
E, Reva B, Antipin Y, Mitsiades N, Landers T,
Dolgalev |, Major JE, Wilson M, Socci ND, Lash
AE, Heguy A, Eastham JA, Scher HI, Reuter VE,
Scardino PT, Sander C, Sawyers CL and Gerald
WL. Integrative genomic profiling of human
prostate cancer. Cancer Cell 2010; 18: 11-22.
Robinson D, Van Allen EM, Wu YM, Schultz N,
Lonigro RJ, Mosquera JM, Montgomery B, Tap-
lin ME, Pritchard CC, Attard G, Beltran H, Abida
W, Bradley RK, Vinson J, Cao X, Vats P, Kunju
LP, Hussain M, Feng FY, Tomlins SA, Cooney
KA, Smith DC, Brennan C, Siddiqui J, Mehra R,
Chen Y, Rathkopf DE, Morris MJ, Solomon SB,
Durack JC, Reuter VE, Gopalan A, Gao J, Loda
M, Lis RT, Bowden M, Balk SP, Gaviola G,
Sougnez C, Gupta M, Yu EY, Mostaghel EA,
Cheng HH, Mulcahy H, True LD, Plymate SR,
Dvinge H, Ferraldeschi R, Flohr P, Miranda S,
Zafeiriou Z, Tunariu N, Mateo J, Perez-Lopez R,
Demichelis F, Robinson BD, Shoner A, Schiff-
man M, Nanus DM, Tagawa ST, Sigaras A, Eng
KW, Elemento O, Sboner A, Heath El, Scher Hl,
Pienta KJ, Kantoff P, de Bono JS, Rubin MA,
Nelson PS, Garraway LA, Sawyers CL and Chin-
naiyan AM. Integrative clinical genomics of ad-
vanced prostate cancer. Cell 2015; 161: 1215-
28.

Quigley DA, Dang HX, Zhao SG, Lloyd P, Aggar-
wal R, Alumkal JJ, Foye A, Kothari V, Perry MD,
Bailey AM, Playdle D, Barnard TJ, Zhang L,
Zhang J, Youngren JF, Cieslik MP, Parolia A,
Beer TM, Thomas G, Chi KN, Gleave M, Lack
NA, Zoubeidi A, Reiter RE, Rettig MB, Witte O,
Ryan CJ, Fong L, Kim W, Friedlander T, Chou J,
Li H, Das R, Li H, Moussavi-Baygi R, Goodarzi
H, Gilbert LA, Lara PN Jr, Evans CP, Goldstein
TC, Stuart JM, Tomlins SA, Spratt DE, Cheetham
RK, Cheng DT, Farh K, Gehring JS, Hakenberg
J, Liao A, Febbo PG, Shon J, Sickler B, Batzo-
glou S, Knudsen KE, He HH, Huang J, Wyatt
AW, Dehm SM, Ashworth A, Chinnaiyan AM,
Maher CA, Small EJ and Feng FY. Genomic hall-
marks and structural variation in metastatic
prostate cancer. Cell 2018; 174: 758-69, €9.
van Bokhoven A, Varella-Garcia M, Korch C, Jo-
hannes WU, Smith EE, Miller HL, Nordeen SK,
Miller GJ and Lucia MS. Molecular character-
ization of human prostate carcinoma cell lines.
Prostate 2003; 57: 205-25.

Sobel RE and Sadar MD. Cell lines used in
prostate cancer research: a compendium of
old and new lines—part 2. J Urol 2005; 173:
360-72.

2092

(15]

(16]

[17]

[20]

[22]

(23]

(24]

Sobel RE and Sadar MD. Cell lines used in
prostate cancer research: a compendium of
old and new lines—part 1. J Urol 2005; 173:
342-59.

Cunningham D and You Z. In vitro and in vivo
model systems used in prostate cancer re-
search. J Biol Methods 2015; 2.

Gao D, Vela |, Sboner A, laquinta PJ, Karthaus
WR, Gopalan A, Dowling C, Wanjala JN, Undvall
EA, Arora VK, Wongvipat J, Kossai M, Ramaza-
noglu S, Barboza LP, Di W, Cao Z, Zhang QF,
Sirota |, Ran L, MacDonald TY, Beltran H, Mos-
quera JM, Touijer KA, Scardino PT, Laudone VP,
Curtis KR, Rathkopf DE, Morris MJ, Danila DC,
Slovin SF, Solomon SB, Eastham JA, Chi P,
Carver B, Rubin MA, Scher HI, Clevers H, Saw-
yers CL and Chen Y. Organoid cultures derived
from patients with advanced prostate cancer.
Cell 2014; 159: 176-87.

Puca L, Bareja R, Prandi D, Shaw R, Benelli M,
Karthaus WR, Hess J, Sigouros M, Donoghue
A, Kossai M, Gao D, Cyrta J, Sailer V, Vosoughi
A, Pauli C, Churakova Y, Cheung C, Deonarine
LD, McNary TJ, Rosati R, Tagawa ST, Nanus
DM, Mosquera JM, Sawyers CL, Chen Y, Inghi-
rami G, Rao RA, Grandori C, Elemento O, Sbon-
er A, Demichelis F, Rubin MA and Beltran H.
Patient derived organoids to model rare pros-
tate cancer phenotypes. Nat Commun 2018;
9: 2404.

Lin D, Wyatt AW, Xue H, Wang Y, Dong X, Hae-
gert A, Wu R, Brahmbhatt S, Mo F, Jong L, Bell
RH, Anderson S, Hurtado-Coll A, Fazli L, Shar-
ma M, Beltran H, Rubin M, Cox M, Gout PW,
Morris J, Goldenberg L, Volik SV, Gleave ME,
Collins CC and Wang Y. High fidelity patient-
derived xenografts for accelerating prostate
cancer discovery and drug development. Can-
cer Res 2014; 74: 1272-83.

Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong
S, Pitts TM, Arcaroli JJ, Messersmith WA and
Eckhardt SG. Patient-derived tumour xeno-
grafts as models for oncology drug develop-
ment. Nat Rev Clin Oncol 2012; 9: 338-50.
Vazquez F and Sellers WR. The PTEN tumor
suppressor protein: an antagonist of phos-
phoinositide 3-kinase signaling. Biochim Bio-
phys Acta 2000; 1470: M21-35.

Podsypanina K, Ellenson LH, Nemes A, Gu J,
Tamura M, Yamada KM, Cordon-Cardo C, Ca-
toretti G, Fisher PE and Parsons R. Mutation of
Pten/Mmac1 in mice causes neoplasia in mul-
tiple organ systems. Proc Natl Acad Sci U S A
1999; 96: 1563-8.

Di Cristofano A, Pesce B, Cordon-Cardo C and
Pandolfi PP. Pten is essential for embryonic de-
velopment and tumour suppression. Nat Gen-
et 1998; 19: 348-55.

Wu X, Wu J, Huang J, Powell WC, Zhang J, Ma-
tusik RJ, Sangiorgi FO, Maxson RE, Sucov HM

Am J Cancer Res 2019;9(10):2079-2102



[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

(33]

[34]

Prostate cancer mouse model review

and Roy-Burman P. Generation of a prostate
epithelial cell-specific Cre transgenic mouse
model for tissue-specific gene ablation. Mech
Dev 2001; 101: 61-9.

Wang S, Gao J, Lei Q, Rozengurt N, Pritchard C,
Jiao J, Thomas GV, Li G, Roy-Burman P, Nelson
PS, Liu X and Wu H. Prostate-specific deletion
of the murine Pten tumor suppressor gene
leads to metastatic prostate cancer. Cancer
Cell 2003; 4: 209-21.

Jiao J, Wang S, Qiao R, Vivanco |, Watson PA,
Sawyers CL and Wu H. Murine cell lines de-
rived from Pten null prostate cancer show the
critical role of PTEN in hormone refractory
prostate cancer development. Cancer Res
2007; 67: 6083-91.

Garcia AJ, Ruscetti M, Arenzana TL, Tran LM,
Bianci-Frias D, Sybert E, Priceman SJ, Wu L,
Nelson PS, Smale ST and Wu H. Pten null pros-
tate epithelium promotes localized myeloid-
derived suppressor cell expansion and im-
mune suppression during tumor initiation and
progression. Mol Cell Biol 2014; 34: 2017-28.
Luchman HA, Benediktsson H, Villemaire ML,
Peterson AC and Jirik FR. The pace of prostatic
intraepithelial neoplasia development is deter-
mined by the timing of Pten tumor suppressor
gene excision. PLoS One 2008; 3: €3940.
Ratnacaram CK, Teletin M, Jiang M, Meng X,
Chambon P and Metzger D. Temporally con-
trolled ablation of PTEN in adult mouse pros-
tate epithelium generates a model of invasive
prostatic adenocarcinoma. Proc Natl Acad Sci
US A 2008; 105: 2521-6.

Trotman LC, Niki M, Dotan ZA, Koutcher JA, Di
Cristofano A, Xiao A, Khoo AS, Roy-Burman P,
Greenberg NM, Van Dyke T, Cordon-Cardo C
and Pandolfi PP. Pten dose dictates cancer pro-
gression in the prostate. PLoS Biol 2003; 1:
E59.

Wang X, Trotman LC, Koppie T, Alimonti A, Chen
Z, Gao Z, Wang J, Erdjument-Bromage H,
Tempst P, Cordon-Cardo C, Pandolfi PP and Ji-
ang X. NEDD4-1 is a proto-oncogenic ubiquitin
ligase for PTEN. Cell 2007; 128: 129-39.

Jia S, Liu Z, Zhang S, Liu P, Zhang L, Lee SH,
Zhang J, Signoretti S, Loda M, Roberts TM and
Zhao JJ. Essential roles of PI(3)K-p110beta in
cell growth, metabolism and tumorigenesis.
Nature 2008; 454: 776-9.

Lee SH, Poulogiannis G, Pyne S, Jia S, Zou L,
Signoretti S, Loda M, Cantley LC and Roberts
TM. A constitutively activated form of the
pl110beta isoform of PI3-kinase induces pros-
tatic intraepithelial neoplasia in mice. Proc
Natl Acad Sci U S A 2010; 107: 11002-7.
Majumder PK, Yeh JJ, George DJ, Febbo PG,
Kum J, Xue Q, Bikoff R, Ma H, Kantoff PW, Gol-
ub TR, Loda M and Sellers WR. Prostate in-
traepithelial neoplasia induced by prostate re-

2093

[35]

(36]

[37]

(38]

[39]

[40]

[42]

[43]

stricted Akt activation: the MPAKT model. Proc
Natl Acad Sci U S A 2003; 100: 7841-6.
Majumder PK, Febbo PG, Bikoff R, Berger R,
Xue Q, McMahon LM, Manola J, Brugarolas J,
McDonnell TJ, Golub TR, Loda M, Lane HA and
Sellers WR. mTOR inhibition reverses Akt-de-
pendent prostate intraepithelial neoplasia
through regulation of apoptotic and HIF-1-de-
pendent pathways. Nat Med 2004; 10: 594-
601.

Laplante M and Sabatini DM. mTOR signaling
in growth control and disease. Cell 2012; 149:
274-93.

Guertin DA, Stevens DM, Saitoh M, Kinkel S,
Crosby K, Sheen JH, Mullholland DJ, Magnu-
son MA, Wu H and Sabatini DM. mTOR com-
plex 2 is required for the development of pros-
tate cancer induced by Pten loss in mice.
Cancer Cell 2009; 15: 148-59.

Furic L, Rong L, Larsson O, Koumakpayi IH, Yo-
shida K, Brueschke A, Petroulakis E, Robi-
chaud N, Pollak M, Gaboury LA, Pandolfi PP,
Saad F and Sonenberg N. elF4E phosphoryla-
tion promotes tumorigenesis and is associated
with prostate cancer progression. Proc Natl
Acad Sci U S A 2010; 107: 14134-9.

Ding M, Van der Kwast TH, Vellanki RN, Foltz
WD, McKee TD, Sonenberg N, Pandolfi PP, Ko-
ritzinsky M and Wouters BG. The mTOR targets
4E-BP1/2 restrain tumor growth and promote
hypoxia tolerance in PTEN-driven prostate can-
cer. Mol Cancer Res 2018; 16: 682-95.
Trotman LC, Alimonti A, Scaglioni PP, Koutcher
JA, Cordon-Cardo C and Pandolfi PP. Identifica-
tion of a tumour suppressor network opposing
nuclear Akt function. Nature 2006; 441: 523-
7.

Ma L, Teruya-Feldstein J, Behrendt N, Chen Z,
Noda T, Hino O, Cordon-Cardo C and Pandolfi
PP. Genetic analysis of Pten and Tsc2 function-
al interactions in the mouse reveals asymmet-
rical haploinsufficiency in tumor suppression.
Genes Dev 2005; 19: 1779-86.

Pearson HB, Li J, Meniel VS, Fennell CM, War-
ing P, Montgomery KG, Rebello RJ, Macpher-
son AA, Koushyar S, Furic L, Cullinane C, Clark-
son RW, Smalley MJ, Simpson KJ, Phesse TJ,
Shepherd PR, Humbert PO, Sansom OJ and
Phillips WA. Identification of Pik3ca mutation
as a genetic driver of prostate cancer that co-
operates with pten loss to accelerate progres-
sion and castration-resistant growth. Cancer
Discov 2018; 8: 764-779.

Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan
ZA, Niki M, Koutcher JA, Scher HI, Ludwig T,
Gerald W, Cordon-Cardo C and Pandolfi PP.
Crucial role of p53-dependent cellular senes-
cence in suppression of Pten-deficient tumori-
genesis. Nature 2005; 436: 725-30.

Am J Cancer Res 2019;9(10):2079-2102



[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

Prostate cancer mouse model review

Cordon-Cardo C, Koff A, Drobnjak M, Capodieci
P, Osman I, Millard SS, Gaudin PB, Fazzari M,
Zhang ZF, Massague J and Scher HI. Distinct
altered patterns of p27KIP1 gene expression
in benign prostatic hyperplasia and prostatic
carcinoma. J Natl Cancer Inst 1998; 90: 1284-
91.

Di Cristofano A, De Acetis M, Koff A, Cordon-
Cardo C and Pandolfi PP. Pten and p27KIP1
cooperate in prostate cancer tumor suppres-
sion in the mouse. Nat Genet 2001; 27: 222-4.,
Majumder PK, Grisanzio C, O’Connell F, Barry
M, Brito JM, Xu Q, Guney |, Berger R, Herman P,
Bikoff R, Fedele G, Baek WK, Wang S, Ellwood-
Yen K, Wu H, Sawyers CL, Signoretti S, Hahn
WC, Loda M and Sellers WR. A prostatic in-
traepithelial neoplasia-dependent p27 Kipl
checkpoint induces senescence and inhibits
cell proliferation and cancer progression. Can-
cer Cell 2008; 14: 146-55.

Ahmad |, Patel R, Singh LB, Nixon C, Seywright
M, Barnetson RJ, Brunton VG, Muller WJ, Ed-
wards J, Sansom OJ and Leung HY. HER2 over-
comes PTEN (loss)-induced senescence to
cause aggressive prostate cancer. Proc Natl
Acad Sci U S A 2011; 108: 16392-7.

Thomsen MK, Ambroisine L, Wynn S, Cheah
KS, Foster CS, Fisher G, Berney DM, Mgiller H,
Reuter VE, Scardino P, Cuzick J, Ragavan N,
Singh PB, Martin FL, Butler CM, Cooper CS,
Swain A; Transatlantic Prostate Group. SOX9
elevation in the prostate promotes prolifera-
tion and cooperates with PTEN loss to drive
tumor formation. Cancer Res 2010; 70: 979-
87.

Wang G, Lunardi A, Zhang J, Chen Z, Ala U,
Webster KA, Tay Y, Gonzalez-Billalabeitia E,
Egia A, Shaffer DR, Carver B, Liu XS, Taulli R,
Kuo WP, Nardella C, Signoretti S, Cordon-Cardo
C, Gerald WL and Pandolfi PP. Zbtb7a sup-
presses prostate cancer through repression of
a Sox9-dependent pathway for cellular senes-
cence bypass and tumor invasion. Nat Genet
2013; 45: 739-46.

Lunardi A, Ala U, Epping MT, Salmena L, Clo-
hessy JG, Webster KA, Wang G, Mazzucchelli
R, Bianconi M, Stack EC, Lis R, Patnaik A,
Cantley LC, Bubley G, Cordon-Cardo C, Gerald
WL, Montironi R, Signoretti S, Loda M, Nardella
C and Pandolfi PP. A co-clinical approach iden-
tifies mechanisms and potential therapies for
androgen deprivation resistance in prostate
cancer. Nat Genet 2013; 45: 747-55.

Bezzi M, Seitzer N, Ishikawa T, Reschke M,
Chen M, Wang G, Mitchell C, Ng C, Katon J, Lu-
nardi A, Signoretti S, Clohessy JG, Zhang J and
Pandolfi PP. Diverse genetic-driven immune
landscapes dictate tumor progression through
distinct mechanisms. Nat Med 2018; 24: 165-
75.

2094

(52]

(53]

[54]

[55]

(56]

[57]

(58]

(59]

[60]

(61]

[62]

[63]

Ding Z, Wu CJ, Chu GC, Xiao Y, Ho D, Zhang J,
Perry SR, Labrot ES, Wu X, Lis R, Hoshida Y,
Hiller D, Hu B, Jiang S, Zheng H, Stegh AH,
Scott KL, Signoretti S, Bardeesy N, Wang YA,
Hill DE, Golub TR, Stampfer MJ, Wong WH,
Loda M, Mucci L, Chin L and DePinho RA.
SMADA4-dependent barrier constrains prostate
cancer growth and metastatic progression. Na-
ture 2011; 470: 269-73.

Hao Y, Bjerke GA, Pietrzak K, Melhuish TA, Han
Y, Turner SD, Frierson HF Jr and Wotton D. TGF-
beta signaling limits lineage plasticity in pros-
tate cancer. PLoS Genet 2018; 14: e1007409.
Hudlebusch HR, Santoni-Rugiu E, Simon R,
Ralfkieer E, Rossing HH, Johansen lJV, Jar-
gensen M, Sauter G and Helin K. The histone
methyltransferase and putative oncoprotein
MMSET is overexpressed in a large variety of
human tumors. Clin Cancer Res 2011; 17:
2919-33.

Ezponda T, Popovic R, Shah MY, Martinez-Gar-
cia E, Zheng Y, Min DJ, Will C, Neri A, Kelleher
NL, Yu J and Licht JD. The histone methyltrans-
ferase MMSET/WHSC1 activates TWIST1 to
promote an epithelial-mesenchymal transition
and invasive properties of prostate cancer. On-
cogene 2013; 32: 2882-90.

Li N, Xue W, Yuan H, Dong B, Ding Y, Liu Y, Jiang
M, Kan S, Sun T, Ren J, Pan Q, Li X, Zhang P, Hu
G, Wang Y, Wang X, Li Q and Qin J. AKT-mediat-
ed stabilization of histone methyltransferase
WHSC1 promotes prostate cancer metastasis.
J Clin Invest 2017; 127: 1284-302.

Visvader JE. Cells of origin in cancer. Nature
2011; 469: 314-22.

Lee SH and Shen MM. Cell types of origin for
prostate cancer. Curr Opin Cell Biol 2015; 37:
35-41.

Park JW, Lee JK, Phillips JW, Huang P, Cheng D,
Huang J and Witte ON. Prostate epithelial cell
of origin determines cancer differentiation
state in an organoid transformation assay.
Proc Natl Acad Sci U S A 2016; 113: 4482-7.
Lawson DA, Zong Y, Memarzadeh S, Xin L,
Huang J and Witte ON. Basal epithelial stem
cells are efficient targets for prostate cancer
initiation. Proc Natl Acad Sci U S A 2010; 107:
2610-5.

Goldstein AS, Huang J, Guo C, Garraway IP and
Witte ON. Identification of a cell of origin for
human prostate cancer. Science 2010; 329:
568-71.

Choi N, Zhang B, Zhang L, Ittmann M and Xin L.
Adult murine prostate basal and luminal cells
are self-sustained lineages that can both serve
as targets for prostate cancer initiation. Can-
cer Cell 2012; 21: 253-65.

Wang ZA, Mitrofanova A, Bergren SK, Abate-
Shen C, Cardiff RD, Califano A and Shen MM.
Lineage analysis of basal epithelial cells re-

Am J Cancer Res 2019;9(10):2079-2102



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Prostate cancer mouse model review

veals their unexpected plasticity and supports
a cell-of-origin model for prostate cancer het-
erogeneity. Nat Cell Biol 2013; 15: 274-83.
Wang ZA, Toivanen R, Bergren SK, Chambon P
and Shen MM. Luminal cells are favored as the
cell of origin for prostate cancer. Cell Rep
2014; 8: 1339-46.

Baca SC, Prandi D, Lawrence MS, Mosquera
JM, Romanel A, Drier Y, Park K, Kitabayashi N,
MacDonald TY, Ghandi M, Van Allen E, Kryukov
GV, Sboner A, Theurillat JP, Soong TD, Nicker-
son E, Auclair D, Tewari A, Beltran H, Onofrio
RC, Boysen G, Guiducci C, Barbieri CE, Cibuls-
kis K, Sivachenko A, Carter SL, Saksena G,
Voet D, Ramos AH, Winckler W, Cipicchio M,
Ardlie K, Kantoff PW, Berger MF, Gabriel SB,
Golub TR, Meyerson M, Lander ES, Elemento
0, Getz G, Demichelis F, Rubin MA and Gar-
raway LA. Punctuated evolution of prostate
cancer genomes. Cell 2013; 153: 666-77.
Dang CV. MYC on the path to cancer. Cell 2012;
149: 22-35.

Hofmann JW, Zhao X, De Cecco M, Peterson
AL, Pagliaroli L, Manivannan J, Hubbard GB,
lkeno Y, Zhang Y, Feng B, Li X, Serre T, Qi W,
Van Remmen H, Miller RA, Bath KG, de Cabo R,
Xu H, Neretti N and Sedivy JM. Reduced ex-
pression of MYC increases longevity and en-
hances healthspan. Cell 2015; 160: 477-88.
Murphy DJ, Junttila MR, Pouyet L, Karnezis A,
Shchors K, Bui DA, Brown-Swigart L, Johnson L
and Evan Gl. Distinct thresholds govern Myc’s
biological output in vivo. Cnacer Cell 2008; 14:
447-57.

Gurel B, lwata T, Koh CM, Jenkins RB, Lan F,
Van Dang C, Hicks JL, Morgan J, Cornish TC,
Sutcliffe S, Isaacs WB, Luo J and De Marzo AM.
Nuclear MYC protein overexpression is an early
alteration in human prostate carcinogenesis.
Mod Pathol 2008; 21: 1156-67.

Ellwood-Yen K, Graeber TG, Wongvipat J, Iru-
ela-Arispe ML, Zhang J, Matusik R, Thomas GV
and Sawyers CL. Myc-driven murine prostate
cancer shares molecular features with human
prostate tumors. Cancer Cell 2003; 4: 223-38.
Zhang X, Lee C, Ng PY, Rubin M, Shabsigh A
and Buttyan R. Prostatic neoplasia in trans-
genic mice with prostate-directed overexpres-
sion of the c-myc oncoprotein. Prostate 2000;
43: 278-85.

Kim J, Eltoum IE, Roh M, Wang J and Abdulka-
dir SA. Interactions between cells with distinct
mutations in ¢-MYC and Pten in prostate can-
cer. PLoS Genet 2009; 5: €1000542.

Wang J, Kim J, Roh M, Franco OE, Hayward SW,
Wills ML and Abdulkadir SA. Pim1 kinase syn-
ergizes with c-MYC to induce advanced pros-
tate carcinoma. Oncogene 2010; 29: 2477-87.
Stoyanova T, Cooper AR, Drake JM, Liu X, Arm-
strong AJ, Pienta KJ, Zhang H, Kohn DB, Huang

2095

[75]

[76]

[(77]

(78]

[79]

(80]

(81]

(82]

J, Witte ON and Goldstein AS. Prostate cancer
originating in basal cells progresses to adeno-
carcinoma propagated by luminal-like cells.
Proc Natl Acad Sci U S A 2013; 110: 20111-6.
Clegg NJ, Couto SS, Wongvipat J, Hieronymus
H, Carver BS, Taylor BS, Ellwood-Yen K, Gerald
WL, Sander C and Sawyers CL. MYC cooper-
ates with AKT in prostate tumorigenesis and
alters sensitivity to mTOR inhibitors. PLoS One
2011; 6: e17449.

Kim J, Roh M, Doubinskaia |, Algarroba GN, EI-
toum IE and Abdulkadir SA. A mouse model of
heterogeneous, c-MYC-initiated prostate can-
cer with loss of Pten and p53. Oncogene 2012;
31: 322-32.

Beltran H, Rickman DS, Park K, Chae SS,
Sboner A, MacDonald TY, Wang Y, Sheikh KL,
Terry S, Tagawa ST, Dhir R, Nelson JB, de la
Taille A, Allory Y, Gerstein MB, Perner S, Pienta
KJ, Chinnaiyan AM, Wang Y, Collins CC, Gleave
ME, Demichelis F, Nanus DM and Rubin MA.
Molecular characterization of neuroendocrine
prostate cancer and identification of new drug
targets. Cancer Discov 2011; 1: 487-95.

Lee JK, Phillips JW, Smith BA, Park JW, Stoya-
nova T, McCaffrey EF, Baertsch R, Sokolov A,
Meyerowitz JG, Mathis C, Cheng D, Stuart JM,
Shokat KM, Gustafson WC, Huang J and Witte
ON. N-myc drives neuroendocrine prostate
cancer initiated from human prostate epitheli-
al cells. Cancer Cell 2016; 29: 536-47.
Dardenne E, Beltran H, Benelli M, Gayvert K,
Berger A, Puca L, Cyrta J, Sboner A, Noorzad Z,
MacDonald T, Cheung C, Yuen KS, Gao D, Chen
Y, Eilers M, Mosquera JM, Robinson BD, Ele-
mento O, Rubin MA, Demichelis F and Rick-
man DS. N-Myc induces an EZH2-mediated
transcriptional program driving neuroendo-
crine prostate cancer. Cancer Cell 2016; 30:
563-77.

He WW, Sciavolino PJ, Wing J, Augustus M,
Hudson P, Meissner PS, Curtis RT, Shell BK,
Bostwick DG, Tindall DJ, Gelmann EP, Abate-
Shen C and Carter KC. A novel human pros-
tate-specific, androgen-regulated homeobox
gene (NKX3. 1) that maps to 8p21, a region
frequently deleted in prostate cancer. Genom-
ics 1997; 43: 69-77.

Emmert-Buck MR, Vocke CD, Pozzatti RO, Du-
ray PH, Jennings SB, Florence CD, Zhuang Z,
Bostwick DG, Liotta LA and Linehan WM. Allelic
loss on chromosome 8p12-21 in microdissect-
ed prostatic intraepithelial neoplasia. Cancer
Res 1995; 55: 2959-62.

Asatiani E, Huang WX, Wang A, Rodriguez Ort-
ner E, Cavalli LR, Haddad BR and Gelmann EP.
Deletion, methylation, and expression of the
NKX3. 1 suppressor gene in primary human
prostate cancer. Cancer Res 2005; 65: 1164-
73.

Am J Cancer Res 2019;9(10):2079-2102



(83]

(84]

[85]

(86]

[87]

(88]

[89]

[90]

[91]

[92]

(93]

[94]

Prostate cancer mouse model review

Debelec-Butuner B, Bostanci A, Ozcan F, Sin-
gin O, Karamil S, Aslan M, Roggenbuck D and
Korkmaz KS. Loss of NKX3. 1 expression in hu-
man prostate cancers correlates with tumor
progressionl, 2. Cancer Invest 2019; 37: 113-
126.

Bhatia-Gaur R, Donjacour AA, Sciavolino PJ,
Kim M, Desai N, Young P, Norton CR, Gridley T,
Cardiff RD, Cunha GR, Abate-Shen C and Shen
MM. Roles for Nkx3.1 in prostate development
and cancer. Genes Dev 1999; 13: 966-77.
Kim MJ, Bhatia-Gaur R, Banach-Petrosky WA,
Desai N, Wang Y, Hayward SW, Cunha GR, Car-
diff RD, Shen MM and Abate-Shen C. Nkx3.1
mutant mice recapitulate early stages of pros-
tate carcinogenesis. Cancer Res 2002; 62:
2999-3004.

Abdulkadir SA, Magee JA, Peters TJ, Kaleem Z,
Naughton CK, Humphrey PA and Milbrandt J.
Conditional loss of Nkx3.1 in adult mice induc-
es prostatic intraepithelial neoplasia. Mol Cell
Biol 2002; 22: 1495-503.

Song H, Zhang B, Watson MA, Humphrey PA,
Lim H and Milbrandt J. Loss of Nkx3.1 leads to
the activation of discrete downstream target
genes during prostate tumorigenesis. Onco-
gene 2009; 28: 3307-19.

Magee JA, Abdulkadir SA and Milbrandt J. Hap-
loinsufficiency at the Nkx3.1 locus. A paradigm
for stochastic, dosage-sensitive gene regula-
tion during tumor initiation. Cancer Cell 2003;
3:273-83.

Kim MJ, Cardiff RD, Desai N, Banach-Petrosky
WA, Parsons R, Shen MM and Abate-Shen C.
Cooperativity of Nkx3.1 and Pten loss of func-
tion in a mouse model of prostate carcinogen-
esis. Proc Natl Acad Sci U S A 2002; 99: 2884-
9.

Ouyang X, DeWeese TL, Nelson WG and Abate-
Shen C. Loss-of-function of Nkx3.1 promotes
increased oxidative damage in prostate carci-
nogenesis. Cancer Res 2005; 65: 6773-9.
Abate-Shen C, Banach-Petrosky WA, Sun X,
Economides KD, Desai N, Gregg JP, Borowsky
AD, Cardiff RD and Shen MM. Nkx3.1; Pten
mutant mice develop invasive prostate adeno-
carcinoma and lymph node metastases. Can-
cer Res 2003; 63: 3886-90.

Gao H, Ouyang X, Banach-Petrosky WA, Shen
MM and Abate-Shen C. Emergence of andro-
gen independence at early stages of prostate
cancer progression in Nkx3.1; Pten mice. Can-
cer Res 2006; 66: 7929-33.

Xie Q and Wang ZA. Transcriptional regulation
of the Nkx3.1 gene in prostate luminal stem
cell specification and cancer initiation via its 3’
genomic region. J Biol Chem 2017; 292:
13521-13530.

Lei Q, Jiao J, Xin L, Chang CJ, Wang S, Gao J,
Gleave ME, Witte ON, Liu X and Wu H. NKX3.1

2096

stabilizes p53, inhibits AKT activation, and
blocks prostate cancer initiation caused by
PTEN loss. Cancer Cell 2006; 9: 367-78.

[95] Kumar-Sinha C, Tomlins SA and Chinnaiyan
AM. Recurrent gene fusions in prostate cancer.
Nat Rev Cancer 2008; 8: 497-511.

[96] Demichelis F, Fall K, Perner S, Andrén O,
Schmidt F, Setlur SR, Hoshida Y, Mosquera JM,
Pawitan Y, Lee C and Adami HO. TMPRSS2:
ERG gene fusion associated with lethal pros-
tate cancer in a watchful waiting cohort. Onco-
gene 2007; 26: 4596.

[97] Tomlins SA, Rhodes DR, Perner S, Dhanasek-
aran SM, Mehra R, Sun XW, Varambally S, Cao
X, Tchinda J, Kuefer R, Lee C, Montie JE, Shah
RB, Pienta KJ, Rubin MA and Chinnaiyan AM.
Recurrent fusion of TMPRSS2 and ETS tran-
scription factor genes in prostate cancer. Sci-
ence 2005; 310: 644-8.

[98] Tomlins SA, Laxman B, Dhanasekaran SM, Hel-
geson BE, Cao X, Morris DS, Menon A, Jing X,
Cao Q, Han B, Yu J, Wang L, Montie JE, Rubin
MA, Pienta KJ, Roulston D, Shah RB, Varambal-
ly S, Mehra R and Chinnaiyan AM. Distinct
classes of chromosomal rearrangements cre-
ate oncogenic ETS gene fusions in prostate
cancer. Nature 2007; 448: 595-9.

[99] Shin S, Kim TD, Jin F, van Deursen JM, Dehm
SM, Tindall DJ, Grande JP, Munz JM, Vasmatzis
G and Janknecht R. Induction of prostatic in-
traepithelial neoplasia and modulation of an-
drogen receptor by ETS variant 1/ETS-related
protein 81. Cancer Res 2009; 69: 8102-10.

[100] Klezovitch O, Risk M, Coleman |, Lucas JM, Null
M, True LD, Nelson PS and Vasioukhin V. A
causal role for ERG in neoplastic transforma-
tion of prostate epithelium. Proc Natl Acad Sci
U S A 2008; 105: 2105-10.

[101] Nguyen LT, Tretiakova MS, Silvis MR, Lucas J,
Klezovitch O, Coleman |, Bolouri H, Kutyavin VI,
Morrissey C, True LD, Nelson PS and Vasioukh-
in V. ERG activates the YAP1 transcriptional
program and induces the development of age-
related prostate tumors. Cancer Cell 2015; 27:
797-808.

[102] Carver BS, Tran J, Chen Z, Carracedo-Perez A,
Alimonti A, Nardella C, Gopalan A, Scardino PT,
Cordon-Cardo C, Gerald W and Pandolfi PP.
ETS rearrangements and prostate cancer initi-
ation. Nature 2009; 457: E1; discussion E2-3.

[103] Carver BS, Tran J, Gopalan A, Chen Z, Shaikh S,
Carracedo A, Alimonti A, Nardella C, Varmeh S,
Scardino PT, Cordon-Cardo C, Gerald W and
Pandolfi PP. Aberrant ERG expression cooper-
ates with loss of PTEN to promote cancer pro-
gression in the prostate. Nat Genet 2009; 41.:
619-24.

[104] Chen Y, Chi P, Rockowitz S, laquinta PJ, Shamu
T, Shukla S, Gao D, Sirota I, Carver BS, Wong-
vipat J, Scher HI, Zheng D and Sawyers CL. ETS

Am J Cancer Res 2019;9(10):2079-2102



Prostate cancer mouse model review

factors reprogram the androgen receptor cis-
trome and prime prostate tumorigenesis in re-
sponse to PTEN loss. Nat Med 2013; 19:
1023-9.

[105] Baena E, Shao Z, Linn DE, Glass K, Hamblen
MJ, Fujiwara Y, Kim J, Nguyen M, Zhang X, Go-
dinho FJ, Bronson RT, Mucci LA, Loda M, Yuan
GC, Orkin SH and Li Z. ETV1 directs androgen
metabolism and confers aggressive prostate
cancer in targeted mice and patients. Genes
Dev 2013; 27: 683-98.

[106] King JC, Xu J, Wongvipat J, Hieronymus H, Carv-
er BS, Leung DH, Taylor BS, Sander C, Cardiff
RD, Couto SS, Gerald WL and Sawyers CL. Co-
operativity of TMPRSS2-ERG with PI3-kinase
pathway activation in prostate oncogenesis.
Nature genetics. Nat Genet 2009; 41: 524-6.

[107] Casey OM, Fang L, Hynes PG, Abou-Kheir WG,
Martin PL, Tillman HS, Petrovics G, Awwad HO,
Ward Y, Lake R, Zhang L and Kelly K. TM-
PRSS2- driven ERG expression in vivo increas-
es self-renewal and maintains expression in a
castration resistant subpopulation. PLoS One
2012; 7: e41668.

[108] Yoshimoto M, Joshua AM, Cunha IW, Coudry
RA, Fonseca FP, Ludkovski O, Zielenska M,
Soares FA and Squire JA. Absence of TM-
PRSS2: ERG fusions and PTEN losses in pros-
tate cancer is associated with a favorable out-
come. Mod Pathol 2008; 21: 1451-60.

[109] Hermans KG, van Marion R, van Dekken H,
Jenster G, van Weerden WM and Trapman J.
TMPRSS2: ERG fusion by translocation or in-
terstitial deletion is highly relevant in andro-
gen-dependent prostate cancer, but is by-
passed in late-stage androgen receptor-
negative prostate cancer. Cancer Res 2006;
66: 10658-63.

[110] Perner S, Demichelis F, Beroukhim R, Schmidt
FH, Mosquera JM, Setlur S, Tchinda J, Tomlins
SA, Hofer MD, Pienta KG, Kuefer R, Vessella R,
Sun XW, Meyerson M, Lee C, Sellers WR, Chin-
naiyan AM and Rubin MA. TMPRSS2:ERG fu-
sion-associated deletions provide insight into
the heterogeneity of prostate cancer. Cancer
Res 2006; 66: 8337-41.

[111] Linn DE, Penney KL, Bronson RT, Mucci LA and
Li Z. Deletion of interstitial genes between TM-
PRSS2 and ERG promotes prostate cancer pro-
gression. Cancer Res 2016; 76: 1869-81.

[112] Kan Z, Jaiswal BS, Stinson J, Janakiraman V,
Bhatt D, Stern HM, Yue P, Haverty PM, Bourgon
R, Zheng J, Moorhead M, Chaudhuri S, Tomsho
LP, Peters BA, Pujara K, Cordes S, Davis DP,
Carlton VE, Yuan W, Li L, Wang W, Eigenbrot C,
Kaminker JS, Eberhard DA, Waring P, Schuster
SC, Modrusan Z, Zhang Z, Stokoe D, de Sau-
vage FJ, Faham M and Seshagiri S. Diverse so-
matic mutation patterns and pathway altera-

2097

tions in human cancers. Nature 2010; 466:
869-73.

[113] Blattner M, Lee DJ, O'Reilly C, Park K, MacDon-
ald TY, Khani F, Turner KR, Chiu YL, Wild PJ,
Dolgalev I, Heguy A, Sboner A, Ramazangolu S,
Hieronymus H, Sawyers C, Tewari AK, Moch H,
Yoon GS, Known YC, Andrén O, Fall K, Demi-
chelis F, Mosquera JM, Robinson BD, Barbieri
CE and Rubin MA. SPOP mutations in prostate
cancer across demographically diverse patient
cohorts. Neoplasia 2014; 16: 14-20.

[114] Boysen G, Barbieri CE, Prandi D, Blattner M,
Chae SS, Dahija A, Nataraj S, Huang D, Marotz
C, Xu L, Huang J, Lecca P, Chhangawala S, Liu
D, Zhou P, Sboner A, de Bono JS, Demichelis F,
Houvras Y and Rubin MA. SPOP mutation leads
to genomic instability in prostate cancer. Elife
2015; 4.

[115] Geng C, Kaochar S, Li M, Rajapakshe K, Fiskus
W, Dong J, Foley C, Dong B, Zhang L, Kwon 0J,
Shah SS, Bolaki M, Xin L, Ittmann M, O’Malley
BW, Coarfa C and Mitsiades N. SPOP regulates
prostate epithelial cell proliferation and pro-
motes ubiquitination and turnover of c-MYC
oncoprotein. Oncogene 2017; 36: 4767-77.

[116] Blattner M, Liu D, Robinson BD, Huang D, Po-
liakov A, Gao D, Nataraj S, Deonarine LD, Aug-
ello MA, Sailer V, Ponnala L, Ittmann M, Chin-
naiyan AM, Sboner A, Chen Y, Rubin MA and
Barbieri CE. SPOP mutation drives prostate tu-
morigenesis in vivo through coordinate regula-
tion of PIBK/mTOR and AR signaling. Cancer
Cell 2017; 31: 436-51.

[117] Gan W, Dai X, Lunardi A, Li Z, Inuzuka H, Liu P,
Varmeh S, Zhang J, Cheng L, Sun 'Y, Asara JM,
Beck AH, Huang J, Pandolfi PP and Wei W.
SPOP promotes ubiquitination and degrada-
tion of the ERG oncoprotein to suppress pros-
tate cancer progression. Mol Cell 2015; 59:
917-30.

[118] An J, Ren S, Murphy SJ, Dalangood S, Chang C,
Pang X, Cui Y, Wang L, Pan Y, Zhang X, Zhu Y,
Wang C, Halling GC, Cheng L, Sukov WR,
Karnes RJ, Vasmatzis G, Zhang Q, Zhang J,
Cheville JC, Yan J, Sun Y and Huang H. Trun-
cated ERG oncoproteins from TMPRSS2-ERG
fusions are resistant to SPOP-mediated protea-
some degradation. Mol Cell 2015; 59: 904-16.

[119] Shoag J, Liu D, Blattner M, Sboner A, Park K,
Deonarine L, Robinson BD, Mosquera JM,
ChenY, Rubin MA and Barbieri CE. SPOP muta-
tion drives prostate neoplasia without stabiliz-
ing oncogenic transcription factor ERG. J Clin
Invest 2018; 128: 381-6.

[120] Nelson WJ and Nusse R. Convergence of Wnt,
beta-catenin, and cadherin pathways. Science
2004; 303: 1483-7.

[121] Anastas JN and Moon RT. WNT signalling path-
ways as therapeutic targets in cancer. Nat Rev
Cancer 2013; 13: 11-26.

Am J Cancer Res 2019;9(10):2079-2102



Prostate cancer mouse model review

[122] Harada N, Tamai Y, Ishikawa T, Sauer B, Takaku
K, Oshima M and Taketo MM. Intestinal polypo-
sis in mice with a dominant stable mutation of
the beta-catenin gene. EMBO J 1999; 18:
5931-42.

[123] Gounari F, Signoretti S, Bronson R, Klein L,
Sellers WR, Kum J, Siermann A, Taketo MM,
von Boehmer H and Khazaie K. Stabilization of
beta-catenin induces lesions reminiscent of
prostatic intraepithelial neoplasia, but termi-
nal squamous transdifferentiation of other se-
cretory epithelia. Oncogene 2002; 21: 4099-
107.

[124] Bierie B, Nozawa M, Renou JP, Shillingford JM,
Morgan F, Oka T, Taketo MM, Cardiff RD, Miyo-
shi K, Wagner KU, Robinson GW and Henni-
ghausen L. Activation of beta-catenin in pros-
tate epithelium induces hyperplasias and
squamous transdifferentiation. Oncogene
2003; 22: 3875-87.

[125] Yu X, Wang Y, Jiang M, Bierie B, Roy-Burman P,
Shen MM, Taketo MM, Wills M and Matusik RJ.
Activation of beta-Catenin in mouse prostate
causes HGPIN and continuous prostate growth
after castration. Prostate 2009; 69: 249-62.

[126] Yu X, Wang Y, DeGraff DJ, Wills ML and Matusik
RJ. Wnt/beta-catenin activation promotes
prostate tumor progression in a mouse model.
Oncogene 2011; 30: 1868-79.

[127] Pearson HB, Phesse TJ and Clarke AR. K-ras
and Wnt signaling synergize to accelerate
prostate tumorigenesis in the mouse. Cancer
Res 2009; 69: 94-101.

[128] He Y, Hooker E, Yu EJ, Cunha GR, Liao L, Xu J,
Earl A, Wu H, Gonzalgo ML and Sun Z. Andro-
gen signaling is essential for development of
prostate cancer initiated from prostatic basal
cells. Oncogene 2019; 38: 2337-50.

[129] Francis JC, Thomsen MK, Taketo MM and
Swain A. Beta-catenin is required for prostate
development and cooperates with Pten loss to
drive invasive carcinoma. PLoS Genet 2013; 9:
€1003180.

[130] Bruxvoort KJ, Charbonneau HM, Giambernardi
TA, Goolsby JC, Qian CN, Zylstra CR, Robinson
DR, Roy-Burman P, Shaw AK, Buckner-Ber-
ghuis BD, Sigler RE, Resau JH, Sullivan R,
Bushman W and Williams BO. Inactivation of
Apc in the mouse prostate causes prostate car-
cinoma. Cancer Res 2007; 67: 2490-6.

[131] Shahi P, Park D, Pond AC, Seethammagari M,
Chiou SH, Cho K, Carstens JL, Decker WK, Mc-
Crea PD, Ittmann MM, Rosen JM and Spencer
DM. Activation of Wnt signaling by chemically
induced dimerization of LRP5 disrupts cellular
homeostasis. PLoS One 2012; 7: e30814.

[132] Zong Y, Huang J, Sankarasharma D, Morikawa
T, Fukayama M, Epstein JI, Chada KK and Witte
ON. Stromal epigenetic dysregulation is suffi-

2098

cient to initiate mouse prostate cancer via
paracrine Wnt signaling. Proc Natl Acad Sci U S
A 2012; 109: E3395-404.

[133] Li X, Placencio V, lturregui JM, Uwamariya C,
Sharif-Afshar AR, Koyama T, Hayward SW and
Bhowmick NA. Prostate tumor progression is
mediated by a paracrine TGF-beta/Wnt3a sig-
naling axis. Oncogene 2008; 27: 7118-30.

[134] McKay MM and Morrison DK. Integrating sig-
nals from RTKs to ERK/MAPK. Oncogene
2007; 26: 3113-21.

[135] Agell L, Hernandez S, Salido M, de Muga S,
Juanpere N, Arumi-Uria M, Menendez S, Lo-
renzo M, Lorente JA, Serrano S and Lloreta J.
PI3K signaling pathway is activated by PIK3CA
MRNA overexpression and copy gain in pros-
tate tumors, but PIK3CA, BRAF, KRAS and
AKT1 mutations are infrequent events. Mod
Pathol 2011; 24: 443-52.

[136] Scherl A, Li JF, Cardiff RD and Schreiber-Agus
N. Prostatic intraepithelial neoplasia and intes-
tinal metaplasia in prostates of probasin-RAS
transgenic mice. Prostate 2004; 59: 448-59.

[137] Jeong JH, Wang Z, Guimaraes AS, Ouyang X,
Figueiredo JL, Ding Z, Jiang S, Guney |, Kang
GH, Shin E, Hahn WC, Loda MF, Abate-Shen C,
Weissleder R and Chin L. BRAF activation initi-
ates but does not maintain invasive prostate
adenocarcinoma. PLoS One 2008; 3: €3949.

[138] Mulholland DJ, Kobayashi N, Ruscetti M, Zhi A,
Tran LM, Huang J, Gleave M and Wu H. Pten
loss and RAS/MAPK activation cooperate to
promote EMT and metastasis initiated from
prostate cancer stem/progenitor cells. Cancer
Res 2012; 72: 1878-89.

[139] Castellano E and Downward J. RAS Interaction
with PI3K: more than just another effector
pathway. Genes Cancer 2011; 2: 261-74.

[140] Pylayeva-Gupta Y, Grabocka E and Bar-Sagi D.
RAS oncogenes: weaving a tumorigenic web.
Nat Rev Cancer 2011; 11: 761-74.

[141] Ruscetti M, Quach B, Dadashian EL, Mulhol-
land DJ and Wu H. Tracking and functional
characterization of epithelial-mesenchymal
transition and mesenchymal tumor cells dur-
ing prostate cancer metastasis. Cancer Res
2015; 75: 2749-59.

[142] Ruscetti M, Dadashian EL, Guo W, Quach B,
Mulholland DJ, Park JW, Tran LM, Kobayashi N,
Bianchi-Frias D, Xing Y, Nelson PS and Wu H.
HDAC inhibition impedes epithelial-mesenchy-
mal plasticity and suppresses metastatic, cas-
tration-resistant prostate cancer. Oncogene
2016; 35: 3781-95.

[143] Aytes A, Mitrofanova A, Kinkade CW, Lefebvre
C, Lei M, Phelan V, LeKaye HC, Koutcher JA,
Cardiff RD, Califano A, Shen MM and Abate-
Shen C. ETV4 promotes metastasis in re-
sponse to activation of PI3-kinase and Ras

Am J Cancer Res 2019;9(10):2079-2102



Prostate cancer mouse model review

signaling in a mouse model of advanced pros-
tate cancer. Proc Natl Acad Sci U S A 2013;
110: E3506-15.

[144] Carracedo A, Ma L, Teruya-Feldstein J, Rojo F,
Salmena L, Alimonti A, Egia A, Sasaki AT,
Thomas G, Kozma SC, Papa A, Nardella C,
Cantley LC, Baselga J and Pandolfi PP. Inhibi-
tion of MTORC1 leads to MAPK pathway activa-
tion through a PI3K-dependent feedback loop
in human cancer. J Clin Invest 2008; 118:
3065-74.

[145] Chen M, Zhang J, Sampieri K, Clohessy JG,
Mendez L, Gonzalez-Billalabeitia E, Liu XS, Lee
YR, Fung J, Katon JM, Menon AV, Webster KA,
Ng C, Palumbieri MD, Diolombi MS, Breitkopf
SB, Teruya-Feldstein J, Signoretti S, Bronson
RT, Asara JM, Castillo-Martin M, Cordon-Cardo
C and Pandolfi PP. An aberrant SREBP-depen-
dent lipogenic program promotes metastatic
prostate cancer. Nat Genet 2018; 50: 206-
218.

[146] Turner N and Grose R. Fibroblast growth factor
signalling: from development to cancer. Nat
Rev Cancer 2010; 10: 116-29.

[147] Babina IS and Turner NC. Advances and chal-
lenges in targeting FGFR signalling in cancer.
Nat Rev Cancer 2017; 17: 318-32.

[148] Memarzadeh S, Xin L, Mulholland DJ, Man-
sukhani A, Wu H, Teitell MA and Witte ON. En-
hanced paracrine FGF10 expression promotes
formation of multifocal prostate adenocarci-
noma and an increase in epithelial androgen
receptor. Cancer Cell 2007; 12: 572-85.

[149] Memarzadeh S, Cai H, Janzen DM, Xin L, Lu-
kacs R, Riedinger M, Zong Y, DeGendt K, Ver-
hoeven G, Huang J and Witte ON. Role of au-
tonomous androgen receptor signaling in
prostate cancer initiation is dichotomous and
depends on the oncogenic signal. Proc Natl
Acad Sci US A 2011; 108: 7962-7.

[150] Li Q, Ingram L, Kim S, Beharry Z, Cooper JA and
Cai H. Paracrine fibroblast growth factor initi-
ates oncogenic synergy with epithelial FGFR/
Src transformation in prostate tumor progres-
sion. Neoplasia 2018; 20: 233-43.

[151] Lukacs RU, Memarzadeh S, Wu H and Witte
ON. Bmi-1 is a crucial regulator of prostate
stem cell self-renewal and malignant transfor-
mation. Cell Stem Cell 2010; 7: 682-93.

[152] Foster BA, Evangelou A, Gingrich JR, Kaplan PJ,
DeMayo F and Greenberg NM. Enforced ex-
pression of FGF-7 promotes epithelial hyper-
plasia whereas a dominant negative FGFR2iiib
promotes the emergence of neuroendocrine
phenotype in prostate glands of transgenic
mice. Differentiation 2002; 70: 624-32.

[153] Song Z, Wu X, Powell WC, Cardiff RD, Cohen
MB, Tin RT, Matusik RJ, Miller GJ and Roy-Bur-
man P. Fibroblast growth factor 8 isoform B
overexpression in prostate epithelium: a new

2099

mouse model for prostatic intraepithelial neo-
plasia. Cancer Res 2002; 62: 5096-105.

[154] Wang F, McKeehan K, Yu C, Ittmann M and
McKeehan WL. Chronic activity of ectopic type
1 fibroblast growth factor receptor tyrosine ki-
nase in prostate epithelium results in hyper-
plasia accompanied by intraepithelial neopla-
sia. Prostate 2004; 58: 1-12.

[155] Jin C, McKeehan K, Guo W, Jauma S, Ittmann
MM, Foster B, Greenberg NM, McKeehan WL
and Wang F. Cooperation between ectopic
FGFR1 and depression of FGFR2 in induction
of prostatic intraepithelial neoplasia in the
mouse prostate. Cancer Res 2003; 63: 8784-
90.

[156] Freeman KW, Welm BE, Gangula RD, Rosen
JM, Ittmann M, Greenberg NM and Spencer
DM. Inducible prostate intraepithelial neopla-
sia with reversible hyperplasia in conditional
FGFR1-expressing mice. Cancer Res 2003;
63: 8256-63.

[157] Acevedo VD, Gangula RD, Freeman KW, Li R,
Zhang Y, Wang F, Ayala GE, Peterson LE, Itt-
mann M and Spencer DM. Inducible FGFR-1
activation leads to irreversible prostate adeno-
carcinoma and an epithelial-to-mesenchymal
transition. Cancer Cell 2007; 12: 559-71.

[158] Zhong C, Saribekyan G, Liao CP, Cohen MB and
Roy-Burman P. Cooperation between FGF8b
overexpression and PTEN deficiency in pros-
tate tumorigenesis. Cancer Res 2006; 66:
2188-94.

[159] Carstens JL, Shahi P, Van Tsang S, Smith B,
Creighton CJ, Zhang Y, Seamans A, Seetham-
magari M, Vedula [, Levitt JM, Ittmann MM,
Rowley DR and Spencer DM. FGFR1-WNT-TGF-
beta signaling in prostate cancer mouse mod-
els recapitulates human reactive stroma. Can-
cer Res 2014; 74: 609-20.

[160] Bluemn EG, Coleman IM, Lucas JM, Coleman
RT, Hernandez-Lopez S, Tharakan R, Bianchi-
Frias D, Dumpit RF, Kaipainen A, Corella AN,
Yang YC, Nyquist MD, Mostaghel E, Hsieh AC,
Zhang X, Corey E, Brown LG, Nguyen HM, Pi-
enta K, Ittmann M, Schweizer M, True LD, Wise
D, Rennie PS, Vessella RL, Morrissey C and
Nelson PS. Androgen receptor pathway-inde-
pendent prostate cancer is sustained through
FGF signaling. Cancer Cell 2017; 32: 474-89,
e6.

[161] Sherr CJ and McCormick F. The RB and p53
pathways in cancer. Cancer Cell 2002; 2: 103-
12.

[162] Harris SL and Levine AJ. The p53 pathway:
positive and negative feedback loops. Onco-
gene 2005; 24: 2899-908.

[163] Bookstein R, MacGrogan D, Hilsenbeck SG,
Sharkey F and Allred DC. p53 is mutated in a
subset of advanced-stage prostate cancers.
Cancer Res 1993; 53: 3369-73.

Am J Cancer Res 2019;9(10):2079-2102



Prostate cancer mouse model review

[164] Schlomm T, lwers L, Kirstein P, Jessen B, Koll-
ermann J, Minner S, Passow-Drolet A, Mirlach-
er M, Milde-Langosch K, Graefen M, Haese A,
Steuber T, Simon R, Huland H, Sauter G and
Erbersdobler A. Clinical significance of p53 al-
terations in surgically treated prostate can-
cers. Mod Pathol 2008; 21: 1371-8.

[165] Qian J, Hirasawa K, Bostwick DG, Bergstralh
EJ, Slezak JM, Anderl KL, Borell TJ, Lieber MM
and Jenkins RB. Loss of p53 and c-myc over-
representation in stage T(2-3)N(1-3)M(0O) pros-
tate cancer are potential markers for cancer
progression. Mod Pathol 2002; 15: 35-44.

[166] Navone NM, Labate ME, Troncoso P, Pisters LL,
Conti CJ, von Eschenbach AC and Logothetis
CJ. p53 mutations in prostate cancer bone me-
tastases suggest that selected p53 mutants in
the primary site define foci with metastatic po-
tential. J Urol 1999; 161: 304-8.

[167] Mirchandani D, Zheng J, Miller GJ, Ghosh AK,
Shibata DK, Cote RJ and Roy-Burman P. Het-
erogeneity in intratumor distribution of p53
mutations in human prostate cancer. Am J
Pathol 1995; 147: 92-101.

[168] Muller PA and Vousden KH. p53 mutations in
cancer. Nat Cell Biol 2013; 15: 2-8.

[169] Zhou Z, Flesken-Nikitin A, Corney DC, Wang W,
Goodrich DW, Roy-Burman P and Nikitin AY.
Synergy of p53 and Rb deficiency in a condi-
tional mouse model for metastatic prostate
cancer. Cancer Res 2006; 66: 7889-98.

[170] Elgavish A, Wood PA, Pinkert CA, Eltoum IE,
Cartee T, Wilbanks J, Mentor-Marcel R, Tian L
and Scroggins SE. Transgenic mouse with hu-
man mutant p53 expression in the prostate
epithelium. Prostate 2004; 61: 26-34.

[171] Vinall RL, Chen JQ, Hubbard NE, Sulaimon SS,
Shen MM, Devere White RW and Borowsky AD.
Initiation of prostate cancer in mice by Tp-
53R270H: evidence for an alternative molecu-
lar progression. Dis Model Mech 2012; 5: 914-
20.

[172] Wang L, Xiong H, Wu F, Zhang Y, Wang J, Zhao
L, Guo X, Chang LJ, Zhang Y, You MJ, Koochek-
pour S, Saleem M, Huang H, Lu J and Deng Y.
Hexokinase 2-mediated Warburg effect is re-
quired for PTEN- and p53-deficiency-driven
prostate cancer growth. Cell Rep 2014; 8:
1461-74.

[173] Phillips SM, Barton CM, Lee SJ, Morton DG,
Wallace DM, Lemoine NR and Neoptolemos JP.
Loss of the retinoblastoma susceptibility gene
(RB1) is a frequent and early event in prostatic
tumorigenesis. Br J Cancer 1994; 70: 1252-7.

[174] Ittmann MM and Wieczorek R. Alterations of
the retinoblastoma gene in clinically localized,
stage B prostate adenocarcinomas. Hum
Pathol 1996; 27: 28-34.

[175] Beltran H, Prandi D, Mosquera JM, Benelli M,
Puca L, Cyrta J, Marotz C, Giannopoulou E,

2100

Chakravarthi BV, Varambally S, Tomlins SA, Na-
nus DM, Tagawa ST, Van Allen EM, Elemento O,
Sboner A, Garraway LA, Rubin MA and Demi-
chelis F. Divergent clonal evolution of castra-
tion-resistant neuroendocrine prostate cancer.
Nat Med 2016; 22: 298-305.

[176] Maddison LA, Sutherland BW, Barrios RJ and
Greenberg NM. Conditional deletion of Rb
causes early stage prostate cancer. Cancer
Res 2004; 64: 6018-25.

[177] Greenberg NM, DeMayo F, Finegold MJ, Medi-
na D, Tilley WD, Aspinall JO, Cunha GR, Donja-
cour AA, Matusik RJ and Rosen JM. Prostate
cancer in a transgenic mouse. Proc Natl Acad
Sci US A 1995; 92: 3439-43.

[178] Gingrich JR, Barrios RJ, Morton RA, Boyce BF,
DeMayo FJ, Finegold MJ, Angelopoulou R,
Rosen JM and Greenberg NM. Metastatic pros-
tate cancer in a transgenic mouse. Cancer Res
1996; 56: 4096-102.

[179] Kasper S, Sheppard PC, Yan Y, Pettigrew N,
Borowsky AD, Prins GS, Dodd JG, Duckworth
ML and Matusik RJ. Development, progres-
sion, and androgen-dependence of prostate
tumors in probasin-large T antigen transgenic
mice: a model for prostate cancer. Lab Invest
1998; 78: 319-33.

[180] Lane DP and Crawford LV. T antigen is bound to
a host protein in SV40-transformed cells. Na-
ture 1979; 278: 261-3.

[181] Linzer DI and Levine AJ. Characterization of a
54K dalton cellular SV40 tumor antigen pres-
ent in SV40-transformed cells and uninfected
embryonal carcinoma cells. Cell 1979; 17: 43-
52.

[182] DeCaprio JA, Ludlow JW, Figge J, Shew JY,
Huang CM, Lee WH, Marsilio E, Paucha E and
Livingston DM. SV40 large tumor antigen
forms a specific complex with the product of
the retinoblastoma susceptibility gene. Cell
1988; 54: 275-83.

[183] Chiaverotti T, Couto SS, Donjacour A, Mao JH,
Nagase H, Cardiff RD, Cunha GR and Balmain
A. Dissociation of epithelial and neuroendo-
crine carcinoma lineages in the transgenic ad-
enocarcinoma of mouse prostate model of
prostate cancer. Am J Pathol 2008; 172: 236-
46.

[184] Kaplan-Lefko PJ, Chen TM, Ittmann MM, Barri-
os RJ, Ayala GE, Huss WJ, Maddison LA, Foster
BA and Greenberg NM. Pathobiology of au-
tochthonous prostate cancer in a pre-clinical
transgenic mouse model. Prostate 2003; 55:
219-37.

[185] Zhou Z, Flesken-Nikitin A and Nikitin AY. Pros-
tate cancer associated with p53 and Rb defi-
ciency arises from the stem/progenitor cell-
enriched proximal region of prostatic ducts.
Cancer Res 2007; 67: 5683-90.

Am J Cancer Res 2019;9(10):2079-2102



Prostate cancer mouse model review

[186] Ku SY, Rosario S, Wang Y, Mu P, Seshadri M,
Goodrich ZW, Goodrich MM, Labbé DP, Gomez
EC, Wang J, Long HW, Xu B, Brown M, Loda M,
Sawyers CL, Ellis L and Goodrich DW. Rb1 and
Trp53 cooperate to suppress prostate cancer
lineage plasticity, metastasis, and antiandro-
gen resistance. Science 2017; 355: 78-83.

[187] Mu P, Zhang Z, Benelli M, Karthaus WR, Hoover
E, Chen CC, Wongyvipat J, Ku SY, Gao D, Cao Z,
Shah N, Adams EJ, Abida W, Watson PA, Prandi
D, Huang CH, de Stanchina E, Lowe SW, Ellis L,
Beltran H, Rubin MA, Goodrich DW, Demichelis
F and Sawyers CL. SOX2 promotes lineage
plasticity and antiandrogen resistance in
TP53- and RB1-deficient prostate cancer. Sci-
ence 2017; 355: 84-8.

[188] Xu J and Qiu Y. Role of androgen receptor
splice variants in prostate cancer metastasis.
Asian J Urol 2016; 3: 177-184.

[189] Takeda DY, Spisak S, Seo JH, Bell C, O’Connor
E, Korthauer K, Ribli D, Csabai I, Solymosi N,
Szallasi Z, Stillman DR, Cejas P, Qiu X, Long
HW, Tisza V, Nuzzo PV, Rohanizadegan M,
Pomerantz MM, Hahn WC and Freedman ML. A
somatically acquired enhancer of the andro-
gen receptor is a noncoding driver in advanced
prostate cancer. Cell 2018; 174: 422-32, e13.

[190] Stanbrough M, Leav |, Kwan PW, Bubley GJ and
Balk SP. Prostatic intraepithelial neoplasia in
mice expressing an androgen receptor trans-
gene in prostate epithelium. Proc Natl Acad Sci
US A2001; 98: 10823-8.

[191] Zhu C, Luong R, Zhuo M, Johnson DT, McKen-
ney JK, Cunha GR and Sun Z. Conditional ex-
pression of the androgen receptor induces on-
cogenic transformation of the mouse prostate.
J Biol Chem 2011; 286: 33478-88.

[192] Han G, Buchanan G, Ittmann M, Harris JM, Yu
X, Demayo FJ, Tilley W and Greenberg NM. Mu-
tation of the androgen receptor causes onco-
genic transformation of the prostate. Proc Natl
Acad Sci U S A 2005; 102: 1151-6.

[193] Han G, Foster BA, Mistry S, Buchanan G, Harris
JM, Tilley WD and Greenberg NM. Hormone
status selects for spontaneous somatic andro-
gen receptor variants that demonstrate spe-
cific ligand and cofactor dependent activities
in autochthonous prostate cancer. J Biol Chem
2001; 276: 11204-13.

[194] Liu G, Sprenger C, Sun S, Epilepsia KS, Haugk
K, Zhang X, Coleman |, Nelson PS and Plymate
S. AR variant ARv567es induces carcinogene-
sis in a novel transgenic mouse model of pros-
tate cancer. Neoplasia 2013; 15: 1009-17.

[195] Sun F, Chen HG, Li W, Yang X, Wang X, Jiang R,
Guo Z, Chen H, Huang J, Borowsky AD and Qiu
Y. Androgen receptor splice variant AR3 pro-
motes prostate cancer via modulating expres-
sion of autocrine/paracrine factors. J Biol
Chem 2014; 289: 1529-39.

2101

[196] Niu Y, Altuwaijri S, Lai KP, Wu CT, Ricke WA,
Messing EM, Yao J, Yeh S and Chang C. Andro-
gen receptor is a tumor suppressor and prolif-
erator in prostate cancer. Proc Natl Acad Sci U
S A2008; 105: 12182-7.

[197] Wu CT, Altuwaijri S, Ricke WA, Huang SP, Yeh S,
Zhang C, Niu Y, Tsai MY and Chang C. In-
creased prostate cell proliferation and loss of
cell differentiation in mice lacking prostate
epithelial androgen receptor. Proc Natl Acad
Sci US A 2007; 104: 12679-84.

[198] Chua CW, Epsi NJ, Leung EY, Xuan S, Lei M, Li
Bl, Bergren SK, Hibshoosh H, Mitrofanova A
and Shen MM. Differential requirements of an-
drogen receptor in luminal progenitors during
prostate regeneration and tumor initiation.
Elife 2018; 7.

[199] Zhang B, Kwon 0J, Henry G, Malewska A, Wei
X, Zhang L, Brinkley W, Zhang Y, Castro PD, Ti-
tus M, Chen R, Sayeeduddin M, Raj GV, Mauck
R, Roehrborn C, Creighton CJ, Strand DW, Itt-
mann MM and Xin L. Non-cell-autonomous
regulation of prostate epithelial homeostasis
by androgen receptor. Mol Cell 2016; 63: 976-
89.

[200] Lee SO, Tian J, Huang CK, Ma Z, Lai KP, Hsiao
H, Jiang M, Yeh S and Chang C. Suppressor
role of androgen receptor in proliferation of
prostate basal epithelial and progenitor cells. J
Endocrinol 2012; 213: 173-82.

[201] Yu S, Zhang C, Lin CC, Niu Y, Lai KP, Chang HC,
Yeh SD, Chang C and Yeh S. Altered prostate
epithelial development and IGF-1 signal in
mice lacking the androgen receptor in stromal
smooth muscle cells. Prostate 2011; 71: 517-
24,

[202] Welsh M, Moffat L, McNeilly A, Brownstein D,
Saunders PT, Sharpe RM and Smith LB.
Smooth muscle cell-specific knockout of an-
drogen receptor: a new model for prostatic dis-
ease. Endocrinology 2011; 152: 3541-51.

[203] Niu Y, Wang J, Shang Z, Huang SP, Shyr CR, Yeh
S and Chang C. Increased CK5/CK8-positive
intermediate cells with stromal smooth muscle
cell atrophy in the mice lacking prostate epi-
thelial androgen receptor. PLoS One 2011; 6:
e20202.

[204] Xie Q, Liu Y, Cai T, Horton C, Stefanson J and
Wang ZA. Dissecting cell-type-specific roles of
androgen receptor in prostate homeostasis
and regeneration through lineage tracing. Nat
Commun 2017; 8: 14284.

[205] Lai KP, Yamashita S, Vitkus S, Shyr CR, Yeh S
and Chang C. Suppressed prostate epithelial
development with impaired branching morpho-
genesis in mice lacking stromal fibromuscular
androgen receptor. Mol Endocrinol 2012; 26:
52-66.

[206] Wilson JD. The pathogenesis of benign pros-
tatic hyperplasia. Am J Med 1980; 68: 745-56.

Am J Cancer Res 2019;9(10):2079-2102



Prostate cancer mouse model review

[207] Xin L, Teitell MA, Lawson DA, Kwon A, Melling-
hoff IK and Witte ON. Progression of prostate
cancer by synergy of AKT with genotropic and
nongenotropic actions of the androgen recep-
tor. Proc Natl Acad Sci U S A 2006; 103: 7789-
94,

[208] Cai H, Memarzadeh S, Stoyanova T, Beharry Z,
Kraft AS and Witte ON. Collaboration of Kras
and androgen receptor signaling stimulates
EZH2 expression and tumor-propagating cells
in prostate cancer. Cancer Res 2012; 72:
4672-81.

[209] Zong Y, Xin L, Goldstein AS, Lawson DA, Teitell
MA and Witte ON. ETS family transcription fac-
tors collaborate with alternative signaling path-
ways to induce carcinoma from adult murine
prostate cells. Proc Natl Acad Sci U S A 2009;
106: 12465-70.

[210] Cai H, Babic I, Wei X, Huang J and Witte ON.
Invasive prostate carcinoma driven by c-Src
and androgen receptor synergy. Cancer Res
2011; 71: 862-72.

[211] Kim S, Alsaidan OA, Goodwin O, Li Q, Sulej-
mani E, Han Z, Bai A, Albers T, Beharry Z,
Zheng YG, Norris JS, Szulc ZM, Bielawska A,
Lebedyeva |, Pegan SD and Cai H. Blocking my-
ristoylation of Src inhibits its kinase activity
and suppresses prostate cancer progression.
Cancer Res 2017; 77: 6950-62.

2102

[212] Carver BS, Chapinski C, Wongvipat J, Hierony-
mus H, Chen Y, Chandarlapaty S, Arora VK, Le
C, Koutcher J, Scher H, Scardino PT, Rosen N
and Sawyers CL. Reciprocal feedback regula-
tion of PI3K and androgen receptor signaling
in PTEN-deficient prostate cancer. Cancer Cell
2011; 19: 575-86.

[213] Mulholland DJ, Tran LM, Li Y, Cai H, Morim A,
Wang S, Plaisier S, Garraway IP, Huang J, Grae-
ber TG and Wu H. Cell autonomous role of
PTEN in regulating castration-resistant pros-
tate cancer growth. Cancer Cell 2011; 19:
792-804.

[214] Lee SH, Johnson D, Luong R and Sun Z. Cross-
talking between androgen and PI3K/AKT sig-
naling pathways in prostate cancer cells. J Biol
Chem 2015; 290: 2759-68.

[215] Lee SH, Luong R, Johnson DT, Cunha GR, Rivi-
na L, Gonzalgo ML and Sun Z. Androgen signal-
ing is a confounding factor for beta-catenin-
mediated prostate tumorigenesis. Oncogene
2016; 35: 702-14.

[216] Svensson RU, Haverkamp JM, Thedens DR, Co-
hen MB, Ratliff TL and Henry MD. Slow disease
progression in a C57BL/6 pten-deficient mo-
use model of prostate cancer. Am J Pathol
2011; 179: 502-12.

Am J Cancer Res 2019;9(10):2079-2102





