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The serine/threonine kinase Akt has three highly homologous isoforms in mammals: Akt1, Akt2, and
Akt3. Recent studies indicate that Akt is often constitutively active in many types of human malignancy.
Here we investigated the expression and function of Akt isoforms in human prostatic carcinoma cells. Ini-
tially, we used Western blotting to examine Akt expression in four human prostate cancer cell lines. Next,
small-interfering RNAs (siRNAs) specific for Akt isoforms were used to elucidate their role on the in vitro
and in vivo growth of prostate cancer cells. Expression of Akt1 and Akt2 was detected in all cells tested,
but Akt3 was expressed only in cancer cells that did not express androgen receptors. All synthetic siRNAs
against Akt isoforms suppressed their expression and inhibited the growth of cancer cells in vitro. Fur-
thermore, atelocollagen-mediated systemic administration of siRNAs significantly reduced the growth
of tumors that had been subcutaneously xenografted. These results suggest that targeting Akt isoforms
could be an effective treatment for prostate cancers.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction such as growth factors and cytokines [2]. The phosphatidylinositol
Despite advances in the detection and treatment of prostate
cancer, the mortality rate remains high because current therapeu-
tic strategies are limited in patients with advanced or recurrent
disease. Hormone therapy in the form of medical or surgical castra-
tion remains the mainstay of systemic prostate cancer treatment;
however, untreatable hormone-refractory prostate cancer can de-
velop even after initial favorable responses to hormone therapy.

In androgen-independent cancer cells, the androgen receptor
(AR) and its signaling remain intact, as demonstrated by the
expression of prostate-specific antigen. Alterations in these cells
include AR amplification, AR point mutations, and changes in the
expression of AR co-regulatory proteins [1]. In addition, the AR
can be activated in a ligand-independent fashion by compounds
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3-kinase (PI3K) pathway has also been implicated in prostate car-
cinogenesis and hormone resistance. Understanding the mecha-
nism of androgen-independent prostate cancer development is
therefore essential not only for the diagnosis but also for the pro-
vision of more effective therapy.

The PI3K pathway includes enzymes that are primarily involved
in the phosphorylation of membrane inositol lipids, which mediate
cellular signal transduction [3]. Akt is a well-characterized serine/
threonine kinase that lies downstream of PI3K. Activated Akt pro-
motes cell proliferation and survival by phosphorylating and mod-
ulating the activity of various transcription factors in the nucleus.
Genetic and biochemical evidence suggests that aberrant activa-
tion of the PI3K/Akt pathway contributes to tumorigenesis, which
is associated with a worse outcome of prostate cancer [4], with
up-regulation of PI3K/Akt cascades being associated with advanced
prostate cancer [5].

Three isoforms of Akt are expressed in mammals: Akt1, Akt2,
and Akt3 [6]. These are encoded by three separate genes with more
than 85% sequence identity. All isoforms are associated with
tumorigenesis [7]. Akt1 is expressed at high levels in most tissues
with the exception of kidney, liver, and spleen. Akt2 expression is
tissue-dependent, being especially abundant in brown fat and, to a
lesser extent, skeletal muscle and liver [8]. Akt3 is most strongly
expressed in brain and testis, with lower expression levels in
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Fig. 1. Expression of Akt isoforms in human prostate cancer cells. Protein extracts
from human prostatic carcinoma cells were analyzed for the expression of AR and
Akt isoforms by Western blotting.

Fig. 2. RNAi effect of siAkt1 (A), siAkt2 (B), and siAkt3 (C) in human androgen-
independent prostate cancer cells. PC-3 cells were transfected with 1 nM siRNAs in
Lipofectamine 2000. The RNAi effect on Akt isoform protein expression was
evaluated by Western blotting.
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intestinal organs and muscle tissues [9]. Increased expression and
activation levels have been reported for Akt1 in prostate, breast,
and ovarian cancers [10], for Akt2 in breast and ovarian cancers
[11], and for Akt3 in prostate and breast cancers [12]. In the current
study, we explore the participation of Akt in androgen-indepen-
dent prostate cancer in vitro and in vivo using an isoform-specific
small-interfering RNA (siRNA).

2. Materials and methods

2.1. Cells and cell culture

Four human prostate cancer cell lines were used in this study:
two AR-positive cells, LNCaP and 22Rv1, and two AR-negative cells,
PC-3 and DU145. The cells were maintained in RPMI1640 medium
(Sigma–Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum (FBS; Biosource International, Camarillo, CA), 100 U/ml pen-
icillin, and 100 lg/ml streptomycin (Invitrogen, Carlsbad, CA), re-
ferred to here as complete medium, and were incubated in a
humidified atmosphere of 95% air and 5% CO2 at 37 �C.

2.2. Western blot analysis

Cells were grown in monolayers, harvested at subconfluence, and
lysed with CelLytic M cell lysis reagent (Sigma–Aldrich). Samples
were centrifuged at 12,000�g for 15 min at 4 �C, and supernatants
were electrophoresed on sodium dodecyl sulfate (SDS)-polyacryl-
amide gels (BioRad, Hercules, CA) and transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA). The membranes
were blocked with 5% non-fat dried milk (Wako, Osaka, Japan) and
1� T-TBS (25 mM Tris–HCl, 125 mM NaCl, and 0.1% Tween 20; Sig-
ma–Aldrich) overnight at 4 �C. They were then probed with primary
antibodies overnight at 4 �C, followed by horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature. The
immune complexes were visualized with the Enhanced Chemilumi-
nescence Plus detection system (Amersham Biosciences, Piscata-
way, NJ) according to the manufacturer’s protocol. As an internal
control, monoclonal mouse anti-b-tubulin antibody (BD Biosci-
ences, San Jose, CA) or polyclonal goat anti-actin antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) was used. Primary antibodies
were as follows: polyclonal rabbit anti-AR antibody (N-20; Santa
Cruz Biotechnology); monoclonal mouse anti-Akt1 antibody and
polyclonal rabbit anti-Akt2 antibody (Cell Signaling, Beverly, MA);
and polyclonal rabbit anti-Akt3 antibody (Millipore).

2.3. Design and transfection of synthetic siRNAs specific for Akt
isoforms

We designed and synthesized five specific synthetic siRNAs for
each Akt isoform (designated as siAkt1, siAkt2, and siAkt3, respec-
tively). The target sequences were optimized for maximum target-
gene silencing and to minimize sequence-specific cross reactivity
(off-target effects) using B-Algo and siPRECISE (B-Bridge, Mountain
View, CA) [13]. B-Algo is an adaptive learning algorithm that formu-
lates rules based on complex empirical experiments, and siPRECISE
is a high-performance Basic Local Alignment Search Tool (BLAST)-like
search that can find sporadic mismatches in a target sequence. An siR-
NA specific for green fluorescent protein (siGFP) was used as a nega-
tive control. Cells were seeded at a density of 5� 105 in a 60-mm
culture dish in complete medium, and were transfected 24 h later
with 1 nM siRNA using Lipofectamine 2000 Reagent (Invitrogen).

2.4. Cell-proliferation analysis

Cells (5 � 104) were seeded into 60-mm dishes in complete
medium with synthetic siRNA (1 nM) and Lipofectamine 2000 Re-
agent and incubated for 6 days. They were recovered by treatment
with 0.05% trypsin–0.53 mM ethylenediaminetetraacetic acid
(EDTA; Wako) and counted with a Z1 Coulter� particle counter
(Beckman Coulter, Fullerton, CA).

2.5. Xenograft model and tumor therapy

PC-3 cells (1 � 106) in 0.1 ml culture medium were injected
subcutaneously at two sites in the flanks of male athymic nude
mice (CLEA Japan, Tokyo, Japan). Two weeks later, tumor cell-bear-
ing nude mice were randomly divided into eight treatment groups
as follows: a no-treatment group; a group treated with siGFP with
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atelocollagen (AteloGene� Systemic Use; Koken, Tokyo, Japan); and
six groups treated with either of two siRNAs specific for each Akt
isoform complexed with atelocollagen. Each group consisted of
three mice. The final concentration of siRNA was 40 lM in atelocol-
lagen. These complexes were injected into the tail vein every
3 days. Tumor diameters were measured at regular intervals with
digital calipers, and tumor volumes (mm3) were calculated using
the following formula: length �width � height � 0.523. After
15 days from the first administration of siRNA/atelocollagen com-
plexes, PC-3 xenografts were dissected and examined for Akt iso-
form expression levels by Western blotting. Animal studies have
been approved by the Ehime University Review Board.
Fig. 3. Growth-inhibitory effect of siAkt1 (A and D), siAkt2 (B and E), and siAkt3 (C) on hu
in complete medium with synthetic siRNAs at the concentration of 1 nM. After 6 days, cel
a Z1 Coulter� particle counter. Bars denote standard deviation (SD) of samples perform
2.6. Statistical analysis

The student’s t-test was used to determine the significance of
differences between the groups. P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Expression of Akt isoforms in human prostate cancer cells

We examined the expression of Akt isoforms in four human
prostate cancer cell lines using Western blotting. Expression of
man prostate cancer cells in vitro. PC-3 (A–C) and LNCaP (D and E) cells were seeded
ls were recovered by treatment with 0.05% trypsin–0.53 mM EDTA and counted with
ed in triplicate. *P < 0.05 compared with control culture.
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Akt1 and Akt2 proteins was detected in all cells tested, whereas
Akt3 protein was expressed only in the AR-negative cancer cell
lines PC-3 and DU145 (Fig. 1).

3.2. RNA interference (RNAi) and growth-inhibitory effects of siAkt in
prostate cancer cells

We used RNAi to clarify the function of Akt isoforms in the pro-
liferation of human prostate cancer cells. Synthetic siAkt1, siAkt2,
and siAkt3 were transfected into PC-3 cells expressing all Akt iso-
forms at a concentration of 1 nM to minimize off-target effects and
interferon responses, and their effects were examined by Western
blot analysis. Each siRNA reduced the expression of the corre-
sponding Akt isoform by 36–63% (Fig. 2).
Fig. 4. Effect of siAkt1 (A), siAkt2 (B), and siAkt3 (C) with atelocollagen on the in vivo grow
injected subcutaneously into the flank of nude mice. Synthetic siRNA (8 nmol)/atelocolla
tumor volume was measured at the same time. After 15 days, PC-3 xenografts were diss
*P < 0.05 compared with control.
Subsequently, we tested the effects of siAkt1, siAkt2, and siAkt3
on the growth of PC-3 cells in vitro. The knockdown of Akt1 expres-
sion reduced the growth rate by 70–96% in PC-3 cells (Fig. 3A). siA-
kt2 and siAkt3 also suppressed the growth of these cells by 59–94%
and 81–95%, respectively (Fig. 3B and C). Furthermore, siAkt1 and
siAkt2 inhibited the androgen-dependent growth of LNCaP cells by
38–50% and 33–45%, respectively (Fig. 3D and E).

3.3. Effect of siAkt on the in vivo growth of androgen-independent
prostate cancer cells

We assessed siAkt-mediated growth inhibition in vivo using a
mouse model. We administered siAkt/atelocollagen complexes
into mouse tail veins every 3 days for a total of five injections.
th of human androgen-independent prostate cancer cells. PC-3 cells (1 � 106) were
gen complexes were intravenously administered into the tail vein every 3 days and
ected and examined for expression levels of each Akt isoform by Western blotting.
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We found that siAkt1, siAkt2, and siAkt3 significantly reduced the
size of subcutaneously xenografted PC-3 tumors, compared with
control groups. Furthermore, the expression of the corresponding
Akt isoform in excised tumor tissues was notably suppressed in
the groups administered siAkt/atelocollagen complex compared
with the control groups (Fig. 4).

4. Discussion

The current study revealed that androgen-independent human
prostate cancer cells did not express AR, but did express all Akt iso-
forms at high levels. To examine the oncogenic function of each Akt
isoform in these cells, we designed and synthesized siAkt1, siAkt2,
and siAkt3, which had RNAi effects at 1-nM concentrations, with
little off-target effects. The targeting of any of the three Akt iso-
forms largely suppressed the growth of androgen-independent hu-
man prostate cancer cells both in vitro and in vivo. Therefore, all of
the Akt isoforms appeared to be required for the androgen/AR-
independent growth of human prostate cancer cells.

Akt lies downstream of PI3K, and is expressed and activated in
many human malignancies. PI3K participates in various signal-
transduction pathways that are implicated in many cellular re-
sponses [14]. Previous reports suggest that PI3K signaling might
play a critical role, allowing prostatic cancer systems to maintain
continued proliferation in low-androgen environments [15].
Knock-out mice carrying targeted deletions of PTEN which nega-
tively regulates PI3K/Akt, demonstrate sequential neoplastic
changes, namely, development of prostatic intraepithelial neopla-
sia, followed by invasive and metastatic adenocarcinoma. The tu-
mor do respond to hormonal therapy but eventually progress to
hormone-refractory cancer despite castration [16]. These results
suggest that blockade of the PI3K/Akt pathway could be an effec-
tive approach for the treatment of androgen-independent prostate
cancer.

The present study also demonstrated successful transfection of
siRNA complexed with atelocollagen into xenografted tumor cells.
Atelocollagen-mediated siRNA delivery has been reported to be
effective in gene silencing following either local injection directly
into tumors or intravenous systemic injection. This is because
atelocollagen complexed with siRNA is resistant to nuclease and
can be efficiently transduced into cells [17]. Previous reports
showed that an siRNA can efficiently reach the target site in vivo,
without being degraded by nucleases, if combined with an appro-
priate concentration of atelocollagen [18,19]. Furthermore, our re-
cent study indicated that atelocollagen-mediated systemic
administration of siRNAs specific for AR resulted in efficient inhibi-
tion of androgen-sensitive human prostate cancer cell growth
without severe side effects such as lung, liver, or renal damage in
nude mice [20].

In conclusion, any of the three mammalian Akt isoforms could
be an appropriate target for the treatment of hormone-refractory
prostate cancer. A promising future option for treatment might
therefore be the combination of hormone therapy with inhibition
of Akt signals.
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