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The steroid hormone signaling axis is thought to play a central role
in initiation and progression of many hormonally regulated epithe-
lial tumors. It is unclear whether all cancer-initiating signals depend
on an intact hormone receptor signaling machinery. To ascertain
whether cell autonomous androgen receptor (AR) is essential for
initiation of prostate intraepithelial neoplasia (PIN), the response
of AR-null prostate epithelia to paracrine and cell autonomous on-
cogenic signals was assessed in vivo by using the prostate regener-
ation model system. Epithelial-specific loss of AR blocked paracrine
FGF10-induced PIN, whereas the add back of exogenous AR restored
this response. In contrast, PIN initiated by cell-autonomous, chronic-
activated AKT developed independent of epithelial AR signaling.
Our findings demonstrate a selective role for AR in the initiation
of PIN, dependent on the signaling pathways driving tumor forma-
tion. Insights into the role of hormone receptor signaling in the
initiation of epithelial tumors may help define this axis as a target
for chemoprevention of carcinomas.
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Pharmacologic agents targeting hormone receptor signaling are
widely used in therapy of carcinomas arising from the breast

(estrogen receptor; ER), prostate (androgen receptor; AR) and
endometrium (ER, and progesterone receptor; PR) (reviewed in
refs. 1 and 2). It is unclear whether the hormone receptor signaling
axis plays a causative role in initiation of these malignancies or
whether it can be bypassed by oncogenic signals. Loss of PR has a
protective effect in initiation of mammary tumors caused by 7,12-
dimethylbenz(a) anthracene (DMBA) in mice (3). These results
suggest that initiation of breast cancer via DMBA depends on PR
signaling. Conversely, estrogen receptor knockout mice developed
mammary tumors similar to controls in response to Wnt-1 ex-
pression (4), suggesting that initiation of these tumors is inde-
pendent of ER signaling. The benefits of androgen ablation in
treating prostate cancer were demonstrated decades ago (5;
reviewed in ref. 6). However, the roles of autonomous and ex-
trinsic AR in initiation of prostate cancer remain unknown.
The prostate is a hormonally regulated gland. During de-

velopment, androgen-mediated effects on prostatic epithelium are
thought to be driven by stromal AR (7, 8). This model is derived
from murine embryonic urogenital tissue fragment recombination
studies (8). With the inductive effects of wild-type (WT) stroma,
functionally AR-null epithelia from testicular feminization (Tfm)
mice gave rise to prostate-like glands (8). In contrast, prostate
glands did not develop when Tfm stroma were combined with WT
epithelia (8). Inductive effects of stroma on the epithelium are
proposed to occur via secretion of “andromedins” (9–12). The
andromedin hypothesis suggests that binding of circulating and-
rogens to stromal AR induces the release of soluble factors that
orchestrate growth and differentiation of the prostate by binding
to cognate epithelial receptors (9–11). An andromedin is defined

as a paracrine stromal factor expressed in an androgen-responsive
tissue whose expression must be regulated by androgens (13).
Among implicated andromedins are fibroblast growth factor
(FGF) 7, FGF10, and Insulin growth factor 1 (10–12). Because
none of these are androgen regulated, a true andromedin re-
mains unidentified.
The transformation of a normal prostate cell to cancer is

thought to occur with a switch from paracrine to cell-autonomous
AR signaling (14, 15). Correlational studies demonstrate high
levels of epithelial AR expression in prostate cancer metastases
but low levels of AR in tumor stroma (15). In vivo studies dem-
onstrate efficient growth of prostate cancer xenografts implanted
in AR-null host mice (14, 15). These results demonstrate that
continuous growth of established tumors relies on epithelial AR
(14, 15), but do not address its role in cancer initiation.
The role of cell autonomous AR in the formation of prostate

cancer has been investigated (16). When probasin promoter-
driven prostate epithelial AR deletion was achieved in a trans-
genic adenocarcinoma of the mouse prostate (TRAMP) model,
a more aggressive and metastatic cancer was seen compared with
controls (16). In these studies, epithelial AR functions as a tumor
suppressor (16). The prostate epithelium is predominantly com-
posed of luminal and basal cells. Despite deletion of AR in most
prostate epithelia over time, in this model, AR was still expressed
in 50% of the basal cells at 12 wk of age (16). Therefore, con-
clusions may be limited by the remaining AR-positive basal cells,
which are potential prostate stem cells and efficient targets for
prostate carcinogenesis (17–19).
Prostatic intraepithelial neoplasia (PIN) is a well-established

precursor lesion to prostate cancer (20; reviewed in ref. 21). To
assess the role of cell autonomous AR in prostate cancer, we used
two signals that could initiate PIN, paracrine signaling by FGF10
(22) and cell autonomous signaling by myristoylated AKT (23,
24). There are important differences between the FGF10 and
AKT cancer-initiating signals. Paracrine FGF10 primarily exerts
its effects by binding to prostate epithelial fibroblast growth factor
receptor 1 (FGFR1) (22). Signaling by FGF10-FGFR1 leads to
activation of multiple targets including AKT (25) and is subject to
several levels of regulation. In response to growth factor receptor
signaling, AKT is recruited to the plasma membrane, where it is
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activated by phosphorylation but it is subject to inactivation by
phosphatases (reviewed in ref. 26). The FGFR signaling axis is
regulated at other levels, including receptor internalization and
degradation (25, 27). Conversely, myristoylation of AKT (23, 24)
results in chronic signaling due to plasma membrane localization
and constitutive activation of its serine/threonine protein kinase
(28–30). Our previous studies demonstrated that PIN lesions ini-
tiated by paracrine FGF10 had high levels of epithelial AR (22),
whereas AKT-mediated lesions had normal epithelial AR expres-
sion (24). These observations led to the current study hypothesis:
Cell-autonomous signaling by AR could play a central role in the
initiation of FGF10 but not AKT-induced prostate neoplasia. We
chose a regeneration system by using dissociated prostate epi-
thelia and stroma (31), advantageous for its ability to work with
populations of prostate epithelia that are AR-null from the onset
of exposure to growth-promoting signals. We assessed the role of
epithelial AR in initiating PIN via paracrine (FGF10) and cell-
autonomous (AKT) oncogenic signals. We demonstrate a selec-
tive role for autonomous AR signaling in initiation of prostate
neoplasia that depends on the specific growth promoting signal.

Results
Tfm Urogenital Sinus Epithelia Cannot Form PIN in the Presence of
Strong Paracrine FGF10 Signaling. We first used embryonic tissue
from a functionally AR-null mutant mouse to ask whether sig-
naling through AR was essential for the initiation of FGF10-
induced neoplasia. The Tfm mouse harbors a mutation in AR
rendering the receptor unable to bind to ligand, unstable and in-
active (32, 33). As a result, adult male Tfm mice have agenesis of
the prostate gland (32). Therefore, in these experiments, the
embryonic tissue that gives rise to the prostate gland, the uro-
genital sinus epithelium (UGSE), was used.We first demonstrated
our ability to grow dissociated populations of embryonic WT
UGSE and WT urogenital sinus mesenchyme (UGSM) in the in
vivo regeneration assay (Fig. S1A).
To assess the role of AR in initiation of FGF10-induced neo-

plasia, dissociated suspensions of Tfm or WT UGSE were recom-
bined with FGF10-expressing UGSM (Fig. S1B). Recombination
of WT UGSE with FGF10-UGSM resulted in the formation of
high-grade PIN and adenocarcinoma (Fig. 1A). Regenerated
tubules expressed high levels of nuclear AR (Fig. 1A, b). In striking
contrast, recombination of Tfm UGSE with FGF10-UGSM resul-
ted in the formation of atrophic tubular structures one layer thick
without hallmarks of hyperplasia (Fig. 1B). Expression of AR was

absent in Tfm regenerated tubules, whereas nuclear AR was
detected instromal cells of thesegrafts (Fig.1B,bandFig.S1C).The
significant differences in the two grafts are not due to differences in
expression of FGF10. All FGF10-UGSMwere subjected toQ-PCR
to confirm overexpression (Fig. S2A) and tracked with the GFP
marker (Fig. S2B). Our results demonstrate that Tfm epithelia do
not form hyperplasia despite exposure to paracrine FGF10. Both
WT and Tfm-regenerated tubules were epithelial based on ex-
pression of pan-keratin and CK8 (Fig. 1A, c and d, and B, c and d).
Tfm-regenerated tubules lacked secretionsandhadan intermediate
phenotype expressing the luminal marker CK8 and basal marker
p63 (Fig. 1B, d and e), but not CK5 (Fig. 1B, f).
We hypothesized that the add back of AR to Tfm UGSE could

restore response to paracrine FGF10 signaling. UGSE harvested
from Tfm male mice were infected with a vector expressing WT
AR with cis-linked red fluorescent protein (RFP) (24), combined
with FGF10 UGSM and placed in the regeneration system (Fig.
2A). Areas of hyperplasia adjacent to single-layered atrophic
tubules were observed (Fig. 2 A and B). Staining for AR revealed
expression of AR and RFP in the hyperplastic areas (Fig. 2B,
b and c) and absence of AR or RFP in the atrophic regions (Fig.
2B, e and f). The add back of AR caused Tfm epithelia to form
areas of prostate hyperplasia, with increased number of basal
cells (Fig. S3, a and c vs. b and d), similar to the response of WT
epithelia to paracrine FGF10 (22).
These results suggest that the loss of autonomousARmay block

response of embryonic prostate epithelia to paracrine FGF10 sig-
nals. Two possibilities may explain these findings. Autonomous
AR signaling may be essential for response of prostate epithelia
to FGF10 signals. Alternatively, loss of epithelial AR could
hamper development and differentiation of embryonic prostate
epithelia that normally respond to paracrine FGF10 signaling.

Decreased Levels of AR in Adult Prostate Epithelium Diminished
Response to Paracrine FGF10 and an Add Back of AR Could Restore
This Response. Prostate cancer predominantly affects adult males.
In the next set of experiments, endogenous levels of AR were
dramatically reduced in adult prostate epithelium by using shRNA

A B

Fig. 1. Tfm epithelia did not become hyperplastic despite paracrine FGF10.
The 4 × 104 WT (A) or Tfm (B) dissociated UGSE were recombined with 1 × 105

FGF10-UGSM and regenerated in vivo. (A) Paracrine FGF10 resulted in for-
mation of hyperplastic and abnormal glands with WT UGSE (a, c). High levels
of epithelial AR were detected in tubules regenerated from WT UGSE (b).
There was an expansion of both luminal (d) and basal cells (e and f) in re-
sponse to paracrine FGF10. (B) Tfm UGSE formed single-layered glandular
structures, devoid of hyperplasia (a). Epithelial AR was absent in tubules
regenerated from Tfm UGSE (b). Tfm regenerated tubules were epithelial (c),
expressed luminal marker CK8 (d) and basal marker p63 (e) but not CK5 (f).
(Scale bars: 100 μm.)
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Fig. 2. Add back of AR to Tfm UGSE restored formation of hyperplasia in
response to paracrine FGF10. (A) The 1.5 x 105 Tfm UGSE were infected with
lentivirus-expressing AR and combined with 3 × 105 FGF10-UGSM. In regen-
erated glands, areas of hyperplasia were seen adjacent to single-layered
atrophic tubules. (B) After add back of AR, hyperplastic Tfm tubules (a),
expressed AR by immunohistochemistry (c), and RFP cis-linked marker from
the viral delivery vector (b). Adjacent nonhyperplastic tubules in the same
graft (d) lacked expression of epithelial AR (f) and did not express RFP (e).
(Scale bars: 100 μm.)

Memarzadeh et al. PNAS | May 10, 2011 | vol. 108 | no. 19 | 7963

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105243108/-/DCSupplemental/pnas.201105243SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105243108/-/DCSupplemental/pnas.201105243SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105243108/-/DCSupplemental/pnas.201105243SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105243108/-/DCSupplemental/pnas.201105243SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105243108/-/DCSupplemental/pnas.201105243SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105243108/-/DCSupplemental/pnas.201105243SI.pdf?targetid=nameddest=SF3


knockdown. Importantly, basal levels of AR expression were
maintained to promote the differentiation of regenerated prostate
epithelium. The shRNA targeting murine AR (34) or a control
scrambled shRNA were cloned into a lentiviral vector tagged with
RFP (Fig. S4A). shRNA-mediated knockdown of AR protein was
confirmed (Fig. S4B). Dissociated WT prostate epithelia were
infected with either construct, combined with FGF10 UGSM and
placed in the in vivo regeneration assay. Knockdown of AR ex-
pression resulted in a decrease in the percentage area of tumor-
regenerated tissue (Fig. 3 A vs. B and Fig. S4C). Expression of the
shRNA-mAR in prostate epithelia resulted in the regeneration of
someRFP-positive tubules (Fig. 3J) that had relatively lower levels
of AR (Fig. 3 N vs. M) and were less hyperplastic compared with
controls (Fig. 3F and Fig. S4D). Some tubules appeared com-
pletely normal in histology with prostate secretions (Fig. 3F). To
ask if the add back of AR in adult epithelium could rescue the
response to paracrine FGF10, human AR was expressed from the
same vector as the shRNA-mAR (Fig. S4A) and add back of AR
protein by this vector was confirmed (Fig. S4B). Because of the
sequence specificity of shRNA-mAR to murine AR, expression of
human AR should not be affected. Add back of AR to adult
prostate epithelia restored response to paracrine FGF10 demon-
strated by histology (Fig. 3B vs. Fig. 3D) and percentage area of
tumor-regenerated tissue (Fig. S4C).
Collectively these results demonstrate that decreased levels of

AR in adult prostate epithelium diminished response to para-
crine FGF10, and add back of androgen receptor could restore
this response.

Autonomous AR Signaling Functions as a Tumor Promoter in Adult
Prostate Epithelia Exposed to Paracrine FGF10. Cross talk between
epithelium and stroma may result in selective pressures in the
microenvironment that can influence tumor progression (35, 36).

Differential response of WT and AR-null prostate epithelium to
paracrine FGF10 could be caused by alteration in the FGF10-
induced tumor microenvironment resulting from loss of epithelial
AR. To address this question, a mixture of WT and AR-null
prostate epithelial cells were exposed to paracrine FGF10 and
regenerated in the same graft. Prostate epithelium was harvested
from mice where AR is floxed by loxP sites (37). Dissociated cells
were infected with a Cre-recombinase expressing lentivirus FU-
CreRFP (Fig. S5A), resulting in loss of epithelial AR in subsets of
prostate epithelia (Fig. 4A). These cells were combined with
FGF10-UGSM and placed in the prostate regeneration system
(Fig. 4A). Resulting grafts contained areas of hyperplasia with
secretions adjacent to atrophic tubules lacking prostatic secretions
(Fig. 4B, a and b). Hyperplastic regions expressed high levels of
epithelial AR, whereas immunodetection of AR was minimal to
absent in the atrophic tubules (Fig. 4B, c and d). Given that all
tissue (ARWT and AR-null) were regenerated in the same graft,
the mosaic phenotype is likely a result of loss of AR in a subset of
the prostate epithelia and not selective pressures induced in the
tumor microenvironment. Atrophic tubules expressed pan-keratin,
low levels of CK8, and few p63-positive cells (Fig. 4C and Fig.
S5D). Although CK5 was expressed in hyperplastic areas, it was
not detected in regenerated atrophic tubules (Fig. 4C, d).
We then wanted to compare the proliferation of AR-null vs.

WT adult prostate epithelia exposed to paracrine FGF10. Given
that autonomous loss of AR did not affect the tumor microen-
vironment, the percentage of adult AR-null prostate epithelia
was enriched in each regenerated graft. CD49f-positive prostate
epithelial cells (38) from adult ARflox/Y mice were fluores-
cence-activated cell sorted (FACS) and infected with FU-Cre-
CRW (Fig. S5B) or the RFP control lentivirus. Cells were
combined with FGF10 UGSM and cultured in vitro to allow for
viral integration and transgene expression. After 48 h, RFP-
positive cells were isolated by FACS (Fig. 5A), combined with

shRNA-cont shRNA-mAR shRNA-cont+hAR shRNA-mAR+hAR

a b c d

e f g h

i j k l
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Fig. 3. Decreased levels of epithelial AR attenuated response to paracrine
FGF10, whereas add back of AR restored this response in adult epithelium. To
knock down AR in WT murine adult epithelium, an shRNA against mouse AR
wasused (shRNA-mAR). SimultaneouswithknockdownofmurineAR,addback
of AR was achieved by using a human AR in the same lentiviral construct
(shRNA-mAR+hAR). As control, a scramble shRNA construct was used with
or without human AR (shRNA-control and shRNA-control+hAR). The 2 × 105

prostateepitheliawere infectedwitheach lentivirusandcombinedwith4×105

FGF10-UGSM cells. The predominance of regenerated glands in shRNA-mAR
grafts were normal, in contrast to regeneration of predominantly hyperplastic
glands in the control-shRNA grafts (A and E vs. B and F). Expression of RFP
marked the site of lentiviral infection (I–L). Although residual levels of ARwere
detected in all shRNA-mAR–regenerated tubules, these glands were pre-
dominantly normal with decreased levels of epithelial AR compared with
control glands (N vs. M). Add back of hAR concomitant with loss of mAR
resulted in the formation of predominantly hyperplastic glands histologically
similar toshRNA-control+hAR(CandGvs.DandH).All regeneratedglandswith
AR add back had high levels of nuclear AR (O, P). (Scale bars: 100 μm.)
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Fig. 4. Loss of cell autonomous AR in adult prostate epithelium did not alter
the tumorigenic capacity of FGF10-overexperssing stromal microenvironment.
(A) The 105 dissociated prostate epithelia harvested from ARflox/Y mice were
infected with a Cre lentiviral vector resulting in the loss of AR in a subset
of epithelia. These epithelia were combined with 2 × 105 FGF10-UGSM and
were regenerated. (B) Areas of hyperplasia were seen adjacent to atrophic
appearing glands within the same regenerated grafts (a and b). Immunohis-
tochemistry revealed high levels of AR in the hyperplastic glands and absence
of AR detection in the atrophic prostate glands (c and d). The normal prostatic
secretions seen in the hyperplastic glands was absent in the atrophic tubules.
(C) AR-null regenerated tubules were epithelial because they expressed pan-
cytokeratin (a). These atrophic glands expressed low levels of prostate luminal
marker CK8 (b) and had a diminution in number of basal cells compared with
adjacent control/hyperplastic glands (c and d). (Scale bars: 100 μm.)
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FGF10-UGSM and placed in the prostate regeneration assay.
There was a diminution in prostate epithelia growth with loss of
AR (Cre-expressing) compared with control (Fig. S6A, a vs.
Fig. S6B, a). These results suggest that epithelial AR may be
important for regeneration of prostate tubules even in the pres-
ence of WT AR-expressing stroma. The majority of tubules
regenerated in the Cre-expressing grafts were atrophic, single-
layered, negative for AR, and positive for RFP (Fig. 5C, a and
b and Fig. S6B, a and b). In contrast, the tubules regenerated in the
control grafts, were hyperplastic and expressed high levels of nu-
clear AR (Fig. 5B, a and b and Fig. S6A, a). Cre was detected by
PCR in DNA extracted from LCM dissected tissue, with its
identity authenticated by sequencing (Fig. S6C). The proliferation
index of AR null and WT prostate epithelia was quantified by
measuring the percentage of Ki67-positive cells in AR null and
WT FGF10 grafts (Fig. 5D and Fig. 5B, c vs. Fig. 5C, c). To as-
certain the number of prostate epithelia transitioning fromG1 to S
phase, cyclin D1 expression was also measured (Fig. 5D and Fig.
5B, d vs. Fig. 5C, d). Despite paracrine FGF10 signaling, a signif-
icant decrease in proliferating (Ki67-positive) and cycling (cyclin
D1-expressing) prostate epithelia was noted with loss of epithelial
AR (Fig. 5D). These results demonstrate that initiation of PIN via
paracrine FGF10 relies on intact epithelial AR signaling ma-
chinery, which promotes growth of prostate epithelia in response
to FGF10.

AKT-Initiated PIN Developed Independent of Cell Autonomous AR
Signaling. Loss of PTEN, resulting in cell-autonomous activation
of AKT, is a common genetic alteration associated with prostate
adenocarcinoma (39, 40). Mutations in the pleckstrin homology
domain of AKT are also reported in prostate cancers, resulting
in AKT activation independent of other alterations in the
PI3Kinase pathway (41). Cell-autonomous activation of AKT is
sufficient for initiation of high-grade PIN in naïve adult prostate
epithelia (23, 24). We asked whether PIN induced by activation
of AKT would depend on cell-autonomous signaling by AR.
To achieve concomitant loss of AR and AKT activation, dis-

sociated prostate epithelia from adult ARflox/Y mice were infected
with a lentivirus-expressing Cre andmyristoylatedAKT (myrAKT)
or a lentivirus expressing myrAKT alone (Fig. S7A). These cells
were combined with WT stroma and placed in the prostate in vivo
regeneration assay. RFP expression was lower in Cre-infected
grafts, suggesting that loss of AR in prostate epithelia could di-
minish tubule regeneration (Fig. S8A). Expression of myrAKT in
the context of epithelial AR resulted in increased proliferation of
epithelial cells that formed solid nests (Fig. 6A). These cells were
largewith abundant cytoplasmand enlarged hyperchromatic nuclei
(Fig. 6A). The bordersof the nestswere smooth and regularwithout
evidence of invasion (Fig. 6A). These features are consistent with
a diagnosis of mPIN, a conclusion supported by immunohisto-
chemical staining showing the presence of p63+/CK5+ near the
periphery and CK8+ cells in the center of the nests (Fig. 6A, f–h).
When AR was deleted in the context of AKT activation

(FUCRW-mAKT-Cre grafts), we observed nests of proliferating
epithelial cells with architectural and cytologic features identical
to controls with the exception that the nests were much smaller
in size (Fig. 6B). Immunohistochemical staining showed the
presence of p63+ cells at nest peripheries (Fig. 6B, h and p) but
in contrast to the FUCRW-mAKT grafts, some cells were double
positive for CK5 and CK8 (Fig. 6B, f and g), a feature that has
been described for prostate transient-amplifying cells.
Contrary to observations in FGF10-regenerated grafts, activa-

tion of AKT in the context of epithelial AR loss resulted in in-
creased percentages of Ki67 and cyclinD1-positive cells compared
with controls (Fig. 7). These results suggest that despite the loss of
AR, prostate epithelia underwent active proliferation in response
to a cell autonomous mitogenic signal such as AKT activation.
Despite active proliferation of AR-null–AKT-initiated PIN
lesions, their overall size was smaller compared with WT AR–
AKT-initiated PIN (Fig. 6A compared with Fig. 6B). These dif-
ferences could not be accounted for by increased apoptosis.

Quantification of apoptotic cells using the TUNEL assay revealed
no significant difference in apoptosis rates of ARWT andAR-null
PIN lesions initiated by AKT (Fig. S8B).
These results suggest that AKT-initiated PIN occurred in-

dependent of autonomous AR signaling. Loss of epithelial AR,
in the context of AKT activation, led to increased cycling and
proliferation in prostate epithelia; however, the overall size of
PIN lesions were smaller compared with controls.

Discussion
We provide evidence demonstrating that epithelial AR can func-
tion either as a tumor promoter or a tumor suppressor, and its
function in prostate tumorigenesis depends on the cancer initiating
signal. A major advantage of our experimental approach com-
pared with previously published models (16) is the ability to ach-
ieve loss of AR in all prostate epithelia (basal and luminal)
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Fig. 5. Epithelial AR functions as a tumor promoter in response to paracrine
FGF10 signaling. (A) CD49f-positive, FACS-sorted ARflox/Y prostate epithelia
were infected with FU-Cre-CRW or FUCRW lentiviruses marked with RFP,
combined with FGF10 UGSM and placed into in vitro culture. After 48 h, RFP-
positive FACS-sorted cells were combined with FGF10-UGSM and placed in
the regeneration assay. (B) Control regenerated tissue was hyperplastic (a)
and expressed high levels of epithelial AR in response to FGF10 (b). Hyper-
plastic tissues in these grafts were Ki67-positive (c) and expressed cyclin D1
(d). (C) With the loss of AR, regenerated tubules were predominantly
atrophic (a). Regenerated atrophic tubules were AR negative (b). Only few
cells in these glands expressed Ki67 (c) or cyclin D1 (d) (D) The percentage of
Ki67-expressing and cyclin D1-expressing cells were significantly lower in the
AR null tubules compared with WT AR-regenerated glands. Results are
expressed as the average % positive ± 1 SD. (Scale bars: 100 μm.)
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simultaneous with exposure to cancer-initiating signals (autono-
mous AKT or paracrine FGF10). A potential drawback of our
approach is the possible diminution in development and differ-
entiation of cancer-initiating cells due to loss of epithelial AR. To
address this concern in FGF10-initiated tumors, partial loss of AR
was achieved with an shRNA allowing basal levels of AR expres-
sion allowing differentiation of prostate epithelia. Our results with
all three experimental approaches used in the FGF10model (Tfm,
AR-knockdown, and AR-loxP) point to a critical role for AR in
mediating response to this paracrine growth promoting signal.
Similar to tumors initiated in the AR-knockout (ARKO) TRAMP
mice (16), cell autonomous AKT could initiate PIN independent
of epithelial AR. Upon epithelial loss of AR, AKT-initiated
tumors resembled the histology of WT tumors but were smaller in
size despite a higher proliferation index and number of actively
cycling cells. Some AR-null AKT-initiated foci had characteristics

of transient amplifying cells, expressing both luminal and basal cell
markers. It is possible that initiation of PIN by AKT signaling may
be independent of AR, whereas cell-autonomous AR signaling
is required to establish differentiated lineages in the neoplastic
lesion. Given that signaling by ER α may also have an important
role in prostate cancer initiation (reviewed in ref. 42), its expres-
sion was examined. Expression of ER α was low in FGF10 grafts
both in hyperplastic AR-WTareas and inAR-null atrophic regions
(Fig. S9A). Conversely, expression of epithelial ER α was hetero-
geneous in both WT AR and AR-null AKT-initiated hyperplastic
lesions (Fig. S9B). We propose that the differential dependence
on cell-autonomousAR in each of these hyperplastic lesions is due
to differences in the growth-promoting signals.
The tumor microenvironment can play an important role in ini-

tiation of carcinomas; therefore, stromal AR may be equally im-
portant in the initiation and progressionof prostate cancer. Tumors
that developed in prostate epithelial-specificARKOTRAMPmice
were largerwith a higher proliferation index comparedwithARKO
TRAMP tumors where AR is lost in both epithelium and stroma
(43). These results suggest that signaling through stromal AR may
have a tumor-promoting effect, but do not answer this important
question experimentally. The in vivo prostate regeneration model
system could be an ideal platform for testing the role of stromalAR
in initiation and progression of prostate cancer.
Given that prostate cancer affects 1 of 6 men (44), chemo-

prevention for this disease should be explored particularly in
patients at high risk for developing prostate neoplasia. In two
randomized prospective trials, administration of 5-α-reductase
inhibitors (blocking conversion of testosterone to dihydrotes-
tosterone, a more potent ligand for the AR) demonstrated a rela-
tive risk reduction of ≈20% in incidence of prostate cancer (45,
46). These clinical trials demonstrate that chemoprevention for
prostate cancer is achievable. The natural biology of prostate
cancer, which typically has a protracted clinical course starting with
a preneoplastic lesion (PIN), also provides a unique opportunity
for chemoprevention. A better understanding of genetic predis-
posing factors and the molecular profile of preneoplastic lesions
likely to progress to invasive cancer can provide valuable insights
into identifying patients that may benefit from chemoprevention.
Despite the conventional belief that AR plays a central role in
driving prostate tumorigenesis, administration of antiandrogens
may need to be individualized to achieve clinical benefits. Un-

A

B

Fig. 6. Cell-autonomous activation of AKT in prostate epithelia resulted in
formation of PIN independent of epithelial AR signaling. (A) Cell-autonomous
expression of AKT in the context of WT AR (b) resulted in the formation of
epithelial nests (e) with large abundant cytoplasm, enlarged and hyper-
chromatic nuclei, and nuclear pleomorphism (a). Overexpression of AKT (c)
and expression of phosphorylated AKT (d) was confirmed in hyperplastic
epithelia. Basal cells expressing p63 (h) and CK5 (g) were detected in the
periphery of CK8-expressing luminal cells (f). (B) Despite efficient Cre-
mediated deletion of AR (b and j) nests of hyperplastic prostate epithelium
formed (a, e, and i, m) with cell autonomous activation of AKT demonstrated
by over expression of AKT (c and k) and expression of p-AKT (d and l). Some
hyperplastic regions contained regions with expansion of transient amplifying
cells with foci that were double positive for luminal (f) and basal (g and h)
markers. Other tubules had characteristics of mPIN with a hyperplastic pheno-
type and glands composed of basal cells (o and p) surrounding luminal cells (n).

Fig. 7. Loss of AR in prostate epithelia resulted in an increased number of
proliferating and cycling cells in the context of AKT activation. To compare
the percentage of proliferating cells, histologic sections of regenerated
grafts expressing activated AKT were stained with Ki67 (A and C) and cyclin
D1 (B and D). With cell autonomous activation of AKT an increase in the
percentage of proliferating (Ki67 positive) and cycling (cyclin D1 positive)
prostate epithelial was detected in AR-null epithelium compared with WT
AR glands.
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derstanding the compartment specific role of AR in response to
specific growth promoting signals during prostate tumorigenesis
will ultimately have important implications for chemoprevention
and therapy of this prevalent hormonally regulated tumor.

Materials and Methods
Experimental Animals. Mice were maintained in accordance with University
of California, Los Angeles (UCLA) Department of Laboratory Animal Medicine-
approved protocols and animal experiments were performed under UCLA
Animal Research Committee approval. Mating and genotyping are de-
scribed in Table S1 and SI Materials and Methods.

Plasmids. MSCV-IRES-GFP and MSCV-FGF10-IRES-GFP plasmids were described
(22). Details of vector construction are described in SI Materials and Methods.

Regeneration of the Prostate and Viral Infection of Prostate and Stromal Cells. Re-
generationandviral infectionofprostateepitheliaandstromal cellshavebeendescribed
(22, 31). Dissection and dissociation of UGSE and UGSM was based on published pro-
tocols (8, 31). To generate FGF10 UGSM, WT UGSM was infected with a retrovirus
expressing FGF10 and the color marker green fluorescent protein (GFP) (22).

Immunohistochemistry. Fixation of tissue specimens was performed in 10%
buffered formalin and then ethanol as described (31). Immunostaining
details are described in SI Materials and Methods.

Laser Capture Microdissection. LCM was performed by using the Arcturus PixCell IIe
machine. Cre detection from LCM tissue is detailed in SI Materials and Methods.

FACS. Dissociated prostate cells were suspended in DMEM/10% FBS, and cell sorting
was performed on the BD FACS Aria II. For CD49f sorting, cells were stainedwith PE-
conjugated anti-mouse CD49f (BD Pharmingen 555736) for 30 min at 4 °C.

Quantification of Proliferation and Apoptosis. Percentages of Cyclin D1, Ki67,
or TUNEL-positive epithelia were counted on three separate grafts per
condition (minimumof 300 total cells) and averaged. Error bars correspond to
±SD. A two-tailed t test was used to determine statistical significance.
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