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Castration-resistant prostate cancer is an incurable heterogene-
ous disease that is characterized by a complex multistep process 
involving different cellular and biochemical changes brought on 
by genetic and epigenetic alterations. These changes lead to the 
activation or overexpression of key survival pathways that also 
serve as potential therapeutic targets. Despite promising preclini-
cal results, molecular targeted therapies aimed at such signaling 
pathways have so far been dismal. In the present study, we used a 
PTEN-deficient mouse model of prostate cancer to show that plas-
ticity in castration-resistant tumors promotes therapeutic escape. 
Unlike castration-naïve tumors which depend on androgen recep-
tor and PI3K/AKT signal activation for growth and survival, cas-
tration-resistant tumors undergo phenotypic plasticity leading to 
increased intratumoral heterogeneity. These tumors attain highly 
heterogeneous phenotypes that are characterized by cancer cells 
relying on alternate signal transduction pathways for growth 
and survival, such as mitogen-activated protein kinase and janus 
kinase/signal transducer and activator of transcription, and los-
ing their dependence on PI3K signaling. These features thus 
enabled castration-resistant tumors to become insensitive to the 
therapeutic effects of PI3K/AKT targeted therapy. Overall, our 
findings provide evidence that androgen deprivation drives phe-
notypic plasticity in prostate cancer cells and implicate it as a cru-
cial contributor to therapeutic resistance in castration-resistant 
prostate cancer. Therefore, incorporating intratumoral heteroge-
neity in a dynamic tumor model as a part of preclinical efficacy 
determination could improve prediction for response and provide 
better rationale for the development of more effective therapies.

Introduction

Castration-resistant prostate cancer (CRPC) is an incurable disease 
that is causally related to continued transactivation of the androgen 
receptor (AR) despite the low androgen levels resulting from physi-
cal or chemical castration. AR is an important mediator of prostate 
cancer progression and considerable evidence exists to suggest that 
CRPC continues to depend on the AR signaling axis for continued 
cellular growth and survival (1). Activation of AR-regulated genes in 
CRPC indicates AR transcriptional activation, perhaps resulting from 
any number of alterations such as AR amplification/overexpression, 
AR mutations, intracrine AR production, sensitization to low levels 
of AR, by the overexpression of AR cofactors, constitutively active 

messenger RNA splice variants of AR, and crosstalk with pro-survival 
pathways (2,3). Furthermore, the deregulation of signal transduction 
pathways, resulting from oncogenic mutations, can lead to androgen 
independent proliferation of cancer cells therefore augmenting resist-
ance to AR-targeted therapies (4,5).

The deregulation of signal transduction pathways that promote 
tumor growth and progression can occur through various known 
mechanisms such as the loss of tumor suppressor function, gain of 
function due to oncogenic mutations, gene amplification and upregu-
lation of upstream signal receptors (6). A greater understanding of the 
signal transduction network and its role in disease function has led to 
the identification of key networks and relevant signaling molecules 
that represent attractive drug targets for cancer therapy. Unfortunately, 
most targeting agents have failed to meet expectations in the clinical 
setting due to poor efficacy, which is attributed due to poor predicta-
bility from unreliable traditional preclinical models (7). Traditional in 
vivo efficacy models using grafted tumors derived from clonal human 
cancer cell lines show a lack of intratumor heterogeneity, a feature 
common in autochthonous tumors. Tumor heterogeneity provides a 
high degree of redundancy and contributes to acquired tumor “robust-
ness,” that is, the ability to maintain stable functioning despite various 
perturbations (8). Cancer cells will exploit this characteristic in their 
natural evolution to ensure survival and overcome treatment therapies 
(9). Recently, the whole concept of preclinical to clinical modeling 
for cancer therapy has changed with the development of genetically 
engineered mice. These mice are designed to develop tumors in situ 
that originate from normal cells and replicate mutational changes seen 
in human cancers, thus providing a more clinically relevant model.

Our goal was to utilize a faithful mouse model of prostate cancer to 
characterize the dynamic evolution of CRPC resistance and survival. To 
do so, we generated a genetically engineered mouse model of prostate 
cancer based on the conditional inactivation of the tumor suppressor 
phosphatase and tensin homolog (PTEN). PTEN is broadly expressed 
during development and adulthood and encodes a lipid phosphatase 
that functions as an inhibitor of the PI3K/AKT pathway (10). PTEN 
function loss as a result of mutations, deletions, or promoter methyla-
tion silencing, occurs at a high frequency in human prostate cancer and 
correlates with increased AKT-1 phosphorylation; and is consequently 
associated with a poor prognosis and initiates downstream targets that 
modulate a wide range of cellular processes associated with the pro-
gression of tumor cell growth and survival (11–13). Although other 
PTEN-deficient mouse models have been established and character-
ized, there is still a wide degree of variation with regards to tumor 
latency, progression and survival (14). Factors that have probably con-
tributed to such variations include differences in the promoter used to 
drive PTEN inactivation and mixed genetic backgrounds. Therefore, 
a conditional knockout mouse model of prostate cancer, driven by 
a prostate-specific promoter, on a pure background strain would be 
desired in order to characterize intratumoral heterogeneity during the 
natural progression and transformation to CRPC.

Materials and methods

Reagents and antibodies
Everolimus and U0126 were purchased from L.C. Labs. Antibodies used in 
this study are listed in Supplementary Table  1, available at Carcinogenesis 
Online.

Generation of transgenic mice
PSACre mice were kindly provided by Dr. Milbrandt (University of Alabama at 
Birmingham School of Medicine) (15) and PTENloxP/loxP mice were kindly pro-
vided by Dr. Mak (Amgen Institute Ontario Cancer Institute and University of 
Toronto) (16). PSACre mice use the well characterized PSA promoter fragment 
that only targets expression to the prostate epithelial cells (17). PTENloxP/loxP  

Abbreviations: ADT, androgen deprivation therapy; AR, androgen receptor; 
CRPC, castration-resistant prostate cancer; p-ERK, extracellular signal-regu-
lated kinase; GUT, genitourinary tract; JAK/STAT, janus kinase/signal trans-
ducer and activator of transcription; MAPK, mitogen-activated protein kinase; 
mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase; 
PTEN, phosphatase and tensin homolog.
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mice contain the conditional targeting vector that was constructed to delete 
exons 4 and 5 of the PTEN gene by homologous recombination (16). To gener-
ate PSACre;PTENloxP/loxP mice, we crossed PSACre mice with PTENloxP/loxP mice 
to produce PSACre;PTENlox/+ mice. PSACre;PTENlox/+ were then backcrossed 
to produce PSACre;PTENloxP/loxP mice. PSACre;PTENloxP/loxP founders were then 
used to expand and establish a PSACre;PTENloxP/loxP colony of mice express-
ing a homozygous deletion of PTEN. All mice were from the C57BL/6 strain 
background. For androgen ablation, mice were anesthetized and surgically 
castrated. This study was approved by the Institutional Review Committee at 
Kinki University Faculty of Medicine. Mice were housed in accordance with 
institutional guidelines and procedures were carried out in compliance with the 
standards for use of laboratory animals.

PCR genotyping
Genotyping for the Cre recombinase and PTEN genes was performed by 
PCR using tail biopsy DNA. DNA was extracted using the alkaline extraction 
method. Briefly, tail biopsies were incubated in 50  mM NaOH at 95°C for 
10 m and neutralized with Tris–HCl (pH 8.0). PCR primers used for genotyp-
ing are as follows: PSA-Cre, sense-GC CTA TATC CCAAAGGAACAGAAG, 
antisense-CCTTCCTCTAGGTCCTTTAGGAGG; PTEN, sense-C TCCTCT 
ACTCCATTCTTCCC, antisense-ACTC CCACCA ATGAA CAAAC. PCR 
reaction conditions were as follows: initial denaturation at 94°C for 1  min, 
35-cycle amplification at 94 C for 25 s, 60 C for 30 s and 72 C for 45 s, fol-
lowed by final extension at 72 C for 10 additional minutes.

Histology and immunohistochemistry
Mice were killed and the whole genitourinary tract (GUT) was excised en 
bloc, weighed and fixed overnight in 10% neutral buffered formalin. For the 
collection of protein, half of the prostate was dissected and stored at 80 C. 
Samples were then processed for histology. For immunohistochemical anal-
ysis (IHC), additional slides were sectioned and stained with an ABC kit 
following standard protocols described previously (18). Histopathological 
classification of prostate lesions was performed according to the criteria 
proposed by the Bar Harbor Classification system (19,20). Assessment of 
staining was performed with ImageJ analysis software (http://imagej.nih.
gov/ij/).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end 
labeling assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling 
assays were determined with the In Situ Cell Death Detection Kit (Roche) 
according to methods described previously (18).

Western blot analysis
Protein extraction was performed using a protease inhibitor cocktail (Sigma). 
Standard immunoblotting methods were carried out as described previously 
(18). Semi-quantitative densitometric analyses were performed with ImageJ 
analysis software. For all densitometric analyses, protein levels were normal-
ized to glyceraldehyde 3-phosphate dehydrogenase or total protein.

Drug intervention studies

Drug efficacy studies were performed on 16-week-old homozygous PTEN-
mutant mice harboring castration-naïve and CRPC. Mice were randomized 
and assigned to treatment groups consisting of everolimus (gavage, 10  mg/
kg, 3×/week) or U0126 (i.p. 20 mg/kg/d) for 4 weeks. Everolimus was for-
mulated 2% (w/v) in dimethyl sulfoxide and diluted with sterile dH2O. U0126 
was formulated 50 μmol/l in dimethyl sulfoxide and diluted with saline. Mice 
were killed and the GUTs were removed, weighed, imaged and processed for 
histopathological, IHC and WB analysis.

Tumor burden and efficacy determination
Tumor burden was determined by the weight of the GUT. Tumor growth 
rates were calculated based on the following exponential growth formula: 
P(t) = P0e

rt, where P(t) = time, P0 = initial time, r = growth rate and t = time 
period. Antitumor efficacy was determined by differences in GUT weight or 
prostate surface area.

Survival studies
The eligibility criteria for mice included in the survival studies were palpable 
tumors >1 cm in diameter, healthy appearance and no previous body weight 
loss. Study endpoints were overall survival, disease progression and tumor 
burden. Disease progression was defined as expiry, tumor growth >2 cm in 
diameter, >25% body weight loss from baseline, >10% body weight loss in 
one week or poor general condition as determined by the technical staff.

Statistical analysis
Data were statistically analyzed using the Student’s t-test for paired analy-
sis, one-way analysis of variance for multiple comparisons and polynomial 

regression analysis for tumor growth dynamics. Kaplan–Meier survival curves 
using the log-rank test were used to measure survival. Differences were con-
sidered to be significant at P < 0.05. Statistical analysis was carried out using 
SigmaStat 3.5 (Systat Software.)

Results

Generation of prostate-specific PTEN-knockout mice
To establish a rational murine model of prostate cancer, we gener-
ated PSACre;PTENloxP/loxP transgenic mice by cross breeding PSACre 
and PTENloxP/loxP and backcrossing the heterozygous progeny to 
create prostate-specific heterozygous- and homozygous-PTEN 
mutant progeny. We ensured effective recombination and transmis-
sion of deleted PTEN and Cre through the germ line by the PCR 
method using genomic DNA (Supplementary Figure 1A, available 
at Carcinogenesis Online). We established temporal and tissue-spe-
cific Cre-mediated recombination of DNA by analyzing the IHC 
expression Cre recombinase in the GUTs of homozygous PTEN-
mutant mice at various time points of development. Cre recombi-
nase-positive cells were observed in the dorsal lobe of the prostate 
as early as 6 weeks, the lateral lobe at 8 weeks and ventral lobe at 
10 weeks (Supplementary Figure 1B, available at Carcinogenesis 
Online). A  preliminary examination revealed the early forma-
tion of tumors (<20 weeks of age) in homozygous PTEN-mutant 
mice. Therefore, to confirm Cre-mediated inactivation of PTEN in 
mouse prostates, we examined the protein expression of PTEN and 
AKT. As expected, PTEN levels were considerably reduced in can-
cer cells of prostates from PTEN-deficient mice (Supplementary 
Figure 1C, available at Carcinogenesis Online). Accordingly phos-
phorylated AKT expression was upregulated in the absence of func-
tional PTEN.

Tumor development in prostate-specific PTEN-knockout mice
To determine the ramifications of conditional PTEN allele inactiva-
tion in the prostate, we examined the GUTs from PSACre;PTENloxP/+ 
and PSACre;PTENloxP/loxP mice at various time points. A  histologi-
cal assessment of prostate cancer development in heterozygous and 
homozygous PTEN-mutant mice is summarized in Supplementary 
Table  2, available at Carcinogenesis Online. Homozygous PTEN-
mutant mice demonstrated gradually developed prostatic intraepi-
thelial neoplasia as early as 8 weeks in the dorsolateral lobes that 
progressed to well-differentiated tumors (Figure 1A). By 15 weeks, 
virtually all mice had developed well-differentiated tumors in the 
dorsal and lateral lobes. From 20 weeks onward, all mice eventu-
ally developed adenocarcinomas in the lateral, dorsal and ventral 
prostate lobes; furthermore, tumors in the anterior prostate were 
infrequent.

Temporal assessment of tumor progression in homozygous 
PTEN-knockout mice
To better characterize the effects of PTEN inactivation as a key regula-
tor driving cancer growth, we assessed tumor kinetics in homozygous 
PTEN-mutant mice over time. As the mice aged, obvious differences 
in tumor growth were clearly visible (Supplementary Figure  2A, 
available at Carcinogenesis Online). We used GUT weight as an 
indirect indicator for tumor burden in order to preserve normal tis-
sue architecture. For the most part, complete inactivation of PTEN 
resulted in cubic tumor growth (Supplementary Figure  2B, avail-
able at Carcinogenesis Online). Significant tumor growth rates were 
observed from 10–25, 40–60, 60–70 and 70–90 weeks of age (5.7, 
1.3, 2.94 and 4.15%, respectively, Figure 1B). At 50–60 weeks of age, 
10% of mice developed distant spread of tumor metastases primar-
ily in the loco-regional lymph nodes and occasionally in lung and 
liver (Supplementary Table 2, available at Carcinogenesis Online). By 
75–90 weeks of age, the percentage of mice developing distant spread 
of disease increased to ~60%. Mean survival time for homozygous 
PTEN-mutant mice was 90.5 weeks [95% confidence interval (CI) 
83.2–97.9, Figure 1C].
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Androgen withdrawal responses in mouse PTEN-deficient 
prostate cancer
Prostate tumors are generally considered to be dependent on AR 
for growth and survival. However, recent data suggests that loss 
of PTEN promotes prostate cancer independently of the AR (4,5). 
To determine the consequences of PTEN inactivation and andro-
gen withdrawal in this model, we examined the effects of surgi-
cal castration on established tumors. Homozygous PTEN-mutant 
mice initially responded to androgen withdrawal which was char-
acterized by the marked atrophy and loss of nuclear AR expression 
(Figure 2A and B). However, as early as 8 weeks post-castration, 
nuclear translocation of AR is observed in some tumor cells, 
whereas by 12 weeks, numerous nests of tumor cells show restored 
nuclear AR.

The PSA-Cre promoter is dependent on AR for transgene expres-
sion, yet tumors continued to survive despite the withdrawal of 
androgens. Therefore, we examined the effects of castration on cre 
recombinase and PTEN expression, and PI3K pathway activation in 
age-matched castration-naïve and surgically-castrated 20-week-old 
homozygous PTEN-mutant mice at 4 or 10 weeks after castration. In 
this scenario, tumors from mice at 4 weeks post-castration represent 
androgen-sensitive tumors whereas those from mice 10 weeks post-
castration represent CRPC. Overall, cre recombinase was expressed 
in all mice, even after castration (Figure  2C and Supplementary 
Figures 3A, available at Carcinogenesis Online). Overall expres-
sion of PTEN remained low in all groups, however, densitometric 
analysis revealed a trend of increased PTEN expression after castra-
tion (Supplementary Figure 3A, available at Carcinogenesis Online). 

Fig. 1. Prostate cancer development in homozygous PTEN-mutant mice. (A) H&E stained tissue sections demonstrate the development and progression of 
cancer in the various lobes of the mouse prostate. As a reference, the first column shows the histology of a mouse with wild-type PTEN. Scale bars represent 
100 μm. (B) Plot of temporal tumor growth expressed as the mean ± SE GUT weight (*P < 0.01, **P < 0.05). A scatter plot of (B) is shown in Supplementary 
Figure 3B, available at Carcinogenesis Online. (C) Kaplan–Meier curve showing cumulative survival rates (n = 12).
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Fig. 2. Androgen deprivation leads to the transformation of CRPC in PTEN-deficient tumors. (A) Representative images of 20-week-old homozygous PTEN-
mutant mouse GUTs and their corresponding H&E stained tissue sections demonstrate the effects of androgen deprivation by surgical castration. Both tumor-
bearing prostates (yellow arrows) and accessory sex organs (white arrow) demonstrate marked atrophy in response to surgical castration. Note that despite the 
continued shrinking of the accessory sex organs at 8 weeks post-castration, a notable proportion of glands demonstrate resistance to the effects of androgen 
deprivation (red arrowhead). Scale bars represent 1.0 cm for gross images and 1.0 mm for low magnification H&E sections. (B) Immunohistochemical 
expression and localization of AR in prostate tumors after surgical castration as indicated. Scale bars represent 100 μm for low magnification and 50 μm for 
high magnification. (C) Expression of Cre, PTEN, PI3K subunits, AKT, AKT substrates and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by western 
blotting in prostate tumor lysates collected from mice with androgen dependent tumors without castration (Cast-naive), 4 weeks after castration (Surg. Cast) and 
mice that developed castration resistant prostate cancer 10 weeks post castration (CRPC). Day of castration was adjusted so all mice were killed at 20 weeks 
of age. GAPDH was used as a loading control. Original blots are included in Supplementary Figure 7, available at Carcinogenesis Online. (D) Representative 
images comparing histology (H&E) and AR, Ki67, cleaved caspase-3, p-AKT and p-S6 IHC expression during the progression to CRPC. Inserts correspond to 
areas bounded by the red square. Scale bar represents 100 μm. (E) Kaplan–Meier curve showing overall survival fraction for homozygous PTEN-mutant mice 
with advanced prostate cancer rates after ADT by surgical castration (n = 6).
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A decrease in phosphorylated-p85 and p110a and p110b PI3K subu-
nits ware also noted after castration. Consequently, activation of AKT 
and mammalian target of rapamycin (mTOR) were also decrease. 
Interestingly levels of p-FOXO1 and p-S6 were not affected by castra-
tion (Figure 2C and D). Notably p-GSK3β decreased only in CRPC. 
To investigate the effects of decreased AKT activity, we next exam-
ined the effects of androgen withdrawal on tumor cell proliferation 
and apoptosis. Tumor proliferation rates in androgen-sensitive tumors 
were significantly reduced compared with castration-naïve tumor 
cells, however, proliferation rates were moderately, but significantly 
recovered in CRPC. The apoptotic index in CRPC was higher than 
castration-naïve tumors, but lower than that of androgen-sensitive 
tumors (Figure 2D and Supplementary Figure 3B and C, available at 
Carcinogenesis Online).

Thus far, characterization of androgen withdrawal has been per-
formed in relatively young mice, ~20 weeks of age, which are more 
representative of early disease. To simulate the effects of androgen 
deprivation therapy (ADT) on advanced mouse prostate cancer, we 
evaluated the effects of surgical castration in homozygous PTEN-
mutant mice with moderate tumor burden. The aim was to determine if 
hormonal withdrawal would provide a therapeutic effect by deterring 
disease progression and/or increasing survival. Six mice (median age 
at castration, 81.8 weeks, range 72.4–87.8 weeks) were included in 
the cohort. Mean overall survival was 11.2 weeks (95% CI 5.7–16.7, 
Figure  2E). Median cumulative survival was 89.3 weeks (95% CI 
73.7–104.9) compared with 87.3 weeks (95% CI 77.9–96.7, n = 12) in 
castration-naive control mice (P = 0.621, Supplementary Figure 3D, 
available at Carcinogenesis Online). No difference in tumor bur-
den was observed between the castrated cohort and castration-naive 
(Supplementary Figure  3E, available at Carcinogenesis Online). In 
essence, ADT by surgical castration did not improve the prognosis for 
mice with advanced PSA-Cre-driven PTEN-deficient prostate cancer 
demonstrating strikingly similar characteristics of the human disease. 
These findings suggest that other signaling pathway may be responsi-
ble for tumor survival after ADT.

Tumor progression and intratumoral heterogeneity in PTEN-
deficient prostate adenocarcinomas
Human prostate cancer is a complex heterogeneous disease character-
ized by the activation of multiple pathways contributing to its pro-
gression. Therefore, to further investigate the clinical suitability of 
this model, we characterized the expression levels of key pathways 
associated with cancer progression in humans (21). As expected, 
inactivation of PTEN leads to increased PI3K signal activation over 
time as indicated by the increased levels of p-AKT and it substrates 
(Figure  3A and B). In the early tumor stages, signal transduction 
is dominated primarily by the AR signaling (Figure  3A and B). 
However, during the progression stages, levels of JAK/STAT3 and 
mitogen-activated protein kinase (MAPK) signaling increase. This 
result suggests that as tumors progress heterogeneous cell popula-
tions develop. Immunohistochemical analysis from advanced can-
cer clearly illustrates intratumoral heterogeneity at this stage of the 
disease (Figure  3C). These finding provides support for plasticity 
of tumor cells to develop heterogeneous cell populations during the 
natural progression of PTEN-deficient prostate cancer.

The evolution to CRPC promotes intratumoral heterogeneity in 
PTEN-deficient prostate adenocarcinomas
Heterogeneity in tumors is probably to be one of the major factors 
contributing to limited treatment efficacy in single-agent therapeutic 
strategies (22). To determine if ADT promotes phenotypic plastic-
ity leading to increased heterogeneity and to gain insights into the 
molecular evolution of CRPC in the current mouse model, we used 
PI3K/AKT/mTOR, MAPK and JAK/STAT3 pathway activation as 
biological biomarkers to identify heterogeneous phenotypes in tumors 
from mice with CRPC. We used 20-week-old mice to compare the 
effects of ADT because tumors from castration-naive mice are char-
acteristically uniform at this stage of development (Figure 3D and E).  

On the whole, mice that developed CRPC demonstrated increased 
expression levels of p-extracellular signal-regulated kinase (p-ERK) 
and p-STAT3-(pY107 and py727) indicating upregulation of MAPK 
and JAK/STAT3 signal cascades, respectively. Additionally, there was 
a higher degree of inter-tumor variation signifying that tumor cells 
respond differently to ADT and that the transformation to CRPC may 
also lead to promote intratumoral heterogeneity.

To confirm this notion, we next examined expression patterns of 
signal pathway activation in cancer cells from matched tissue samples 
corresponding to those used for the western blot assays by IHC to 
determine the degree of intratumoral heterogeneity. Indeed, our analy-
ses revealed a high degree of intra-tumor variation that was charac-
terized by distinct morphological and immunohistochemical features 
within the individual tumors. Overall tumor IHC expression patterns 
closely resembled the western blot data. We illustrate by comparing 
expression between AR, p-AKT p-S6, p-ERK and p-STAT3 in castra-
tion-naive and CRPC (Figure 3F and Supplementary Figure 4, avail-
able at Carcinogenesis Online). Clearly, p-AKT and S6 were strongly 
and uniformly expressed in all cancerous glands from castration-
naive mice. Conversely, a high degree of inter- and intra-glandular 
variability of p-AKT and p-S6 expression patterns was observed in 
CRPC tissues. Furthermore, there were differences in the expression 
patterns of p-ERK and p-STAT3 in castration-naive and CRPC cells. 
In castration-naive tumors, p-ERK was focally expressed in lumi-
nal cells and general expression patterns did not vary much between 
mice. However, the overall of p-ERK expression increased in CPPC 
and positive staining was present in both basal and luminal epithelial 
cells. Additionally, a high degree of inter- and intra-tumor variability 
was observed. Expression of p-STAT3-(Tyr705) was predominantly 
found in the basal layer of castration-naive prostate cancer but was 
variably expressed in CRPC. Largely, the level of heterogeneity of 
these signal transduction pathways was similar between mice with 
advanced castration-naive prostate cancer (>70 weeks of age) and 
tumors from mice with CRPC at 20 weeks. These findings demon-
strate that the PI3K/AKT/mTOR pathway is preferential activated in 
indolent castration-naive cancers and that the transformation to CRPC 
drives plasticity in cancer cells that is characterized by unique molec-
ular signatures.

CRPC is resistant to PI3K/AKT/mTOR signaling inhibition
We hypothesize that heterogeneity in CRPC makes the tumors more 
resistant to targeted therapy compared with castration-naive can-
cers. To test our hypothesis, we decided to compare the effects of 
targeting the PI3K/AKT/mTOR signaling axis in castration-naive and 
CRPCs. We chose mTOR as a target since our observations point to 
the dependence on PI3K/AKT/mTOR signaling by castration-naive 
tumors (Figure 3A). In addition, rapalogs, including everolimus, have 
been widely studied and have demonstrated relative efficacy in other 
preclinical models of prostate cancer and were the first inhibitors used 
in clinical trials (23). Yet, these have experienced limited effects in the 
clinical setting (24–26). To model this scenario, we used everolimus to 
probe the effects of mTOR inhibition in castration-naive and CRPCs 
driven by the loss of PTEN (Supplementary Figure 5A, available at 
Carcinogenesis Online). Tumor burden was significantly reduced in 
castration-naive but not castration-resistant tumors after treatment 
with everolimus (Figure 4A and B). Tumors in castration-naive mice 
showed obvious histological changes, but few changes were noted in 
castration-resistant tumors (Figure  4A). Treatment with everolimus 
effectively inhibited the PI3K/AKT/mTOR signaling axis in both 
castration-naive and castration-resistant tumors, as evident by the 
inhibition of p-S6 (Figure 4C and E, and Supplementary Figure 5B, 
available at Carcinogenesis Online). However, levels of p-AKT, 
p-FOXO1 and p-4E-BP1 increased after treatment indicating negative 
feedback. Everolimus-treated mice experienced significant reductions 
tumor proliferation rates in both treatment groups and induced apop-
tosis in castration-naive cancers but not CRPC (Figure 4C and D).

We next examined the activation of compensatory signaling path-
ways in response to treatment with everolimus. Inhibition of PI3K/
AKT/mTOR signaling resulted in upregulation of MAPK activation 
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Fig. 3. Intratumoral heterogeneity in PTEN-deficient mouse prostate cancer. (A) Expression of AR, phosphorylated (p-AKT, p-S6, p-ERK1/2, p-STAT3-(pY705) 
and p-STAT3-(pY727)) and total protein (AKT, S6, ERK1/2 and STAT3) in pooled prostate tumor lysates (three mice per group) collected from castration-
naive wild-type and PTEN-deficient mice at indicated ages. Original blots are included in Supplementary Figure 8, available at Carcinogenesis Online. (B) 
Densitometric analysis of (A). (C) Representative images showing the histological and IHC staining patterns of key downstream pathways molecules in advanced 
castration-naive mouse prostate cancer at 72 weeks of age. Inserts correspond to boxed region, scale bars represent 100 μm. (D) Expression of phosphorylated 
(p-AKT, p-S6, p-ERK1/2, p-STAT3-(pY705) and p-STAT3-(pY727)) and total protein (AKT, S6, ERK1/2 and STAT3) in individual 20-week-old mice with 
castration-naive and CRPC. glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. Original blots are included in Supplementary 
Figure 9, available at Carcinogenesis Online. (E) Densitometric analysis of (D, *P ≤ 0.05 versus castration-naive cancer). (F) Representative H&E staining and 
IHC expression analysis of AR, p-AKT, p-S6, p-ERK1/2, p-STAT3-(pY705) and p-STAT3-(pY727) in prostate tumors from (D), scale bars represent 250 μm. 
Protein levels were normalized to GAPDH or total protein for all densitometric analyses.
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Fig. 4. Therapeutic effect of PI3K inhibition in PTEN-deficient prostate cancers. PTEN-deficient mice with established castration-naive or CRPC were treated 
with everolimus (10 mg/kg 3×/wk for 4 weeks, n = 8 mice/group) (A) Representative H&E stained cross-sections of mouse GUT. Scale bars represent 50 μm. 
(B) Tumor burden was assessed by the GUT weight normalized to control mice and expressed as the mean ± SE (*P < 0.001 versus control). (C) Representative 
photomicrographs of tumor sections stained for AR, p-S6, PCNA and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. 
Scale bars equal 50 μm. (D) Plots of the relative differences in the cellular proliferation rates (measured by the mean ± SE percentage of PCNA-positive cells) 
and the apoptotic index (measured by the mean ± SE percentage of cells positive for the TUNEL assay, *P < 0.05, **P < 0.001 versus control). (E) Expression 
of AKT, AKT substrates, and phosphorylated and total ERK1/2, and STAT3- in prostate tumor lysate samples as indicated. Original blots are included in 
Supplementary Figure 10, available at Carcinogenesis Online.
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in both castration-naive and castration-resistant tumors (Figure  4E, 
Supplementary Figure 5B, available at Carcinogenesis Online). The 
response of MAPK activation between mice with castration-naive 
tumors was fairly uniform. Interestingly, responses to MAPK activa-
tion varied noticeably in mice with CRPC. This result suggests that 
levels of MAPK activation in CRPC tumors are not only a result of 
compensatory signaling due to PI3K inhibition, but also reflect dif-
ferences in the populations of cells that are dependent on MAPK 
activation for growth and survival. STAT3 signaling showed only a 
slight increase in response to treatment with everolimus. Since PIM-1 
kinase has been associated with therapeutic resistance to PI3K inhibi-
tors (27), we investigated the expression levels of PIM-1 kinase and 
inactivation of the pro-apoptotic protein, BAD. Mice with CRPC 
demonstrated increased levels of PIM-1, however, BAD phosphoryla-
tion decreased after treatment with everolimus suggesting that PIM 
kinase signaling may be not be involved in survival.

Dual inhibition of PI3K/AKT/mTOR and MAPK signal inhibition 
cooperate to restore therapeutic efficacy in CRPC
To determine if dual blockade of mTOR and MAPK inhibition 
improved treatment efficacy in CRPC, we treated mice with everoli-
mus in combination with the MEK1/2 inhibitor U0126 using the pre-
vious treatment schedule. We used U0126 since it has been shown 
to inhibit MAPK activity and suppress tumor cells in vivo (28). 
Interestingly, treating castration-naive cancers with mTOR or MAPK 
inhibition was effective as monotherapy, but not improved when 
used in combination. In contrast, monotherapy with either everoli-
mus or U0126 alone led to therapeutic escape in CRPC, which was 
however was overcome by combination therapy (Figure 5A and B). 
A comparison of treatment responses according to treatment demon-
strates differences between sensitivity and the differential responses 
to monotherapy and combination therapy in castration-naive and 
CRPC (Figure 5C). Histopathological analysis of CRPC-treated mice 
demonstrated no changes in tumor proliferation rates, but did reveal 
increased apoptotic rates in mice receiving combination therapy 
(Figure 5D and E).

Finally, we confirmed target specificity and pathway activation 
responses to combination therapy in CRPC. Everolimus effectively 
inhibited p-S6 but was not augmented by U0126., however, p-ERK was 
for the most part decreased however, some mice demonstrated resist-
ance to U0126 (Figure 6A and B and Supplementary Figure 5A, and 
Supplementary Figure 12, available at Carcinogenesis Online) However, 
mice receiving the combination therapy experienced a significant inhi-
bition of ERK phosphorylation. Overall levels of p-4E-BP1 increased 
significantly after combination therapy (Figure 6A and Supplementary 
Figure 6A, available at Carcinogenesis Online). We examined STAT3, 
PIM-1 and BAD levels in response to combination therapy of mTOR 
and MAPK inhibition therapy. Levels of p-STAT3 did not change much 
after drug administration and PIM levels were elevated in after treat-
ment with U0126 alone or in combination (Supplementary Figures 6B 
and 12, available at Carcinogenesis Online). However, the levels of 
BAD phosphorylation decreased after combination treatment. Together, 
these sets of experiments confer resistance to single agent inhibition in 
CRPC and demonstrate that therapeutic escape can be overcome with a 
rational therapeutic approach.

Discussion

Herein, we used a conditional PTEN-deficient mouse model of pros-
tate cancer to show that intratumoral heterogeneity is an important 
manifestation in the evolution to CRPC and is a significant contribu-
tor to therapeutic escape. We focused on PTEN inactivation due to its 
prevalence and biological significance in human prostate cancer, and 
its role as one of the earliest tumor initiating events in prostate tumo-
rigenesis (29). Inactivation of PTEN is commonly observed in human 
prostate cancer (11) and is also believed to contribute to AR resistance 
(4,5). In our animal model, inactivation of PTEN, driven by the 6-kb 
fragment of the human PSA promoter, targets the luminal cells of the 

adult prostate (17). We selected a PSA promoter over probasin-based 
promoters since these target both basal and luminal cells of prostate 
glands and the seminal vesicles in developing and mature animals 
(30). Ma et al. (31) previously reported a PSA-Cre;PTENloxP model 
of prostate cancer, however, their model was generated on a mixed 
129Ola/FVB genetic background. Genetic background is known to 
affect the phenotypic expression of a gene mutation, thus a mixed 
background introduces an unwanted variable for the phenotypic and 
molecular characterization of tumors (32,33). We based our model 
on a pure C57Bl6/J background strain, hence, it incorporates features 
of adult prostate tumorigenesis while eliminating the complexity of 
strain-dependent differences in gene expression.

Tumor latency in our homozygous PTEN-mutant mice is within the 
spectrum reported in other tumor models based on PTEN inactivation 
(14). Penetrance of PSA-Cre was observed in the prostate shortly after 
puberty, which is in agreement with previous reports using the same 
promoter (15,17). Even though all mice develop tumors progression 
is slow and survival is long. Therefore, our model supports the notion 
that inactivation of PTEN is involved primarily in the initiation of 
prostate cancer but less so in progression conferring that other genetic 
alteration(s) are required to promote more aggressive tumors such as 
the inactivation of P53 (Trp53) (34) and SMAD4 (35) or the activa-
tion of K-Ra (36), which have been shown to cooperate with PTEN to 
produce more aggressive phenotypes.

Similar to other mouse models of prostate cancer, tumors from our 
PTEN-deficient mouse model experience an initial response to ADT 
that is followed by the eventual development of CRPC (4,5,37,38,39). 
Furthermore, we show that a high degree of heterogeneity exists with 
regards to the re-expression of nuclear AR in actively proliferating 
cancer cells from CRPC tumors. This feature is also noted in clinical 
samples of advanced prostate cancer (40). Most notably, we show that 
ADT did not deter disease progression nor did it improve survival 
supporting support the notion that targeting the AR signaling axis 
alone is not enough to deter tumor survival and alternative compen-
satory signaling pathways play key roles the growth and survival of 
tumors. Notably, levels p-AKT and the PI3K subunits decreased after 
castration. Still, levels of some of its substrates remained active and 
more importantly the tumors continued to proliferate. We suspect that 
this effect may be attributable to a feedback regulation loop of PI3K/
Akt via the adaptor protein, IRS-1 and PI3K p85 regulatory subunit. 
Studies have shown that persistent activation of the mTOR/S6-kinase 
pathway can lead to feedback inhibition of PI3K signaling through 
upstream activators such the adaptor protein, insulin receptor substrate 
1 (IRS-1) (41). Another possibility is that transcriptional activation 
of AR could have negatively regulated AKT by stimulating FKBP5 
and PHLPP (4). Castration-naive tumors grew slowly and developed 
uniformly during the early stages, but showed a higher degree of phe-
notypic and molecular heterogeneity with age. We also showed that 
activation of signal pathways associated with CRPC, such as MAPK 
and JAK/STAT3, were similarly upregulated in mice with early early-
stage tumors that developed CRPC as a result of ADT. Moreover, our 
drug intervention studies demonstrated that survival in these tumors 
as a whole did not appear to be dominated by any one particular signal 
transduction pathway as compared with early castration-naive tumors 
which are generally dominated by PI3K/AKT/mTOR signaling.

Given the role of PTEN in prostate cancer, a number of treatment 
strategies aimed at inhibiting PI3K signaling are currently being 
developed and tested. The PI3K/AKT/mTOR signaling axis provides 
a direct link for the development of prostate cancer. For example, it is 
now well-established that inactivation of PTEN in prostate leads to the 
development of cancer, however, deletion of mTOR in prostate cells 
inhibited tumor development in mouse PTEN-deficient prostates (42). 
The increase of AKT/S6 activation, due to the inactivation of PTEN, 
suggested that tumors from these mice would be highly dependent on 
PI3K signaling for growth and survival. For this reason, we elected to 
focus on the PI3K/AKT/mTOR signaling axis to compare treatment 
responses. Castration-naive tumors responded well to PI3K/AKT/
mTOR pathway inhibition. These findings were consistent with other 
published reports (43–45). However, mice harboring CRPC failed to 
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Fig. 5. Dual inhibition of mTOR and MAPK reverses therapeutic escape of CRPC. 20-week-old PTEN-deficient mice with castration-naive (n = 6 mice/
group) or CRPC (n = 8 mice/group) were treated with everolimus or U0126 for 4 weeks as described in Materials and Methods. (A) Representative GUTs from 
mice after indicated treatment. Prostate tumors are highlighted in yellow. Scale is represented in mm. (B) Plots of tumor burden was assessed by tumor area 
normalized to control mice and expressed as the mean ± SE, *P ≤ 0.001 versus control. (C) Waterfall plot of relative tumor burden with treatment correlates. 
(D) Plots of the relative cellular proliferation rates (measured by the mean ± SE percentage of Ki67-positive cells) and the apoptotic index (measured by the 
mean ± SE percentage of cells positive for the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay, *P ≤ 0.01 versus 
control) or CRPC mice treated as indicated. (E) Representative sections from control and treated CRPC tumors stained with H&E, KI67 and TUNEL. Scale 
bars represent 50 μm.
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achieve a treatment response. The lack of efficacy from mTOR inhibi-
tors can occur by various feedback control circuits (46). However, 
responses after treatment with everolimus differed between CRPC 
and castration-naive cancers. For example, differences between 

MAPK pathway activation in CRPC and castration-naive cancer in 
response to mTOR inhibition suggest that pathway activation is prob-
ably a reflection of phenotypic heterogeneity in CRPC. Thus far, the 
precise mechanisms that drive plasticity in castration-resistant cancer 

Fig. 6. Molecular responses to combined inhibition of mTOR and MAPK signaling in CRPC. (A) Expression of AKT, AKT substrates, and phosphorylated 
and total ERK1/2 in prostate tumor lysate samples from CRPC after the indicated treatments. Original blots are included in Supplementary Figure 11, available 
at Carcinogenesis Online. (B) Representative photomicrographs of p-AKT, p-mTOR, p-S6, p-4E-BP1 and p-ERK expression in CRPC mice after mono- and 
combination therapy with everolimus an U0126.
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cells are still under investigation, but evidence points to a paracrine-
to-autocrine shift in the regulation of homeostasis by cancer cells (47) 
in addition to changes in stromal–epithelial interactions (48), and 
inflammation (49). In summary, our experimental model shows that 
ADT leads to CRPC which in turn contributes to the clonal evolution 
and expansion of treatment-insensitive subclones that are less depend-
ent on PI3K/AKT/mTOR signaling axis for survival and reinforces 
the notion that multiple targets must be challenged in order to achieve 
any significant treatment responses.

In conclusion, our findings demonstrate that the transformation to 
CRPC in PTEN-deficient tumors leads to phenotypic plasticity, an 
adaptive mechanism that results in the development of tumors with an 
acquired resistance. Thus, incorporating intratumoral heterogeneity in 
a dynamic tumor model as part of preclinical efficacy determination 
could in turn provide better a better understanding of drug responses 
and would allow for improved prediction of novel treatment strategies.
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Supplementary Tables 1 and 2 and Supplementary Figures 1–12 can 
be found at http://carcin.oxfordjournals.org/
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