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ABSTRACT: We describe a novel, potent peptide substrate mimetic inhibitor of protein kinase B (PKB/
Akt). The compound selectively kills prostate cancer cells, in which PKB is highly activated, but not
normal cells, or cancer cells in which PKB is not activated. The inhibitor induces apoptosis and inhibits
the phosphorylation of PKB substrates in prostate cancer cell lines and significantly increases the efficacy
of chemotherapy agents to induce prostate cancer cell death, when given in combination. In vivo, the
inhibitor exhibits a strong antitumor effect in two prostate cancer mouse models. Moreover, treated animals
develop significantly less lung metastases compared to untreated ones, and the effect is accompanied by
a significant decrease in blood PSA [prostate-specific antigen] levels in treated animals. This compound
and its potential analogues may be developed into novel, potent, and safe anticancer agents, both as stand-
alone treatment and in combination with other chemotherapy agents.

Enhanced PKB/Akt is the hallmark of many aggressive
cancers such as breast cancer (1, 2), pancreatic adenocarci-
noma (3), and gliomas (4-6). Activated PKB/Akt has been
detected in human cancers of the breast, colon, ovary,
pancreas, head, neck, and prostate (7-14). Accumulating
evidence implies that PKB1 is highly significant in the
development of prostate cancer and is particularly important
in the hormone-refractory stage of the disease (15-18).
Prostate cancer is the second leading cause of cancer
mortality in males in the Western world (19-21), and 25-
30% of the prostate cancer tumors behave aggressively,
leading to death within 12 months (22, 23). Androgen
deprivation therapy is often used for prostate cancer patients;
however, the disease may become resistant within months
or years. For hormone-resistant prostate cancer, current
chemotherapies and radiation treatment offer only palliative
effect, with no survival benefit (24, 25). Clinical reports
indicate that PKB is significantly overexpressed in prostate
tumors compared to benign prostate tissue, and its level is
directly correlated with tumor progression and PSA (prostate-
specific antigen) serum levels, as well as the Gleason score
of the tumors (13, 17, 18). This evidence suggests that

inhibitors of PKB may be efficient as novel therapeutic
agents for prostate cancer. These considerations have prompted
us and others to develop agents that either inhibit directly
PKB/Akt (26, 27), its activation (28), or its effect on mTor
(29).

In light of the evidence of the central role this kinase plays
in prostate cancer, we designed specific PKB inhibitors and
characterized them in prostate cancer cell lines, specifically
lines lacking PTEN (phosphate and tensin homologue deleted
from chromosome Ten) leading to high levels of phospho-
rylated Akt/PKB. In our previous study (30) we described a
new series of small molecule ATP mimetic PKB inhibitors.
These compounds induce cell death and apoptosis in several
cell lines and inhibit the phosphorylation of the PKB/Akt
downstream substrate GSK3 in transfected HEK cells.
However, the selectivity of these compounds for PKB/Akt
over structurally related kinases such as PKA and PKC was
relatively low, as is often observed with ATP mimetic
compounds (31-34). The likelihood that ATP competitive
inhibitors hit other Ser/Thr kinases is not negligible, espe-
cially in view of the existence of about 500 such kinases,
let alone other ATP-dependent enzymes. In contrast, substrate
mimetic compounds, designed to bind to the protein substrate-
binding site, have a much greater potential for selectivity
and, therefore, for decreased toxicity (35-37). These con-
siderations led us to design a series of peptides according to
a motif derived from the PKB substrate protein GSK3 (38)
and use them as the basis for the design of a substrate
mimetic PKB inhibitor. Previous attempts to convert substrate
peptides into inhibitors using similar approaches (39, 40)
have resulted in peptides that were ineffective as potential
pharmaceutical agents due to low stability in serum, limited
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bioavailability, and poor cell membrane permeability. In the
present study, we have overcome these limitations by
chemically modifying the peptide substrate mimetic inhibitors
and optimizing their pharmacological properties to yield
drug-candidate compounds suitable for systemic administra-
tion in animals. The peptides are cell permeable, stable in
serum for over 6 h, and slowly metabolized by hepatoma
cells. The substrate mimetic peptides are selective for PKB/
Akt compared to related kinases, selectively kill cancer cells,
but not normal cells, and induce apoptosis and inhibition of
PKB/Akt downstream substrate phosphorylation in cells. In
vivo, in PC3 and LNCaP mouse xenograft models, systemic
administration of the peptide inhibited tumor growth by more
than 60% and blocked Akt/PKB activity in the tumor. In
addition to the antitumor effect, treatment of the animals
resulted in a decrease in the number and size of lung
metastases and in a significant decrease in blood PSA levels.

MATERIALS AND METHODS

Preparation of Peptide Solutions for the Various Assays.
Stock solutions of peptides at 10 mM concentration were
prepared by dissolving the peptides in 100% DMSO and
were stored at-20 °C. For each assay, solutions were
prepared by diluting the stock solutions to a final concentra-
tion of 0.5% DMSO with either doubly distilled H2O or
medium, depending on the assay. This concentration of
DMSO was also used in the control samples for all assays.

In Vitro Kinase ActiVity Assays. (1) PKB Kinase ActiVity
Assays. His-PKBR was prepared as previously described
(41). A classic radioactive PKB assay was performed using
different concentrations of Crosstide peptide (KGRPRTSS-
FA) as substrate (Km ) 2 µM) and 100µM ATP (Km ) 155
µM) as previously described (41), except that the reaction
was carried out for 30 min at 27°C in order to accommodate
a large number of samples.

(2) The PKA kinase actiVity assaywas done according to
the manufacturer’s instructions (Promega) with 5µΜ bioti-
nylated Kemptide peptide (biotin-KLRRASLG) and 10µM
ATP.

(3) PKC and PDK1 kinase actiVitieswere measured using
the SignaTECT PKC assay system and PDK1 kinase assay
kit according to the manufacturer’s instructions (Promega
and Upstate Biotechnology, respectively). The ATP concen-
tration for both assays was 10µM.

(4) Rock1, CDK2, RAF, and GSK3 kinase actiVity assays
were carried out at Upstate Biotechnology (KinaseProfiler
service) at substrate concentrations which are slightly lower
than theKm of the tested kinase. Fifty percent inhibitory
concentration (IC50) values were calculated using nonlinear
regression in a one-site competition model with GraphPad
Prism version 3.03 Windows (GraphPad Software, San
Diego, CA).

Cells and Cell Culture.PC3, LNCaP, A431, and MCF10F
cell lines were obtained from the American Type Culture
Collection (ATCC). Cells were maintained as indicated by
the ATCC. The normal human foreskin fibroblasts (NHFFs)
were a gift from InterPharm Laboratories in Israel and were
maintained in DMEM supplemented with 10% PBS (all
tissue culture reagents were obtained from Biological
Industries, Beit Haemek, Israel).

Cell Viability Assays.Normal and tumor cells were plated
in 96-well plates, and test compounds were added at various

concentrations once the cells were evenly spread at about
50% confluence (24 and 72 h for MCF10F and LNCaP,
respectively, 48 h for PC3 and NHFFs). Cell viability was
determined after 96 h of incubation with the compounds by
staining with 1% methylene blue (Sigma) as previously
described (30). In combination assays, the dose-dependent
curve of mitoxantrone as a single agent was carried out and
compared to its activity in the presence of a constant
concentration of 2µM PTR 6164. Both agents were added
simultaneously to the culture plate and incubated for 96 h
before fixation and staining as described above. Normal
peripheral blood lymphocytes (PBLs) were isolated from
blood donors using the Ficoll gradient (Novamed), and
mononuclear cells were at the interphase. The cells were
washed three times in PBS, resuspended in RPMI 1640
medium supplemented with antibiotics,L-glutamine, and
50 µM â-mercaptoethanol, and plated (1.5× 105 cells per
well) in 96-well plates in the presence of 50 units/mL IL-2
(R&D systems) and 5% human serum. Test compounds were
added in varying concentrations to the cultured cells, and
after 3 days proliferation was detected by measuring the
incorporation of [3H]thymidine. Cells were incubated for
5 h with 1 µCi of [3H]thymidine (stock of 5 Ci/mmol;
Amersham), harvested on GF/C 96 well plates (Packard),
and washed with doubly distilled H2O, and after addition of
scintillation liquid, the radioactivity was counted using a
microplate counter (Packard TopCount).

Apoptosis Assay by Caspase ActiVity. Cells were plated
in six-well plates (0.15× 106 and 0.2× 106 of PC3 and
LNCaP cells, respectively), and after 48 h test compounds
were added. After 24 h incubation, the cells were harvested,
and apoptosis was measured using in situ FLICA carboxy-
fluorescein pan-caspase detection kit according to the
manufacturer’s instructions (Chemicon International Inc.).
The activity of the caspases was determined by FACS
analysis (FACSCalibur; Becton Dickinson).

Western Blot Analysis.PC3 cells (0.7× 106) and LNCaP
cells (2× 106) were seeded in 80 cm2 flasks and allowed to
grow for 3 days in culture before inhibitor compounds were
added. After a further 24 h incubation, the cells were lysed
in lysis buffer [20 mM Tris-HCl, pH 7.4, 150 mM NaCl,
including 0.5% Triton X-100, 25 mM NaF, 2 mM 4-(2-
aminoethyl)benzenesulfonyl fluoride (AEBSF), 1 mM so-
dium orthovanadate, 10 mMâ-glycerophosphate, 1µg/mL
aprotonin, and 5µg/mL leupeptin]. Nonnecrotic tumor tissues
were separated from the tumor taken from mice sacrificed
at the end of the in vivo efficacy experiment. The cells were
filtered through nylon mesh and lysed as described for the
cell lines above. Equal amounts of cellular proteins were
separated on 4-20% SDS-PAGE, electroblotted to PVDF
membranes, and probed with antibodies directed against
phospho-Akt (Ser 473), phospho-tuberin (Thr 1462), phos-
pho-FKHR1 (Thr 24 and Thr 32), phospho-GSK3R/â (Ser
21, Ser 9), phospho-Bad (Ser 136), and phospho-PDK1 (Ser
241) (all antibodies against the phosphorylated proteins were
provided by Cell Signaling Technology). Blots were first
exposed to antiphosphoprotein antibodies and then stripped
(Restore Western blot stripping buffer; Pierce) and reprobed
with antibodies against the total specific protein by using
antibodies against Akt1 (Upstate), tuberin, FKHR,R/â
tubulin (Santa Cruz Biotechnology), and Bad (Cell Signaling
Technology) in order to normalize the amount of protein
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loaded. Immunoreactive bands were identified using Super-
signal West Pico chemiluminescent substrate (Pierce) and
visualized using the Kodak Image System 440 (Kodak
Digital Science). Photodensitometric analysis of bands was
done using Kodak 1D Image analysis software.

Efficacy Study in Tumor Bearing Mice. (1) PC3 Model.
The study was carried out by Unibioscreen S.A., Brussels,
Belgium. PC3 cells (2.5× 106cells in PBS/matrigel, 1:1)
were grafted sc in 5-8-week-old male nude BALB/c mice
(average weight 20 g), nine mice per treatment group. When
the tumor volume reached approximately 60 mm3 (calculated
by the formula length× width2 × 0.4), treatment was
initiated by ip injection of test compounds. Treatment was
given daily for 21 days, and mice were inspected for an
additional 14 days. Mice were weighed twice a week and
observed daily for signs of toxicity (abnormal appearance
and behavior). At the end of the experiment, the tumors of
six sacrificed mice in each group were removed for
histological examination. The remaining three tumors were
frozen in liquid nitrogen for Western blot analysis as
described above.

(2) LNCaP Model. The study was carried out by CellVax
S.A., Loos-les-Lille, France. One million LNCaP cells in
exponential phase were suspended in PBS containing 20%
matrigel and injected sc in the right flank of 5-8-week-old
male nude mice. Tumor-bearing mice were randomized
before being divided into the experimental groups of 12 mice
each. Treatment with the test material injected ip was started
(day 0) when the tumor volume reached 60 mm3 (calculated
by the formula length× width × depth× 0.5236), usually
about 2 weeks after injection of LNCaP cells, and was given
daily for 21 days followed by an observation period of 18
days. At the end of the experiment, blood was collected from
the mice in order to determine the PSA level and other
biochemical parameters in the sera. After the mice were
sacrificed, the tumors and main organs (lung, heart, liver,
spleen, and kidney) were removed for histological examina-
tion.

Histological Analysis of Tumors.Immediately after the
removal of tumors and organs from the mice, tissues were
fixed in 4% buffered formalin, routinely processed, and
embedded in paraffin. Histological sections, 4µm thick, were
stained by H&E (hematoxylin and eosin) and examined by
a trained pathologist, using an Olympus BX50 light micro-
scope. Mitoses and apoptotic bodies were identified mor-
phologically. The number of mitoses and apoptotic bodies
per high-power microscopic field (400×) in five randomly
selected microscopic fields was counted and recorded.
Student’s t-test was used for evaluation of significance.
Metastases located in histological sections of the internal
organs were counted, and their maximal diameter was
measured.

Determination of Serum PSA.Levels of PSA in the sera
(10µL/sample) of implanted animals were determined using
the Immulite 2000 PSA kit (Diagnostic Products Corp.)
according to the manufacturer’s assay protocol.

RESULTS

Optimization of the Substrate Mimetic PKB/Akt Inhibitor.
A rational combinatorial approach was used in order to
generate one compound per well peptide libraries, which

were screened for inhibition of PKB, followed by selectivity
screening for PKA and PKC. Starting from the sequence of
the GSK3-derived peptide substrate Crosstide, we optimized
the peptide length and sequence. Each position was replaced
with various natural and nonnatural amino acid residues,
according to diversity and similarity considerations, and the
serine phosphorylated in the substrate was replaced with
nonphosphorylated mimetics (Table 1). As a second step,
the successful compounds were further modified for stability
and cell permeability. The full SAR of the series is described
in Yechezkel et al. (in preparation).

Kinetic Studies of the Substrate Mimetic Inhibitors.In
order to define the mode of inhibition of the newly designed
PKB/Akt inhibitors, peptide 1 (Table 1) was studied in the
presence of increasing concentrations of the PKB substrate
Crosstide. Figure 1 shows that the IC50 of the inhibitor is
directly related to the substrate concentration, due to greater
competition with the substrate. The IC50 values of the
inhibitor ranged from 0.09µM, in the presence of 0.2µM
substrate, to 13.3µM, in the presence of 600µM substrate.
In contrast, the calculatedKi values were consistently 112
((20) nM, at each of the various substrate concentrations.
These results indicate that the inhibitor is acting as a
competitive substrate.

The potent and selective PKB substrate mimetic peptide
inhibitors depicted in Table 1 were further optimized for
stability and cell permeability using various conjugations to
hydrophobic moieties. A series of hydrophobic conjugates
was screened (data not shown), and from these PTR 6164,
which is a cholesterol moiety bound by the hydroxyl group
to the N-terminus of peptide 1 (Table 1), was selected for
further study. Figure 2 shows a model of PTR 6164 inside
the substrate binding site of PKBR. The model was derived

Table 1: Best Performing Potent and Selective PKB/Akt Peptide
Inhibitorsa

peptide
no. sequence

IC50

(PKB)
(µM)

IC50

(PKA)
(µM)

1 Arg-Pro-Arg-Nval-Tyr-DAP-Hol 0.5 >50
2 Arg-Pro-Arg-Nval-Tyr-Ala-Hol 0.32 >10
3 Arg-Pro-Arg-Leu-Tyr-Ser(Me)-NVal 0.32 >10
4 Arg-Pro-Arg-Leu-Tyr-DAP-Hol 0.4 >10
5 Arg-Pro-Arg-NVal-Tyr-Ser(Me)-Abu 0.2 >10
6 Arg-Pro-Arg-NVal-Tyr-Ser(Me)-NVal 0.3 >10

a Three-letter codes for nonnatural amino acids and peptidomimetic
residues: Nval, norvaline; DAP, 2,3-diaminopropionic acid; Abu,
2-aminobutyric acid; Ser(Me), methylserine; Hol, homoleucine.

FIGURE 1: Kinetic studies of the substrate mimetic inhibitor peptide
1 in a PKB cell-free kinase assay with different substrate concentra-
tions, demonstrating substrate competitive behavior.
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from the crystal structure of PKBâ bound to the GSK
substrate peptide (42), and PTR 6164 was fitted into the
catalytic site based on the fitting of the GSK3 peptide where
the identical motif Arg-Pro-Arg in both peptides served as
an anchor for fitting the additional segments.

PKB ActiVity and SelectiVity of PTR 6164 in Cell-Free
Kinase Assays.PTR 6164 was tested for inhibition of PKB
and the structurally related kinases PKA and PKC in a cell-
free kinase inhibition assay. While PTR-6164 inhibited PKB
at 0.45 µM, PKA and PKC required 6.5 and 5.0µM,
respectively, for inhibition, with 15µM required to inhibit
PDK1. Selectivity was also shown against several other
kinases from various families: Rock1 (3µM), CDK2 (3 µM),
RAF (>10 µM), and GSK3 (>10 µM).

PTR 6164 Inhibits Growth of Prostate Cancer Cells by
Apoptosis, Concomitant with Inhibition of PKB.The effect
of PTR 6164 on cell viability was studied in the prostate
cancer cell lines PC3 and LNCaP, containing a high level
of activated PKB/Akt, in comparison to a cancer cell line
where PKB is not activated, A431, as well as to a normal
cell line MCF10F, normal foreskin fibroblasts, and normal
peripheral blood lymphocytes (PBLs). PTR 6164 was found
to selectively inhibit the growth of prostate cancer cell lines,
at low micromolar levels, but showed significantly lower
toxicity toward cells where the Akt/PKB is not activated such
as A431 cells, MCF10F cells, and normal foreskin fibroblasts
(as shown in Figure 3A) or normal blood lymphocytes
(Figure 3B), in which PKB activation is either low or absent
as previously described (43). The level of cell death induced
by PTR 6164 in the various cell lines studied seems to
correlate with the levels of PKB activation in the cells
(Figure 3A). In LNCaP, the endogenous activation of PKB
is very high, and these cells were the most susceptible to
death induced by PTR 6164 while PC3 cells, in which
endogenous PKB activation is moderate, were about 50%
less sensitive to the inhibitor. Cells with negligible activation
of PKB such as A431 cells and the normal cell line MCF10F

exhibited very low sensitivity. PTR 6164 was not toxic to
normal fibroblasts or blood lymphocytes (PBL) at concentra-
tions up to 50µM (Figure 3B). Prostate cancer cells were
incubated for 24 h with PTR6164 and then analyzed for
caspase activity. There was a dose-dependent increase in
caspase activity (Figure 3C), indicating that the cell death
occurs through apoptosis. Further analysis was carried out
in order to test if the cell death and apoptosis are concomitant
with inhibition of the PKB signaling pathway. Western blot
analysis (Figure 3D) shows that treatment of PC3 and LNCaP
cells with PTR 6164 in the same concentration range that
induced cell death and apoptosis profoundly decreased the
phosphorylation of PKB (at residues Ser 473) and its
downstream substrates. In LNCaP cells, we show that PTR
6164 significantly inhibits the phosphorylation of four
downstream substrates of PKB belonging to various path-
ways while, in contrast, the phosphorylation of PDK1, which
is upstream to PKB, is not inhibited (Figure 3D). The
observation for PDK1 is in agreement with the fact that the
phosphorylation of residue Thr 308 of PKB, believed to be
regulated by PDK1 (44, 45), is not inhibited either. The
phosphorylation of Ser 473, however, is decreased and may
be attributed to autophosphorylation of PKB, as previously
argued (46, 47), although inhibition of upstream proteins
suggested to regulate this residue cannot be ruled out. The
selectivity of PTR 6164 in inducing prostate cancer cell death
as compared to cells devoid of active PKB/Akt, together with
the effect on the phosphorylation of PKB/Akt and its
downstream substrates, suggests that the compound acts
through a targeted process of inhibition of the PKB pathway,
rather than through general cell cytotoxicity.

Combination Treatment with PTR 6164 Leads to Increased
Cell Death Induction by the Chemotherapy Agent Mitox-
antrone.As an apoptosis inducer, a PKB inhibitor is expected
to increase the potency of other chemotherapy agents by
blocking the survival signal produced by PKB, thus promot-
ing cell death. We studied the cell death induced in LNCaP
cells by the commonly used anticancer agent mitoxantrone,
as a single agent and in combination with PTR 6164, added
at a concentration of 2µM (4-fold lower than its IC50). Figure
4 shows that while mitoxantrone alone induces cell death in
LNCaP cells at an IC50 of 5 nM, addition of PTR 6164 leads
to increased cell death with an IC50 of 0.7 nM. The activity
of mitoxantrone is thus sensitized by a 7-fold factor,
suggesting that PTR 6164 could be useful in combination
treatment with other chemotherapy agents.

PTR 6164 Inhibits Growth of Prostate Cancer (LNCaP
and PC3) Tumors in ViVo. Prior to the in vivo study, several
preliminary in vitro experiments were carried out, aimed to
determine the pharmacological fate of this compound after
systemic administration. PTR 6164 was found to be stable
in mouse plasma for 6 h at 37°C and slowly metabolized
(over 24 h) by human hepatoma cell lines, suggesting liver
stability (data not shown). Cell permeability was shown by
monitoring a FITC-labeled derivative of PTR 6164 (equi-
potent to the unlabeled compound in cell-free and cell-based
assays) by confocal microscopy (data not shown). These
results demonstrated that PTR 6164, despite its peptidic
nature, is suitable for systemic administration and may
survive in the blood stream and liver passage for a consider-
able time, allowing efficient distribution to the tumor.

FIGURE 2: Model of PTR 6164 occupying the substrate-binding
site of PKBR. Buried residues are indicated in light blue. The ATP
site is indicated in yellow. PTR 6164 is positioned in the PKBR
crevice between the two kinase lobes. The cholesterol moiety is
harbored in a channel, which is approximately at right angles to
the main inhibitor peptide. The figure was generated using the
PyMol molecular graphics system.
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The in vivo effect of PTR 6164 was studied on tumor-
bearing nude mice, in two prostate cancer xenograft models,

PC3 and LNCaP. PTR 6164 was administered ip once daily
for 21 days to tumor-bearing mice. The animals were further
observed for 14 days, subsequent to treatment termination.
A significant effect on tumor growth rate was observed in
the treated animals, in both PC3 (Figure 5A) and LNCaP
(Figure 5B) models, following treatment with 33 and 20 mg/
kg inhibitor, respectively. No death, weight loss, or other
toxicity signs were observed in any of the animals during
the 3 week treatment. Furthermore, after termination of the
study, the animals were sacrificed and the organs examined
for any abnormalities, first by appearance and then by
microscopic analysis of fixed sections. No toxicity markers
were observed in any of the organs. In the LNCaP in vivo
study, these results were also confirmed by analysis of the
plasma retrieved from all mice, indicating normal blood
biochemistry profile.

PTR 6164 Decreases the Number and Size of Lung
Metastases in Treated Animals in the LNCaP Model.At the
end of the in vivo experiment with the LNCaP model, the
organs from all animals were subjected to histopathological

FIGURE 3: Cell death, apoptosis, and inhibition of the PKB pathway in prostate cancer cells are induced by PTR 6164. (A) PTR 6164
induces cell death in prostate cancer cell lines, in which PKB is activated, but not in normal cells or a cancer cell line lacking activated
PKB. IC50 values of cell death induction, as well as the levels of PKB and p-PKB and the ratio between them, are presented for the various
cells. (B) Pronounced selectivity in cell death induced in prostate cancer vs normal blood lymphocytes. (C) Dose-dependent apoptosis is
induced by 24 h treatment with PTR 6164, as detected by caspase activity in prostate cancer cells. The number of cells with increased
fluorescence intensity (caspase-positive cells) was presented as the percent of the total cells that were counted (10000 cells in each sample).
These results imply that the cell death observed occurs through apoptosis. (D) Western blot showing that PTR 6164 inhibits phosphorylation
of PKB downstream substrates in two prostate cancer cell lines, PC3 (a) and LNCaP (b). In LNCaP, four downstream substrates of PKB
are being inhibited, indicating that the pathway is blocked. In contrast, PDK1, which is upstream to PKB, and its suggested substrate
residue Thr 308, are not inhibited. The data are representative of three different experiments in which similar results have been obtained.

FIGURE 4: Cell viability of LNCaP prostate cancer cells treated
with mitoxantrone alone and in combination with PTR 6164. The
IC50 curve of cell death induction was compared using decreasing
concentrations of mitoxantrone as a single agent and, in addition,
a constant concentration of 2µM PTR 6164, leading to a 4-fold
increase in the IC50 in the combination treatment.
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analysis, revealing metastases in the lungs of the animals. It
has been previously reported that LNCaP xenografts may
lead to lung metastases (48). No metastases were found in
the liver, spleen, heart, or kidneys. Among 12 treated animals,
3 animals had lung metastases, compared to 8 out of 12 in
the control group. PTR 6164 treatment resulted in a decrease
in the number of metastases, with a total of 6 metastases in
the treated animals compared to 30 metastases in the control
group (P ) 0.05). A significant decrease in the size of
metastases was also induced by the treatment with PTR 6164.
The average size was 207( 55 µm in the treated group and
386( 88µm in the control group (P ) 0.09). The combined
diameter of all metastases was reduced from 11597µm in
the control group to 1242µm in the treated group. Repre-
sentative histological images of pulmonary metastases,
showing the differences in metastases size between control
and treated animals, are shown in Figure 5C.

PTR 6164 Induces a Decrease in Blood PSA LeVels in
Treated Mice in the LNCaP Model.Increased PSA levels
are associated with prostate cancer development; thus a
notable decrease in PSA might imply inhibition of the cancer
progression. The LNCaP xenograft model is associated with
PSA secretion into the blood and allows monitoring of this
human biomarker during the animal study (49). In addition
to the remarkable effect on tumor growth and on the lung
metastases, the LNCaP study reveals a correlation between
treatment with PTR 6164 and a decrease in PSA levels in
the animals’ blood. In the control group, PSA levels were
approximately 0.5 ng/mL, while in treated animals, levels
were lower than 0.1 ng/mL in most of the animals
(Figure 5D). This result is in agreement with clinical reports
indicating the correlation between PSA levels and PKB
activation in prostate cancer biopsies (17).

PTR 6164 Induces Apoptosis and Inhibits PKB ActiVity
in Tumor Cells of Treated Animals.Histological sections of
PC3 tumors from treated animals revealed fewer mitoses and
more apoptotic bodies per high-power microscopic field in
treated animals, in comparison to controls (Figure 6A,B).
The difference is statistically significant, withP ) 0.0001
and P ) 0.006 for mitoses and apoptosis, respectively.
Figure 6B shows that, in the control animals, mitosis was
the dominant process with almost 50% more mitotic bodies
counted per unit area than apoptotic ones. This ratio was
reversed in the treated animals.

In order to relate the antitumor effect of PTR 6164 with
the inhibition of PKB/Akt signaling, we examined the effect
of the inhibitor on the state of phosphorylated PKB/Akt and
its substrates in tumor cells. Tumors were removed from
treated and control group mice at the end of the efficacy
study, and the tumors cells were analyzed using Western
blot. Figure 6C depicts the state of phosphorylation of PKB,
FKHR, and tuberin in tumors from three control and three
treated mice. It can be seen that phosphorylation of both PKB
and its substrates is significantly inhibited in the treated mice
compared to the control. This observation suggests that the
treatment with PTR 6164 blocks PKB signaling in the tumor
cells and may imply that the tumor growth inhibition effect
observed in the treated mice is associated with PKB pathway
inhibition.

DISCUSSION

In the last several years, cancer research has focused on
the development of targeted drugs, which interfere with
specific molecular events in tumor development and progres-
sion (36, 50). PKB/Akt has been identified as a prime target
(7, 51) due to its key role in promoting antiapoptotic

FIGURE 5: PTR 6164 significantly reduces tumor size, lung metastases, and PSA levels in treated prostate cancer tumor-bearing mice. All
samples, including tumors, lungs, and plasma, were taken from the mice at the last day of the experiment, and the analyses were done as
described in Materials and Methods. (A) In vivo effect on tumor size in the PC3 mouse xenograft model using 33 mg/kg PTR 6164. (B)
In vivo effect on tumor size in the LNCaP mouse xenograft model using 20 mg/kg PTR 6164. (C) Lung metastases in the LNCaP model:
(left) large pulmonary tumor in the lung of an untreated animal; (right) very small pulmonary tumor in a treated animal. (D) PSA levels in
control vs treated animals. A significant decrease in PSA is observed in the treated group.
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pathways, and its inhibition may lead not only to increased
death of tumor cells but also to decreased resistance of the
tumor to treatment with conventional chemotherapy agents
(52). Thus, PKB inhibitors may be effective anticancer agents
both as stand-alone drugs and in combination therapy.

In this study we have demonstrated, for the first time, the
generation of a substrate mimetic inhibitor of PKB/Akt, PTR
6164 (Figure 2), which is highly tolerated and induces
profound antitumor effects, both on primary tumor
(Figure 5A,B) and on the development of lung metastases
in in vivo prostate cancer models (Figure 5C).

PTR 6164 induced strong tumor inhibition in the PC3
(Figure 5A) and LNCaP (Figure 5B) xenograft models where
the effect is accompanied by increased apoptosis and
decreased mitosis concomitant with in-tumor PKB inhibition
(Figure 6). These features make PTR 6164, and its potential
analogues, a promising candidate for the treatment of tumors
in which PKB/Akt is a prominent antiapoptotic element. The
observation that treatment with PTR 6164 significantly
reduces the number and the size of lung metastases
(Figure 5C) is an exciting and significant result, supporting
the potential of this compound as a novel, effective anticancer
agent, especially against metastatic prostate cancer, for which
no effective treatment is currently available. Our results
demonstrate the effect of PTR 6164 on lung metastases,
where fewer animals in the treated group had lung metastases
compared to the control group. Affected animals in the
treated group had significantly less and smaller metastases.

A marked difference was noted in the metastatic load,
represented by the combined diameter of all metastases.

PTR 6164 is a peptide-based, substrate mimetic PKB/Akt
inhibitor, which is chemically modified for stability and cell
permeability. The inhibition through blocking of the substrate
site, rather than the highly conserved ATP site, most probably
accounts for the compound’s potency and selectivity and,
therefore, its low toxicity. On the other hand, peptides are
often associated with poor pharmacological properties. We
have overcome these drawbacks by chemical modifications,
including incorporation of nonnatural amino acids and
conjugation of nonpeptide hydrophobic moieties. These
modifications lead to a peptidomimetic inhibitor that is stable
in plasma for over 6 h, is slowly metabolized by hepatoma
cells, and is highly cell permeable (Yechezkel et al., in
preparation). These favorable properties of PTR 6164 al-
lowed us to study its effects both in cells and in vivo. In
this study, we chose to examine prostate cancer cell lines,
due to the significant involvement of PKB/Akt in this type
of cancer (13, 17, 18). As clinically observed in prostate
cancer patients, there is a direct correlation between the level
of PKB activation in the tumor, the Gleason score, and PSA
levels (17).

PTR 6164 exhibited a remarkable growth inhibitory effect
both in vitro and in vivo, concomitant with the inhibition of
the PKB/Akt pathway in prostate cancer cells. It induced
selective apoptotic cell death in prostate cancer cell lines,
correlating well with its potency to inhibit the phosphory-

FIGURE 6: Decreased mitosis and increased apoptosis, concomitant with inhibition of PKB signaling, are observed in tumor cells of treated
animals from the PC3 study. By the end of the experiment, day 35, which is 2 weeks after the last day of treatment, tumors were taken from
each mouse for further analysis. From each experimental group, six tumors were fixed, and histological sections were H&E stained. Apoptotic
cells and mitoses were recognized according to their special morphology by an expert histologist. Three sections were made from each
tumor, and five microscopic fields were counted in each section as described in Materials and Methods. (A, top) An example of an H&E
stained tumor section from a nontreated animal, showing multiple mitotic bodies. (A, bottom) An H&E stained tumor section from a treated
animal, showing numerous apoptotic bodies. (B) Mitoses and apoptotic body counts per high-power microscopic field in control and treated
animals; average of cells counted in sections made from six tumors in each group (five fields were counted in each section). (C) A decrease
in the phosphorylation levels of PKB and its substrates is observed in tumors treated by PTR 6164 compared to untreated tumors, implying
inhibition of the PKB pathway associated with the treatment.
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lation of PKB/Akt downstream substrates, in the low
micromolar range (Figure 3). PTR 6164 has very low growth
inhibitory effects on normal cells or cells in which PKB
activation is negligible (Figure 3). When given in combina-
tion with mitoxantrone, PTR 6164 sensitizes the cell death
induction activity of mitoxantrone by 7-fold (Figure 4),
suggesting that its use in combination treatment could be
beneficial.

Interestingly, we have observed in cell lines and in treated
tumors a decrease not only in the phosphorylation of PKB
substrates but also of the phosphorylation state of PKB at
Ser 473, but not at Thr 308. This decrease is unlikely to be
due to an effect of PTR 6164 on PDK1, since the IC50 of
PTR 6164 on PDK1 is 15µM as compared to 0.47µM for
PKB/Akt (Table 1), and the phosphorylation of PDK1 and
of Thr 308, which is believed to be regulated by PDK1 (44,
45), is not inhibited by PTR 6164 (Figure 3D). It is possible
that the inhibition of Ser 473 phosphorylation is mediated
by PKB/Akt itself by an autophosphorylation mechanism,
as suggested by some investigators (46, 47). Other explana-
tions are possible as well. For example, PTR 6164 may also
inhibit other enzymes, such as DNA-PK or the complex
mTor/Rictor, that have been shown to phosphorylate Ser 473
(53, 54). Another possibility is that the inhibitor binds to
the cytoplasmic, unphosphorylated PKB/Akt, thus blocking
the phosphorylation of Ser 473. This possibility is supported
by the observation that, in our permeability assays, we detect
the FITC-labeled PKB/Akt inhibitor (derived from PTR
6164) predominantly in the cytoplasm and not in, or close
to, the cell membrane, where PKB/Akt is phosphorylated
and activated (data not shown). We can, therefore, hypoth-
esize that the inhibitor acts by binding to the substrate site
of the unphosphorylated PKB and inhibits its activation,
which would explain the decrease in the phosphorylation of
Ser 473 as well as the blocking of the downstream substrate
phosphorylation. It should be noted, however, that the
screening assay was performed using an activated form of
PKB, and therefore one can conclude that PTR 6164 may
bind to both the activated and the inactivated forms of the
enzyme.
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