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Classic work by Huggins and Hodges demonstrated that human
prostate cancer regresses dramatically during antihormonal ther-
apy but recurs frequently with androgen independence. Perturba-
tions in the androgen receptor (AR) and PTEN–AKT signaling axes
are significantly correlated with the progression of prostate cancer.
Genetic alterations of the AR cause receptor hypersensitivity,
promiscuity, and androgen-independent receptor transactivation.
Prostate cancers maintain an elevated AKT activity through the loss
of PTEN function or the establishment of autocrine signaling by
growth factors and cytokines. We used an in vivo prostate regen-
eration system to investigate the biological potency of the poten-
tial crosstalk between these two signal transduction pathways. We
demonstrate a direct synergy between AKT and AR signaling that
is sufficient to initiate and progress naı̈ve adult murine prostatic
epithelium to frank carcinoma and override the effect of androgen
ablation. Both genotropic and nongenotropic signals mediated by
AR are essential for this synergistic effect. However, phosphory-
lation of AR by AKT at Ser-213 and Ser-791 is not critical for this
synergy. These results suggest that more efficient therapeutics for
advanced prostate cancer may need to target simultaneously AR
signaling and AKT or the growth factor receptor tyrosine kinases
that activate AKT.

prostate regeneration � tissue structure

Fundamental changes take place in androgen receptor (AR)
signaling during prostate cancer progression (1, 2). AR

signaling mediates cell differentiation and growth inhibition in
the normal adult human and murine prostate (3–6). For
example, AR can induce the expression of the luminal cell
differentiation marker prostate-specific antigen (PSA) and the
cell-cycle inhibitor p21. Transgenic mice harboring a prostate-
specific AR transgene develop normal prostate tissues or show
mild hyperplasia after a long latency period (7, 8). However,
cell autonomous androgen signals stimulate the proliferation
of human or rodent AR-positive cancer cells (9). AR signaling
also plays a critical role in the transition of prostate cancer
from the androgen-dependent to -independent stage. In-
creased transcriptional level of AR mRNA has been demon-
strated as the most common molecular determinant of resis-
tance to antiandrogen therapy in a xenograft castration
model (1).

Loss of function of PTEN and activation of AKT are signif-
icantly correlated with the progression of prostate cancer (10).
In vivo studies showed that murine prostatic intraepithelial
neoplasia (mPIN) develops in transgenic mice expressing acti-
vated AKT1 specifically in the prostate (11). Previous in vitro
studies using long-term passaged cancer cell lines have demon-
strated that PTEN and AKT are, respectively, negative and
positive modulators of AR transcriptional activity (12–15). Some
papers have reported that AKT negatively regulates AR protein
levels and transcriptional activity at the posttranscriptional (16)
and posttranslational (17, 18) levels.

We have modified and improved a prostate cell regeneration
assay in which dissociated adult murine prostate epithelial cells
are combined with embryonic urogenital sinus mesenchymal
(UGSM) cells and engrafted under the kidney capsule of
immunodeficient host CB.17SCID/SCID mice to regenerate murine
prostate tissue (19, 20). The Sca-1 surface antigen can enrich for
prostatic stem cell activity, and a single stem�progenitor cell is
capable of regenerating a whole tubule containing both basal and
luminal cells in such regeneration experiments (21, 22). Single
genetic perturbations in the PTEN–AKT signaling axis intro-
duced into the dissociated prostate epithelial cells by lentivirus
are sufficient to initiate mPIN lesions in this regeneration system
within 6 weeks (21). We used this assay to evaluate the biological
consequences of combined AKT and AR signaling in murine
prostate epithelia. Our data demonstrate a direct synergy be-
tween AKT and AR signaling that is sufficient to initiate and
progress naı̈ve adult murine prostatic epithelium to frank car-
cinoma and override the effect of androgen ablation. Both
genotropic and nongenotropic signals mediated by the AR are
essential for this synergistic effect.

Results
The AKT and AR Signaling Pathways Synergize to Promote the
Progression of Prostate Cancer. Lentiviral vectors were designed to
express GFP, AR, or activated AKT. Dissociated adult murine
prostate cells were infected with the GFP lentivirus alone, AKT
lentivirus alone, AR lentivirus alone, or both the AKT and AR
lentivirus. A mixture of prostate epithelial cells that were
separately infected with either the AKT or the AR lentivirus was
included to investigate whether the AKT and AR signaling
pathways interact in a cell-autonomous or trans manner. The
prostate cells were then combined with urogenital sinus mesen-
chymal cells and engrafted under the kidney capsules of
CB.17SCID/SCID mice (21). Mice were killed 6 weeks later, and
grafts were collected. Two and a half hours before the mice were
killed, BrdU was injected i.p. (80 mg�kg) to label proliferating
cells.

Fig. 1a shows that regenerated tissues derived from cells
infected by AKT weighed approximately twice as much as the
GFP control grafts, but tissues regenerated from cells infected
with AR weighed significantly less than controls. This finding
suggests that increased expression of AR alone impairs the
regenerative capacity of the dissociated prostate cells, which is
consistent with previous in vitro data showing that high-level
expression of AR attenuates prostate cell growth and induces
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cell differentiation (5, 6). Strikingly, tissues regenerated from the
cells infected with AKT and AR weighed three times more than
did those in the AKT group. However, tissues regenerated from
the mixed sample of cells that were infected with AKT or AR
separately were similar in size to those in the AKT group (data
not shown). These data suggest that signals mediated by AKT
and AR can strongly synergize in a cell-autonomous manner but
not in trans.

Histological analysis (Fig. 1b Upper) shows that regenerated
tissues in the GFP group and the AR group contain normal
tubular structures. Regenerated tissues in the AKT group con-

tained mPIN lesions defined by stratifications of epithelial cells
displaying nuclear atypia. Grafts regenerated from the mixture
of cells infected with either AKT or AR lentivirus also contained
mPIN lesions (data not shown). In contrast, tissues in the
AKT-plus-AR group were composed of sheets of carcinoma cells
without glandular structures. Immunohistochemical (IHC)
staining for smooth muscle actin (SMA) (Fig. 1b Lower) shows
that stromal cells form a continuous layer, surrounding the
regenerated tubules in the GFP, AR, and AKT groups. However,
the stromal layers were discontinuous or absent in the AKT-
plus-AR group (Fig. 1b, yellow arrow). IHC and Western blot

Fig. 1. AKT and AR synergize and progress naı̈ve prostatic epithelium to invasive adenocarcinoma in a dissociated prostate cell regeneration method within
6–8 weeks. (a) Weight (� SEM) of regenerated tissues derived from prostatic epithelial cells infected by the indicated lentivirus combinations (n � 4). The
micrograph above each bar shows a representative picture of the regenerated tissues attached to the murine kidneys. (Scale bar: 1 cm.) (b) H&E staining of the
regenerated tissues (b1–b4) and IHC analysis for SMA in the regenerated tissues (b5–b8). The yellow arrow indicates the absence of the SMA-positive stromal
layer. (c) IHC staining for AR (c1 and c2) and phospho-AKT (c3 and c4) in regenerated tissues in the AKT and AKT-plus-AR groups, respectively, and Western blot
analysis of the AR and phospho-AKT (c5). Erk2 is used as a loading control. (d) IHC analysis for BrdU in regenerated tissues in the AKT (d1) and AKT-plus-AR (d2)
groups. (d3) Quantification of BrdU-positive cells in the AKT and AKT-plus-AR groups (*, P � 0.001). (Original magnification: �200. Scale bars: 100 �m.)
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analyses (Fig. 1c) demonstrate that the AR and phospho-AKT
were expressed as expected in the regenerated mPIN and
carcinoma tissues. BrdU staining demonstrated a 4- to 5-fold
increase in the cellular proliferation index in the regenerated
carcinoma (Fig. 1d).

Synergy Between AKT and AR Signaling Causes Androgen-Insensitive
Prostate Cancer. Dissociated prostate epithelial cells from wild-type
C57BL�6 mice were combined with urogenital sinus mesenchymal
cells and engrafted under the kidney capsule of the immunodefi-
cient CB.17SCID/SCID mice for 6 weeks. Host mice were then
castrated, and grafts were collected 4 weeks after castration.
Hematoxylin�eosin (H&E) staining showed that the epithelial cell
layers are disrupted after androgen ablation, and the columnar
epithelial cells appear flat. IHC analysis showed that the AR was
exported from the nucleus to the cytoplasm, and basal cells are
enriched in regenerated tissues as shown by immunostaining for the
basal cell marker p63 (23). Tissues generated from wild-type adult
murine prostate cells regress after androgen ablation similar to
normal prostate (data not shown).

Dissociated prostate cells were infected with AKT alone or
AKT plus AR and engrafted into two groups of mice. Five weeks
after engraftment, tissues generated in the AKT-plus-AR group

consistently grew larger than those in the AKT group (Fig. 2a).
Seven weeks after castration, the weight of the grafts in the AKT
group barely changed, whereas the grafts in the AKT-plus-AR
group continued to grow and weighed approximately three times
more. H&E staining demonstrates that mPIN lesions and car-
cinoma were generated in the AKT-alone group and the AKT-
plus-AR group before castration (Fig. 2b Top). After castration,
mPIN lesions generated in the AKT group were reduced from
cell shrinkage, and increased apoptotic debris was observed
inside the lumens (Fig. 2 b3 and b5, yellow arrow). No change in
histology was observed in the carcinoma in the AKT-plus-AR
group, except that there were occasional necrotic foci (Fig. 2 b4
and b6, and additional data not shown). AR was exported from
the nucleus and was predominantly localized cytoplasmically in
the generated mPIN lesions after castration (Fig. 2c Left).
However, clear nuclear localization of AR was observed in the
adenocarcinoma (Fig. 2c Right), perhaps because excess AR
regulated by the non-androgen-responsive human ubiquitin pro-
moter is hypersensitive to residual adrenal androgen. The cel-
lular proliferation index was 4-fold higher in the adenocarcinoma
than in the mPIN lesions by BrdU analysis (Fig. 2d). However,
there was no significant change in the proliferation index in each
group before and after castration, suggesting that androgen

Fig. 2. Synergy of AKT and AR overrides the effect of androgen ablation. (a) Regenerated tissues in the AKT (Upper) and AKT-plus-AR (Lower) group 1 week
(Left) and 7 weeks (Right) after castration. Three mice were included in each group, and four grafts were implanted in each mouse. (Scale bar: 1 cm.) The Bottom
chart shows the weight (� SEM) of the regenerated tissue (n � 3). (b) H&E staining of regenerated tissues before and after castration. (c) IHC staining for AR
in the tissues before and after castration. (d) IHC staining of the BrdU in the regenerated tissues before and after castration. Yellow arrows indicate the
BrdU-positive staining. The chart on the right shows quantification. (e) TUNEL assay of the regenerated tissues before and after castration. Yellow arrows indicate
green apoptotic cells. (Original magnification: �200. Scale bars: 100 �m.) The chart on the right shows quantification (*, P � 0.01 compared with before castration
and 1 week after castration).
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ablation does not attenuate cellular proliferation induced by
AKT. The TUNEL assay demonstrated that the apoptotic index
in the regenerated tissues was low in both groups before and 1
week after castration (�0.5%) but increased significantly in both
the AKT group (1%) and the AKT-plus-AR group (8%) 7 weeks
after castration (Fig. 2e). We conclude that the proproliferative
synergistic effects of AKT and AR override the effects of
androgen ablation.

Synergy of AKT and AR Is Dependent on both the Genotropic and
Nongenotropic Signaling of the AR. Binding of androgen induces
receptor nuclear translocation, dimerization, binding to DNA, and
recruitment of transcriptional machinery to activate downstream
signaling. Additionally, in a nongenotropic signaling pathway, AR
is also capable of binding and activating c-Src kinase through a

polyproline region to stimulate prostate cancer cell proliferation
and bone growth (24–26). The stability of AR is also reported to
be modulated by AKT through phosphorylation (13, 14, 17, 18). In
the ARS213A/S791A mutant, the two putative AKT phosphorylation
serines (Ser-213 and Ser-791) are mutated to alanines (12, 13, 18).
This mutant acts similarly to wild-type AR in an in vitro transcrip-
tional reporter assay (12). The N705S (27), �NLS (1), and V581F
(28) mutants are defective in AR ligand binding, nuclear translo-
cation, and DNA binding, respectively. The �Pro mutant (deletion
of the polyproline region) has been shown to act similarly to the
wild-type AR in promoting androgen-independent growth of LN-
CaP human prostate cancer cells, but it lacks activity in the AR
nongenotropic signaling pathway (1, 25, 29).

As shown previously, tissues regenerated from cells infected
with AKT and wild-type AR grew larger than those derived from
cells infected with AKT alone (Fig. 3a). The grafts in the
AKT-plus-ARS213A/S791A group were also significantly larger
than the control AKT grafts. Western blot analysis shows that
the expression levels of phospho-AKT and AR were similar (Fig.
3b), but invasive carcinoma was found only in the AKT-plus-AR
and AKT-plus-ARS213A/S791A groups (Fig. 3c). These data sug-
gest that phosphorylation of AR at Ser-213 and Ser-791 by AKT
is not required for the synergy of AKT and AR, consistent with
previous in vitro work showing that AKT does not have an effect
on AR transcription by direct phosphorylation (12).

However, when the N705S, V581F, �NLS, and �Pro mutants
of AR were used in combination with AKT, the weights of the
regenerated tissues were similar to those regenerated from cells
infected with AKT alone (Fig. 4 a and b). Western blot analysis
demonstrated that the lentiviral driven expression level of wild-
type AR and the different AR mutants was similar in each group
(Fig. 4c). H&E staining showed that whereas tissues regenerated
from cells infected with AKT plus wild-type AR contained
carcinoma, only mPIN lesions were observed in tissues in all of
the other groups (Fig. 4d Upper). IHC analysis confirmed the
behavior of the AR mutants by their cellular localization (Fig. 4d
Lower). These combined data show that both the genotropic and
nongenotropic signaling pathways mediated by the AR are
critical for the biological synergy of AKT and AR.

Discussion
We have investigated the consequence of the dual activation of AR
and AKT signaling in a biological context. Previous work using
cell-culture models has generated alternative views about the
potential crosstalk between AKT and AR signaling by using
reporter assays that measure AR transcriptional activity. AKT has
been claimed either to activate or to suppress AR transcriptional
activity, depending on the cell types and passage number of the cells
used in the assays (14, 17, 18). In this paper we demonstrate a direct
synergy between AKT and AR signaling that can transform naı̈ve
prostatic epithelium into androgen-insensitive, but AR-dependent,
carcinoma. Phosphorylation of AR at Ser-213 and Ser-791 by AKT
can cause AR degradation when coexpressed in COS-1 cells (17).
However, we do not see any change in the expression level of the
wild-type AR and the ARS213A/S791A mutant in the presence of AKT
in the regenerated carcinomas. On the contrary, we noticed a slight
increase in the expression level of the endogenous AR in the
AKT-induced mPIN lesions compared with the control normal
tissues by immunostaining (data not shown). These studies suggest
that AKT regulates the expression and stability of the AR at
multiple levels ranging from transcriptional to posttranslational
modulation.

Dissociated prostate epithelial cells or Sca-1 surface antigen-
enriched prostate stem cells expressing AKT are capable of
generating mPIN lesions, whereas the simultaneous expression
of AR and activated AKT in adult murine prostate cells leads to
the generation of adenocarcinoma without distinctive glandular
structures. It is possible that the carcinoma progressed from

Fig. 3. The putative AKT phosphorylation sites, Ser-213 and Ser-791, in the
AR are not critical for the synergy of AKT and AR. (a Upper) The images are of
regenerated tissues derived from cells infected with AKT lentivirus alone and
AKT lentivirus in combination with AR or ARS213A/S791A mutant lentivirus. (Scale
bar: 1 cm.) (a Lower) The chart shows the quantification of the weight (� SEM)
of the grafts (n � 4). Regenerated tissues in the AKT-plus-AR group and
AKT-plus-ARS213A/S791A weighed significantly more than those in the AKT
group (P � 0.01). However, there was no significant difference between the
weight of the tissues in the AKT-plus-AR group and AKT-plus-ARS213A/S791A

group (P � 0.12). (b) Western blot analysis of phospho-AKT and AR. Erk2 was
used as a loading control. (c) H&E staining (Upper) and IHC analysis of the AR
(Lower) of the regenerated tissues. (Original magnification: �200. Scale bars:
100 �m.)
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mPIN lesions. AKT and AR may target terminally differentiated
cells that lack the ability to initiate glandular morphogenesis.

We showed that both the AR nuclear signaling and nongeno-
tropic signaling through c-Src are required for the synergy of
AKT and AR. It has been shown previously that the AR-
mediated nongenotropic signal through the Src kinase may
provide a positive feedback on the traditional AR nuclear signal
transduction pathway. Mitogen-activated protein kinase, a
downstream target of the Src kinase, has been shown to phos-
phorylateARandARcoactivatorsdirectlyandincreaseandrogen-
dependent AR transcriptional activity in vitro (30–32). In addi-
tion, the association of AR and c-Src is also required for the
AR-mediated activation of phosphatidylinositol 3-kinase–AKT
signaling by direct interaction of AR and the p85� regulatory
subunit of phosphatidylinositol 3-kinase (29, 33). Therefore,
therapeutic targeting of AR signaling might block genotropic
signaling as AR antagonists do or inhibit nongenotropic signal-
ing of AR, for example, with Src kinase inhibitors as their
specificity and availability are improved (34–37).

Expression of several other Src family kinases, including Lyn,
Lck, and Yes, have also been identified in normal and cancerous
prostate tissue as well as some prostate cancer cell lines (34, 38).
Despite the fact that they all share a highly conserved Src
homology 3 domain with Src, it has not yet been reported
whether similar interactions exist between AR and these other
Src family kinases. Interestingly, a Lyn knockout mouse develops
a smaller prostate with a much lower degree of branching of the
ductal networks (39). Because AR signaling plays a critical role

in prostate morphogenesis, it is interesting to postulate that Lyn
is one of the effectors downstream of AR signaling that stimu-
lates prostatic branching.

Methods
DNA Constructs. Lentiviral vectors that mediate the expression of
the myristoylated human AKT1 and the GFP were described in
ref. 21. FUGW lentiviral vector was modified by replacing the
internal ribosomal entry site with the CMV promoter, resulting
in the FUCGW vector. cDNAs encoding the wild-type AR and
ARS213A/S791A were kind gifts from Charles Sawyers (University
of California, Los Angeles) and were subcloned into the lenti-
viral vector FUCGW with XbaI enzyme. Lentiviral vectors
mediating the expression of N705S, V581F, �NLS, and �Pro
were described in ref. 1.

Prostate Regeneration. Dissociated prostate epithelial cells were
prepared from 6- to 10-week-old C57BL�6 mice as described
in refs. 20 and 21. Dissociated prostate epithelial cells (1–2 �
105) and 1 � 105 urogenital sinus mesenchymal cells were used
in each experiment. Lentivirus preparation, titering, and in-
fection of dissociated prostate cells were performed as de-
scribed in refs. 20 and 21. Procedures of prostate regeneration
were as described in ref. 20.

Western Blot Analysis. Rabbit polyclonal anti-phospho-AKTSer-473

(9277, 1:1,000; Cell Signaling Technology, Beverly, MA),
anti-AR (N-20, 1:1,000; Santa Cruz Biotechnology), and anti-

Fig. 4. Both the genotropic and nongenotropic signaling of the AR are critical for the synergy of AKT and AR. (a) A series of AR mutants and their defects in
signaling. Shown is a representative picture of regenerated tissues derived from cells infected with AKT lentivirus alone and AKT lentivirus in combination with
AR or AR mutant lentivirus. (Scale bar: 1 cm.) (b) Quantification of the weight (� SEM) of the regenerated grafts (n � 8; *, P � 0.0001 compared with other groups).
(c) Western blot analysis of phospho-AKT and AR or AR mutants. Erk2 is used as a loading control. (d) H&E staining (d1–d6) and IHC staining (d7–d12) of AR in
the regenerated tissues. (Original magnification: �200. Magnification of Insets: �400. Scale bars: 100 �m.)
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extracellular signal-regulated kinase 2 (Erk2) (1:1,000; Santa
Cruz Biotechnology) antibodies were used for Western blot
analysis. Erk2 was used as a loading control.

Histology and IHC and Immunofluorescent Analyses. Histological and
IHC analyses were performed as described in ref. 20. Formalin-
fixed and paraffin-embedded (PFPE) sections were stained with
H&E or biotinylated anti-BrdU (1:500; Pharmingen), polyclonal
rabbit anti-AR (1:200; Santa Cruz Biotechnology), monoclonal
antibody against p63 (4A4, 1:150; Santa Cruz Biotechnology), and
rabbit polyclonal anti-phospho-AKTSer-473 (9277, 1:200; Cell Sig-
naling Technology). For visualization of SMA, PFPE sections were
stained with murine monoclonal anti-SMA (1:1,000; Sigma) and
incubated with Alexa Fluor 594 goat anti-mouse IgG (H�L)
(1:1,000; Molecular Probes). Sections were counterstained with
DAPI in mounting medium (Vector Laboratories) and analyzed by

fluorescence microscopy. For TUNEL, the In Situ Cell Death
Detection kit (Roche Applied Science, Indianapolis) was used
according to the detailed protocol supplied with the kit.
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