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To determine whether Akt activation was sufficient for the trans-
formation of normal prostate epithelial cells, murine prostate
restricted Akt kinase activity was generated in transgenic mice
(MPAKT mice). Akt expression led to p70S6K activation, prostatic
intraepithelial neoplasia (PIN), and bladder obstruction. mRNA
expression profiles from MPAKT ventral prostate revealed similar-
ities to human cancer and an angiogenic signature that included
three angiogenin family members, one of which was found ele-
vated in the plasma of men with prostate cancer. Thus, the MPAKT
model may be useful in studying the role of Akt in prostate
epithelial cell transformation and in the discovery of molecular
markers relevant to human disease.

The insulin-like growth factor signaling pathway is implicated
in both the initiation and progression of prostate cancer. For

example, higher plasma insulin-like growth factor-1 levels are
associated with prostate cancer risk, whereas inactivating so-
matic mutations of PTEN or loss of the PTEN protein are
common in prostate cancer cell lines and in primary and
metastatic tumor specimens (reviewed in ref. 1). The tumor
suppressor activity of the lipid phosphatase PTEN is linked to its
ability to antagonize phosphoinositide 3-kinase (PI3K) signaling
(2). Thus, mutations in PTEN lead to deregulated PI3K signal-
ing, resulting in constitutive activation of downstream targets
including the Akt�PKB kinase family (Akt; reviewed in ref. 3).
In keeping with these data, Akt kinase activity is frequently
elevated in primary prostate tumors (4).

Akt is activated through membrane recruitment to sites of
phosphatidylinositol 3,4,5-trisphosphate, through conforma-
tional change and through phosphorylation on residues Thr-308
and Ser-473 (3). Recruitment to the membrane as a gag-fusion
(as in v-akt) or through the addition of a myristoylation sequence
is sufficient both for kinase activation and for transformation of
rodent and avian cells (5, 6).

When activated, Akt promotes both cell growth and cell
survival. A growing number of substrates of Akt have been
identified including glycogen synthase kinase-3 (GSK3), BCL2-
antagonist of cell death protein (BAD), endothelial nitric oxide
synthase (eNOS), Caspase 9, and I�B kinase � (IKK�); however
in Caenorhabditis elegans and Drosophila melanogaster genetic
studies have specifically linked activation of Akt to the regulation
of a Forkhead transcription factor and to activation of p70S6K. In
mammalian systems, restoration of Forkhead activity or inhibi-
tion of mTOR and p70S6K reverses many aspects of the trans-
formed phenotype resulting from the loss of PTEN (7–10).

PTEN�/� mice develop prostate intraepithelial neoplasia
(PIN) and microinvasive cancers (11, 12); however, viability is
compromised as a result of extraprostatic disease. Recent data
suggest that Akt1 may be necessary for the induction of a tumor
phenotype in PTEN�/� embryonic stem cells (13). Thus, to
determine whether activation of Akt1 was sufficient for the
induction of murine prostate cancer and to determine the extent
to which such activation recapitulated the loss of PTEN in the
murine prostate, transgenic mice were generated in which
expression of activated Akt1 was spatially restricted to the

prostate. Expression of Akt1 in the ventral prostate (VP) of the
MPAKT mice (murine prostate restricted Akt kinase transgenic
mice) resulted in activation of the p70S6K pathway and the
induction of PIN similar in character to that observed in
PTEN�/� mice. These mice, although long-lived, develop blad-
der obstructions at a frequency of 30%, requiring euthanasia.
Moreover, expression profiling revealed an angiogenic�hypoxia
signature in these mice and the identification of an angiogenic
plasma factor that was then validated in plasma samples taken
from patients with prostate cancer.

Materials and Methods
Generation of Akt Expressing Transgenic Lines. The insert from
pCDNA3-myr-HA-Akt1 was liberated by EcoRI�XbaI diges-
tion, blunted, and ligated to EcoRV restricted pBSK-rPb carry-
ing �426 to �28 of the rat probasin promoter (19). The
linearized rPb-myr-HA-Akt1 insert was injected into pronuclei
of fertilized oocytes, and 10 FVB founders were identified.

Genotyping, Dissections, and Preparation of Tissues. Isolation of tail
DNA, PCR-based genotyping, prostate and genitourinary tract
dissections, tissue fixation, and hematoxylin�eosin (H&E) stain-
ing were performed as described in the methods available at
http:��research.dfci.harvard.edu�sellerslab�datasets�index.html.
PTEN mice were genotyped as described (11).

Immunohistochemical Analysis. Mounted tissue sections were hy-
drated, incubated for 30 min with 3% H2O2 in methanol at room
temperature, washed with double distilled water and PBS, and
heated in a microwave to 199oF in 1 mM EDTA (pH 8.0) for 25
min (for anti-PTEN, anti-ppS6, and anti-ppAKT staining), or in
10 mM citrate buffer (pH 6.0) for 30 min (for anti-p63 staining),
or heated in a pressure cooker in 10 mM citrate buffer (pH 6.0)
for 30 min (for anti-ppGSK3 staining), or incubated with 0.25%
trypsin for 30 min at 37°C (for anti-CD31 staining). Sections
were blocked in 10% goat serum (Vector Laboratories; 30 min),
incubated with anti-Akt-pS473 (1:400), anti-ppGSK3� (pS9;
1:25), anti-ppS6 (pS235�236; 1:400), antisera (Cell Signaling
Technology, Beverly, MA), anti-PTEN antisera (1:600; ref. 14),
anti-p63 antisera (1:100; BD PharMingen), or anti-CD31-
PECAM antisera (1:100; BD PharMingen) in 1% BSA (12 h at
4°C), washed with PBS, and incubated with secondary antibody
(1:200; Vector Laboratories; 30 min). Antigen–antibody com-
plexes were detected with the ABC kit (Vector Laboratories).

Immunoblot Analysis. Proteins from fresh tissues were extracted in
TNN buffer (50 mM Tris, pH 7.4�150 mM NaCl�0.5% Nonidet
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P-40�5 mM EDTA, pH 8.0�1 mM NaOVa�1 mM DTT�5 mM
NaF�5 �g/ml leupeptin�5 �g/ml aprotinin�1 mM PMSF), sep-
arated by gel electrophoresis, transferred, and immunoblotted as
described (7). Anti-Akt-S473, anti-pan-Akt, anti-GSK3-S9, anti-
pan GSK3 (Cell Signaling Technology) were used at 1:1,000, and
anti-hemagglutinin (HA) (Santa Cruz Biotechnology) was used
at 1:2,000.

RNA Isolation and Microarray Expression Analysis. Total RNA was
prepared from VP by the Trizol method (Invitrogen). The
generation of biotinylated target cRNA (using 15 �g of total
RNA per sample) fragmentation, hybridization to the Af-
fymetrix Murine U74Av2 arrays, washing, and scanning were
carried out as described (15). Raw expression values were
normalized to the array intensity of array 1. Genes whose
expression varied �5-fold between any two samples in the
experiment were filtered. Genes differentially expressed be-
tween the four transgenic and four wild-type VPs were ranked
by using a modified signal-to-noise metric calculated as follows:
��akt � �wt��(�akt � �wt) (16).

In Situ Hybridization. A 316-bp PCR product for angiogenin-3 was
generated by RT-PCR using the oligonucleotides and 5�-
TTAACCCTCACTAAAGGGACCAGGAGCACGAAGCT-
AGAC-3� and 5�-TAATACGACTCACTATAGGGCACA-
GATGGCCTTGATGTTG-3�, which include T7 and T3
polymerase binding sites. A cRNA probe for prostate stem cell
antigen (PSCA) was generated as described (17). Digoxigenin-
labeled (PSCA) and radiolabeled (angiogenin-3) riboprobes
were generated, and in situ hybridization (ISH) was carried out
as described (18).

Analysis of Plasma Levels of Angiogenin in Clinical Samples. Plasma
samples were collected from consenting individuals with clini-
cally localized prostate cancer (39 patients), metastatic, hor-
mone-refractory (40 patients), or no history of prostate cancer
(37 patients). Plasma angiogenin levels were determined after an
800-fold dilution in duplicate by using a Quantiglo chemilumi-
nescent ELISA kit (R & D Systems). Descriptive statistics were
used to characterize each category of subjects. Wilcoxon rank-
sum tests were used to assess the pair-wise differences between
categories. Because each group was used in two comparisons, a
P value of 0.025 was considered statistically significant. To assure
that the conclusions were robust to method of analysis, a second
method of analysis was applied. Specifically, the data were log
transformed, resulting in a more normal distribution. The 95%
confidence intervals were then generated for the natural log-
transformed angiogenin levels for each group.

Results and Discussion
Expression of Activated Akt Spatially Restricted to the VP. After
pronuclear injections of a plasmid insert containing �421 to �28
of the probasin promoter (19) upstream of a cDNA for HA
epitope-tagged, myristoylated (myr), human Akt-1 (Fig. 1A), 10
founders harboring at least one copy of the transgene were
identified by Southern blotting (data not shown). All founders
were backcrossed to the FVB parental strain (Fig. 1B), and
representative transgene-bearing F1 males were killed at 8 wk.
RNA and protein of ventral, lateral, dorsal, and anterior prostate
lobes were isolated, and evidence for transgene expression and
protein production was sought by RT-PCR and anti-HA immu-
noblotting. A single line, MPAKT was found to have prostate-
specific expression of HA-myr-Akt1 mRNA and protein (Fig. 1C
and data not shown). The prostate lobes of all of the F1 offspring
from the nonexpressing lines were normal when evaluated
histologically and were not evaluated further (data not shown).

Next, protein extracts from tissues of the genitourinary tract
were harvested from 8-wk-old MPAKT and littermate control

males and probed with anti-HA antibody. HA-myr-Akt1 protein
was uniformly detected in the VP, and, in 10% of MPAKT mice,
low-level expression was detected in the lateral prostate (LP; see
also Fig. 2 E and F). Expression was not detected in any other
tissue (Fig. 1D Upper).

To determine the activation state of the Myr-HA-Akt1,
immunoblots were probed with antisera against phospho-S473 of
Akt and with pan-Akt antisera. Endogenous Akt and Myr-HA-
Akt1 were found in equivalent amounts; however, only Myr-
HA-Akt1 was phosphorylated (Figs. 1D Lower and 2A). Simi-
larly, genitourinary tract tissues of MPAKT and control males
were fixed, embedded, and subject to immunohistochemical
analysis (IHC) by using anti-pS473 antisera. Marked plasma
membrane and cytoplasmic staining was seen in the VP of
MPAKT, but not in littermate controls (Fig. 2 C and D). In
addition, focal pS473 staining of the LP was observed in a
minority of transgenic males (Fig. 2 E and F). To determine the
phosphorylation state of a downstream substrate of Akt, proteins
and tissues isolated from both MPAKT and littermate control
mice were immunoblotted or studied by IHC with antisera to
phospho-S9 of GSK3 or total GSK3. Phosphorylation of GSK3
was detected by both methods in the VP of MPAKT males (Fig.
2 B, G, and H) and in tissue sections staining of phospho-S9
colocalized with anti-S473 staining. Finally, protein extracts

Fig. 1. Akt activation is spatially restricted to the prostate. (A) Schematic
diagram of the Akt-1 transgene. A cDNA directing the expression of myr and
HA epitope-tagged human Akt-1 was inserted 3� of the rat probasin promoter,
�426 to �28 bp. (B) PCR-based genotyping of representative transgenic
founders (Tg) or controls (Wt). (C) Prostate-specific transgene expression.
Protein extracts from the indicated tissues from wild-type (Wt) and transgenic
(Tg-Akt) mice were immunoblotted by using anti-HA antibody. (D) Transgene-
directed Akt expression predominantly in the VP. Protein extracts prepared
from the indicated genitourinary tract tissues (PG, preputial gland; AG, am-
pullary gland; U, urethra; VP, ventral prostate; LP, lateral prostate; DP, dorsal
prostate; SV, seminal vesicle; BL, bladder; EP, epididymis; VD, vas deferens; and
T, testis) from 8-wk-old wild-type (Wt) and transgenic (Tg-Akt) mice were
immunoblotted with anti-HA antibody (Upper) or reprobed with anti-pS473
(Lower).
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prepared from the VP of mice killed at 15, 35, 47, and 60 wk were
probed with anti-pan-Akt and anti-pS473 antisera. Here, expres-
sion and activation of Akt could be demonstrated in mice
spanning all ages (Fig. 2 A). Of note, expression and activation
of Myr-HA-Akt1 in MPAKT mice can be detected as early as 2
days postnatal (Fig. 6, which is published as supporting infor-
mation on the PNAS web site, www.pnas.org). Together, these
data suggest that constitutive activation of Akt1 and phosphor-
ylation of a known Akt substrate have been achieved in a
predominantly VP-restricted pattern.

Akt Expression and Activation Is Sufficient for the Induction of PIN.
Histologic study of the VP of the MPAKT line revealed a striking
phenotype characterized by a hyperplastic and dysplastic epi-
thelium with disorganized multicell layers, intraepithelial lumen
formation, loss of cell polarity, nuclear atypia, and apoptotic
bodies (Fig. 3 A–D; and Figs. 7 and 8, which are published as
supporting information on the PNAS web site) (20, 21). These
histopathologic features are consistent with PIN and were
confirmed in independent review by three expert pathologists.

No abnormalities were seen in the dorsal or anterior prostate
of the MPAKT mice. However, in the instances where phos-
phorylated Akt was focally expressed in the LP, coincident focal

PIN was noted in these areas (Fig. 2 E and F). In addition, rarely
areas of the VP in MPAKT mice failed to express Akt, and in this
setting there was no evidence of PIN (data not shown). Thus,
there is a direct correlation between transgene expression,
activation of Akt, and the development of PIN. These latter data
strongly suggest that this phenotype is a direct result of the
expression and function of Akt kinase activity and is unlikely to
have been caused by a gene activation or inactivation event
resulting from the integration of the transgene.

Human PIN lesions are characterized by preservation of the
basement membrane and the basal cell layer. In the murine
prostate, basal cells are similarly aligned circumferentially
around the secretory epithelium. The p53 family member p63 is
a highly specific basal cell marker that, in the mouse, is necessary
for the appropriate maintenance of prostate basal cells (22). In
keeping with observations made in human PIN, IHC staining for
p63 revealed normal numbers and organization of the basal cell

Fig. 2. Activation of Akt and phosphorylation of GSK3. (A) Protein lysates
from dorsolateral (DLP) and VP of MPAKT (Tg) and wild-type (Wt) littermate
mice at 15, 35, 47, and 60 wk were immunoblotted with anti-pS473 (Upper)
and pan-Akt (Lower) antisera. The positions of endogenous murine Akt (filled
arrow) and myr-HA-Akt-1 (open arrow) are indicated. (B) Protein lysates from
VP, DP, and LP from MPAKT and wild-type mice were immunoblotted with
anti-pS473 (Top), anti-phospho-GSK3 (pS9; Middle), and anti-pan GSK3 (Bot-
tom). (C–H) IHC staining of tissue sections from VP or LP from wild-type (Wt)
and MPAKT (Tg-Akt) with anti-pS473 or anti-phospho GSK-3 (pS9) antisera as
indicated (C–H, �200; Insets C and D, �400).

Fig. 3. Akt activation induces PIN. (A–D) Akt induced PIN in the VP. VP from
both Wt (A) and MPAKT (Tg-Akt; B–D) mice were stained with hematoxylin�
eosin. Features of dysplasia indicative of PIN include loss of cell polarity (B–D),
mitotic figures (blue arrows in B), nuclear atypia (black arrows in C), apoptotic
bodies (light blue arrow in C), and intraepithelial lumen formation (white
arrows in C and D). (E and F) Preservation of the basal cell layer in MPAKT VP.
Tissue sections of VPs from Wt (E) and MPAKT (F) mice were stained with
anti-p63. Arrows indicate representative p63-positive basal cells. (G and H)
Concordance of Akt activation and PIN in the VP of PTEN heterozygous mice.
Sequential tissue sections from the VP of PTEN heterozygous mice were
stained with anti-PTEN (G) and anti-pS473 (H). Areas of positive anti-PTEN
staining accompanied by negative anti-pS473 staining (filled arrows) whereas
areas with loss of PTEN staining accompanied by positive anti-pS473 staining
(open arrows) are indicated (compare G with H). (A–F, �400; G and H, �200;
Insets, �400.)
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layer in the VPs from both control FVB and MPAKT mice (Fig.
3 E and F).

Akt Activation Leads to Activation of the p70S6K Pathway, Increases in
Prostate Epithelial Cell Size, and Urinary Bladder Obstruction. The
PIN lesions observed in the MPAKT line seem to result from
both an increase in cell number (a mean of 26.7 � 104 WT vs.
98.3 � 104 MPAKT) and an increase in cell size (a mean of
10.7 � 1.6 �m WT vs. 15.74 � 3.3 �m MPAKT) (Fig. 4G). This
phenotype seen in D. melanogaster harboring PTEN mutations
(23, 24) and in PTEN�/� mice has been linked to the activation
of p70S6K (8). In keeping with these data, robust cytoplasmic
staining for the p70S6K substrate phospho-RPS6 (ppS6) was seen
in the VP of MPAKT but not in WT males and colocalized with
anti-Akt pS473 staining (Fig. 4 A and B). Likewise, in the LP
ppS6, staining colocalized with areas of focal PIN and with focal
staining of phospho-Akt (Fig. 4 C and D). These data suggest
that the activation of Akt results in the activation of p70S6K and
is linked to the development of PIN in MPAKT mice.

The MPAKT PIN phenotype was markedly distinct from the
pathological changes seen in transgenic adenocarcinoma of the
mouse prostate (TRAMP) mice where a cribriform intraepithe-
lial hyperplasia containing smaller cells with hyperchromatic
nuclei is detected at 10 wk and invasive adenocarcinoma is
detected at 20 wk (19), but was similar, although more uniform
and extensive, to that seen in PTEN�/� mice. In these mice (11),
we found that the prostate histology remained normal until 38
wk whereupon focal loss of PTEN protein was detected by IHC
(in VP, LP, and dorsal prostate; Fig. 3G) along with coincident
gain of anti-pS473 staining (Fig. 3H). In these areas, focal PIN
lesions were found that were similar in histological appearance
to those seen with Akt expression. In these lesions, activated
endogenous Akt was localized primarily to the plasma mem-
brane with a marked absence of nuclear staining, and, as seen in
the MPAKT mice, phosphorylation of S6 was coincident with the
activation of Akt (Fig. 4 E and F). These data suggest a marked
overlap in the phenotype induced by activation of Akt and that
resulting from loss of PTEN, and are consistent with the results
of transgenic Akt1 expression in other organs (25–28).

Kaplan-Meier analysis showed minimal overall differences in
survival between transgenic and nontransgenic littermates (Fig.
4H). However, older mice (15�41 transgenic mice vs. 0�23 WT
mice) developed a protuberant abdomen as a result of a bladder
outlet obstruction and were killed, resulting in a decrease in
survival at later time points (Fig. 4 I and J). Sectioning of the
urethra revealed an obstruction at the level of the prostate (data
not shown). To date, histological examination of mice at 8, 17,
27, 45, 60, and 78 wk has failed to identify evidence of invasive
cancer, including 41 transgenic mice aged 78 wk or older (Fig. 6).
PTEN heterozygous mice do develop prostate adenocarcinomas
(29), and, whereas Akt expression is sufficient to induce PIN, it
is not sufficient for the induction of overt tumors in this strain
of mice, suggesting that additional oncogenic events are required
in vivo for progression to adenocarcinoma. The difference in the
prostate phenotype between MPAKT and PTEN�/� mice (PIN
vs. invasive cancer) may arise as a result of growth�survival
advantages conferred through loss of PTEN and not simply
reproduced by activation of Akt. Alternatively, strain-specific
differences between the C57BL�6 background of the PTEN�/�

mice and the FVB background of the MPAKT mice might
account, at least in part, for a difference in the phenotype.
Expression profiling data from our lab have revealed surprisingly
strong strain-specific expression differences in the ventral pros-
tate, strong enough that FVB and C57BL�6 segregate in self-
organized maps (P.K.M. and W.R.S., unpublished results).
Moreover, initial crosses of MPAKT on to the C57BL�6 back-
ground have revealed an increase in BrdUrd incorporation
compared with the FVB strain (data not shown). Because

MPAKT mice do not suffer the consequence of an extraprostatic
phenotype, this model provides an opportunity to study muta-
genic, environmental, dietary, and possible strain-related or
other genetic factors that may cooperate with activation of Akt
to induce prostate tumorigenesis.

Fig. 4. Prostate expression of Akt induces activation of the p70S6K pathway,
leads to increased cell and organ size, and induces bladder outlet obstruction.
(A–D) Activation of S6 is coincident with activation of Akt. Sequential tissue
sections from VP or LP from MPAKT mice were stained with anti-pS473 and
anti-pS6 (as indicated). Filled and open arrows indicate representative
costained and co-unstained regions of LP, respectively. (E and F) Coincident
phosphorylation of Akt and S6 in the prostate of PTEN�/� mice. Sequential
sections of VP were stained with the indicated antisera. (G) Transgenic ex-
pression of Akt results in an increase in cell size. Hematoxylin�eosin-stained
tissue sections from VP of MPAKT (Tg-Akt) and wild-type (Wt) littermate
control mice at 16 wk and 24 wk of age were used to obtained the bidimen-
sional measurements of all secretory epithelial cells. The mean and SD of the
cell diameter (�M) from 10 animals of each genotype are shown. (H) MPAKT
mice have a normal life span. Kaplan–Meier survival analysis of wild-type (Wt,
solid line) and MPAKT (Tg-Akt, dashed line) mice. (I and J) Representative
genitourinary tract of a nonobstructed Wt control compared with a MPAKT
male with bladder obstruction. The white arrows indicate the bladder, blue
arrows indicate seminal vesicles, and the black arrows indicate VP. (A, B, E, and
F, �400; C and D, �200; I and J, �4.)
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Expression Profiling and Angiogenesis in Transgenic Prostate. To
determine whether the epithelial cells expanded within the PIN
lesions observed in the MPAKT animals were similar at a
molecular level to prostate epithelial cells found in human
prostate cancer, the patterns of gene expression in MPAKT vs.
nontransgenic animals were analyzed. To this end, total RNA
was isolated from the VP of four MPAKT and four littermate
control mice at 8 wk. Labeled cRNA was generated and hybrid-
ized to the Affymetrix U74Av2 murine expression array. Aver-
age difference values generated by using the MAS4 software
(Affymetrix, Santa Clara, CA) were scaled (scaling factors
ranged from 0.79–1.8). Genes were filtered to eliminate those
that had less than 5-fold variation between the maximum and
minimum values across the eight samples. The expression dif-
ferences between FVB and MPAKT mice were sufficiently
robust to allow for the unsupervised separation of FVB and
MPAKT mice by hierarchical clustering (data not shown). Genes
whose expression pattern was strongly correlated with the class
distinction MPAKT vs. WT (FVB) were ranked by using a
modified signal-to-noise metric and statistical significance as-
sessed by permutation testing. Up-regulated genes (350) and 175
down-regulated genes exceeded the 5% permutation threshold.
The top 50 up- and down-regulated genes are shown in Fig. 5A,
and the list of the top 100 up- and down-regulated genes is shown
in Tables 1 and 2, which are published as supporting information
on the PNAS web site. All raw and normalized data can be found
in Tables 3 and 4, which are published along with cel files
as supporting information on the PNAS web site. All raw
and normalized data and cel files also are available at http:��
research.dfci.harvard.edu�sellerslab�datasets�index.html.

Among the most significantly up-regulated genes was PSCA,
a gene that is expressed in prostate ductal tips during prostate
development (17). In human prostate cancers, PSCA levels both
at the mRNA and protein level are increased (30). Moreover,
PSCA induction has been reported in PTEN�/� mice as well
(31). The gene for osteocalcin (or gla protein), a gene also
up-regulated in primary prostate cancer (32) and present in the
serum of men with metastatic prostate cancer (33), was also
strongly up-regulated (27-fold) in the expression profiles from
the MPAKT mice (Fig. 5A and Table 1). ISH using a PSCA
cRNA probe revealed robust staining of MPAKT, but not
nontransgenic VP, confirming the differential expression of
PSCA observed in the expression profiling (Fig. 5 B and C).
These data suggest that multiple markers of human prostate
cancer are expressed in this model.

Angiogenin-3 had the highest signal-to-noise score and was
induced 32-fold (Table 1). Angiogenin-3 is a member of a family
of secreted proteins that induce angiogenesis, and that includes
angiogenin-related protein and angiogenin-1, both of which were
also overexpressed (10- and 3-fold induction, respectively; Table
1). Additional proangiogenic factors or hypoxia-induced genes
that were strongly induced included FGF-BP1 (12.5 fold), en-
dothelin-1 (5-fold), NIP3 (4.6-fold), and hypoxia-induced gene 1
(Hig1; 3.3-fold). Angiogenin-3 overexpression was confirmed by
ISH; however, in contrast to the results for PSCA, expression was
localized primarily to epithelial cells juxtaposed to the basement
membrane (Fig. 5 D and E). Together, these data strongly
suggested that Akt-induced PIN might be associated with neo-
vascularization. In keeping with this idea, CD31 staining re-
vealed an extensive vasculature in the VP of MPAKT mice
compared with nontransgenic controls (Fig. 5 F and G).

The Angiogenins in Human Prostate Cancer Patients. The angiogenic
signature found in these early PIN lesions raised the possibility
that a number of these secreted factors might be elevated in
patients with prostate cancer. In the human genome, there is
only one angiogenin (Ang1). Angiogenin-3 (Mm.24663) is 80%
homologous to human angiongenin-1, and there is no other

apparent homolog. Therefore, angiogenin-1 levels were deter-
mined in plasma collected from patients with hormone-
refractory prostate cancer (40 patients), newly diagnosed, un-
treated prostate cancer (39 patients), and from control patients
with no evidence of prostate cancer (37 patients). Whereas there
was significant variation in angiogenin levels, there was a sta-
tistically significant difference in angiogenin levels between the
cancer groups and the non-cancer groups. Specifically, there was
a statistically significant difference between controls and un-
treated, hormone-naive prostate cancer patients (P � 0.01) and
between controls and hormone refractory prostate cancer pa-
tients (P � 0.0009). There was a trend toward higher levels of
angiogenin in hormone refractory patients compared with un-

Fig. 5. Identification of novel tissue and serum markers in transgenic VP. (A)
Differential gene expression detected on oligonucleotide microarrays. Genes
differentially up- (Upper) or down- (Lower) regulated between the four
transgenic and four wild-type littermate control were ranked by a signal-to-
noise metric. Columns indicate individual RNA samples whereas rows repre-
sent specific mRNAs (as indicated). Relative expression levels are depicted as
SD above (red) or below (blue) the mean value for the experiment. Hypoxia-
regulated genes or those known to play a role in angiogenesis are indicated
by the following circles: angiogenin-3 (red), fibroblast growth factor binding
protein 1 (FGF-BP1) (orange), angiogenin-related protein (green), Bcl2�
adenovirus E1B 19-kDa protein-interacting protein 3 (NIP3) (blue), and endo-
thelin-1 (gray). The rows representing the genes for osteocalcin (gray) and
PSCA (blue) are indicated by arrows. (B–G) Validation of expression differ-
ences. PSCA (B and C) and angiogenin3 (Ang3; D and E) were visualized by ISH.
Black arrows indicate representative positively stained cells. (F and G) Angio-
genesis in the VP of MPAKT. Tissue sections of the VP from MPAKT (Tg-Akt)
and wild-type (Wt) littermate animals were stained with anti-CD31 antibody.
The black arrows indicate representative stained vessels. (H) Plasma angio-
genin level in clinical samples. Plasma level of angiogenin (pg�ml) in controls,
untreated prostate cancer patients, and hormone refractory prostate cancer
patients as indicated (B–G, �200).
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treated patients that did not reach statistical significance (P �
0.27). Therefore, angiogenin levels are higher in prostate cancer
patients than in men without prostate cancer (Fig. 5H).

The question remains as to whether this signature reflects a
direct activity of Akt. There have been a number of connections
made between phosphoinositide 3-kinase signaling, PTEN loss,
Akt activation, and the regulation of hypoxia-induced factor 1
(HIF-1) (34, 35). On the other hand, the marked segregation of
angiogenin-3 expression to cells juxtaposing the basement mem-
brane raises the possibility that this angiogenic signature may
reflect a generalized transcriptional response to the proliferative
PIN lesions. If so, this result may reflect a HIF-1-independent
response as the mRNAs for HIF itself and for typical HIF
transcriptional targets such as Glut-1 were not induced. An
important future step will be to elucidate the details of this
mechanism.

Endothelin-1 is elevated in PIN lesions and in the plasma of
men with prostate cancer (36, 37). The finding that angiogenin
is likewise elevated in the plasma of prostate cancer patients
suggests that the MPAKT model recapitulates a number of
elements commonly seen in human disease. Indeed, three inde-
pendent secreted proteins (osteocalcin, endothelin-1, and an-
giogenin) are all overexpressed in this model and are found in the

serum of patients with prostate cancer. These observations
support the idea that the MPAKT model recapitulates certain
elements of the prostate cancer disease phenotype, and, conse-
quently, this mouse model may prove useful in the discovery of
novel prostate cancer markers.

The robust nature and uniform penetration of the PIN
phenotype and of the transcriptional profile, together with the
lack of an extraprostatic phenotype and the maintenance of the
phenotype in the heterozygous state, combine to make this a
useful model in which to test both novel small molecular
inhibitors of Akt, of TOR signaling, and of proteins (such as
angiogenin) involved in the generation of an angiogenic
response.
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