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Abstract
Constitutive activation of the phosphatidylinositol 3*-kinase (PI3 kinase)-Akt/protein kinase B (PKB) “survival signaling” pathway is a likely
mechanism by which many cancers become refractory to cytotoxic therapy. In LNCaP prostate cancer cells, the PTEN phosphoinositide phosphatase is inactivated, leading to constitutive activation of Akt/PKB and
resistance to apoptosis. However, apoptosis and inactivation of Akt/PKB
can be induced in these cells by treatment with PI3 kinase inhibitors.
Surprisingly, androgen, epidermal growth factor, or serum can protect
these cells from apoptosis, even in the presence of PI3 kinase inhibitors
and without activation of Akt/PKB, indicating the activity of a novel,
Akt/PKB-independent survival pathway. This pathway blocks apoptosis
at a level prior to caspase 3 activation and release of cytochrome c from
mitochondria.

Introduction
The sensitivity of tumor cells to apoptosis determines their ability
to escape cytotoxic therapies (1–3) and to survive under adverse
physiological circumstances, such as reduced oxygen (4 – 6) and sites
of metastasis (7). Recently, a survival-regulating signal transduction
pathway has been identified that is important in determining sensitivity to apoptosis in neural (8 –10), fibroblastic (11–13), epithelial (11,
14), and hematopoietic cells (15). This pathway, which is engaged by
several “survival factors” such as IGF3-I and interleukin 3, involves,
sequentially, the activation of PI3 kinase, the production of 39-phosphoinositides, activation and recruitment of phospholipid-dependent
kinases, and their phosphorylation of the protein kinase Akt/PKB on
serine 473 and threonine 308 (11, 16 –19). Phosphorylation on these
sites activates Akt/PKB, which then inhibits apoptosis by phosphorylation and inactivation of the proapoptotic proteins BAD (20, 21),
Caspase 9 (22), and perhaps other proteins as well.
The PTEN phosphatase has been shown to be capable of dephosphorylating phosphoinositides. Cells in which this phosphatase activity is lost display constitutively elevated steady-state levels of phosphatidylinositol (39,49,59) phosphate (23) and constitutive activation
of the Akt/PKB survival pathway. Tumor cells affected in this manner
may escape dependence on extracellular survival factors such as
IGF-I, which induce survival signals through PI3 kinase to activate
Akt/PKB. Such cells are expected to gain resistance to agents that
induce apoptosis, and this could provide the selective pressure that

accounts for the fact that PTEN is inactivated in ;50% of prostate
tumors (24 –27).
When prostate cancer first presents, the disease is usually responsive to androgen ablation therapy, which induces the tumors to regress. This indicates that androgen functions as a survival factor for at
least some prostate cell types (28, 29). However, the disease generally
recurs within 1–3 years of treatment, and the recurrent tumors no
longer require androgen for growth or for survival (30). In addition,
these tumors tend to be highly resistant to conventional cytotoxic
agents such as cisplatin (31). The observation that PTEN is frequently
disrupted in late-stage prostate cancers underscores the importance of
deregulated survival signaling in tumor progression.
The most widely used in vitro model of prostate cancer is the
LNCaP cell line (32). LNCaP contains a frameshift mutation in the
PTEN gene (26). Consistent with the defective PTEN, we report here
that Akt/PKB is constitutively phosphorylated in LNCaP, even after
24 h of culture in serum-free media. As expected, growth factor
withdrawal by itself does not induce apoptosis in these cells. However, treatment of serum-starved LNCaP with inhibitors of PI3 kinase
diminishes the phosphorylation of Akt/PKB and results in induction
of apoptosis. This finding is in agreement with the concept that it is
the constitutive activation of the PI3 kinase/Akt pathway that renders
these cells capable of surviving without exogenous growth and survival factors. However, various exogenous growth and survival factors, including EGF, androgen, and serum, were found to be capable
of inhibiting apoptosis, even in the presence of PI3 kinase inhibitors.
These results provide evidence for the existence of a novel survival
pathway in prostate cancer cells that is independent of PI3 kinase and
Akt/PKB.
Materials and Methods

Antibodies and Other Reagents. Antibodies were from the following
sources: anti-Akt, anti-mitogen-activated protein kinase, and anti-phospho-Akt
from New England Biolabs (Beverly MA); anti-PARP from Upstate Biotechnology (Lake Placid, NY); anti-cytochrome c from PharMingen (San Diego,
CA). Chemicals and reagents were from Sigma Chemical Co. unless otherwise
specified. Tissue culture and reagents were from Life Technologies, Inc.
(Gaithersburg, MD), and IGF-I was a gift from Thomas Sturgill (University of
Virginia). Recombinant EGF was from Upstate Biotechnology, and R1881 was
from NEN Life Science Products (Boston, MA).
Cell Culture. LNCaP cells were a gift from the laboratory of Dr. Leland
Chung (University of Virginia) and were passaged in RPMI 1640 with 10%
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FCS in 6% CO2 at 37°C. DU145 cells were obtained from American Type
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Fig. 1. Inhibition of constitutive Akt/PKB phosphorylation in LNCaP and stimulated Akt/PKB
phosphorylation in DU145. A, phosphorylation of
Akt/PKB in the presence and absence of LY294002
and survival factors as depicted by anti-phosphoAkt/PKB Western blot that reflects the active form
of Akt/PKB. B, loading control of Akt/PKB, shown
here as a Western blot using anti-Akt/PKB antibody.

free RPMI 1640. Forty-five min after addition of LY294002, EGF (100 ng/ml)
and IGF-I (500 mg/ml) were added. EGF and IGF-I remained in the media for
15 min before all cells were harvested on ice for Western blot analysis.
Apoptosis. Cells were maintained on 15-cm dishes grown to ;75% confluence and split to an equal density onto 10-cm dishes, each of which
contained a sterile glass coverslip. Twenty-four to 48 h later, the medium on
the dishes was washed twice with 8 ml of serum-free RPMI and replaced with
serum free RPMI for 24 h. LY294002 (20 mM) was added after 24 h of
serum-free conditions, unless otherwise specified, after a change of media in
all dishes. EGF was added at a concentration of 100 ng/ml simultaneously with
LY294002. Whenever R1881 was administered (Figs. 1– 4), it was added (5
nm) during the 24-h preincubation with serum-free media as well as during the
time of subsequent treatment with LY294002. After treatment with LY294002,
cells were harvested on ice. Coverslips were removed from the dishes and
fixed in 3% formalin in PBS. Both adherent and floating cells remaining in the
dish were collected and equally divided into separate samples for the Cell
Death Detection ELISA (Boehringer Mannheim, Indianapolis, IN) and for
caspase assays. Cells were then pelleted at 200 3 g for 5 min. Samples to be
assayed by the Cell Death ELISA were prepared as directed by the instructions
in the kit. Samples to be used for caspase 3 activity assays were rinsed once in
cold PBS, repelleted, and treated as instructed by the manufacturer of the
Ac-DEVD-AMC substrate (United Biomedical, Inc., Lake Success, NY or
Bio-Rad, Hercules, CA).
Formalin-fixed coverslips were then stained with DAPI, rinsed in distilled
H2O, and mounted onto slides using Vectashield (Vector Laboratories, Burlingame, CA) for analysis under the microscope. Each slide was counted in a
blind fashion for the number of apoptotic and nonapoptotic nuclei in randomly
selected visual fields under 360 magnification. At least 2500 nuclei were
counted per data point. All data points depicted in the graphs of Figs. 2– 4
represent the average of three separate dishes from the same experiment, where
the error bar represents 1 SD.
Hypotonic Lysis for Anti-Cytochrome c Western Blots. The following
protocol is an adaptation of the methods to obtain a cytosol-specific, mitochondria-free cell lysate, originally described by Bossy-Wetzel et al. (33).
LNCaP cells were grown to ;75% confluence on 15-cm tissue culture dishes.
Cells were then washed twice with serum-free RPMI 1640 (Life Technologies)
and maintained in serum-free conditions for 24 h. After this preincubation,
cells were induced to undergo apoptosis with 20 mM LY294002 in the presence
or absence of R1881, EGF (100 ng/ml), or LY294002. A separate dish of cells
kept solely in serum-free conditions was used as a negative control for
apoptosis. As in previous experiments, certain samples were treated with
R1881 (5 nM) during a 24-h period of incubation prior to administration of
LY294002. After 12 h of incubation, both media supernatants and adherent
cells from each sample were collected and centrifuged for 5 min at 200 3 g.
After aspirating supernatants, each pellet was then placed on ice and lysed in
300-ml hypotonic solution [220 mM mannitol, 68 mM sucrose, 50 mM PIPESKOH (pH 7.4), 50 mM KCl, 5 mM EDTA, 2 mM MgCl2, 1 mM DTT, protease

inhibitors] by trituration 10 times. After an incubation of 45 min on ice, the
resuspended pellets were again centrifuged at 200 3 g for 10 min. Supernatants were collected and transferred to 1.5-ml microcentrifuge tubes (Eppendorf Scientific USA, Westbury, NY), where they were centrifuged at 14,000
rpm for 10 min. The supernatants were transferred to new microcentrifuge
tubes and stored until use for SDS-PAGE.
Fifty mg of protein from each sample of hypotonic cell lysis solution were
loaded per lane and separated by 8 –18% PAGE. Protein was transferred to
nitrocellulose membranes, which were used in Western blots in which the
primary antibody was directed against cytochrome c.

Results
Inhibition of Constitutive Akt/PKB Phosphorylation by
LY294002 in LNCaP. When LNCaP cells were placed in serum-free
medium for 24 h, Akt/PKB remained in its active, phosphorylated
state in the absence of any external stimulation (Fig. 1). In contrast, in
the androgen-unresponsive prostate cancer cell line, DU145, Akt/PKB
was not phosphorylated unless the cells were stimulated with IGF-I.
Elevated phosphorylation of Akt/PKB in LNCaP was inhibited by
treating cells with the PI3 kinase inhibitor LY294002 for 1 h, indicating that constitutive phosphorylation of Akt/PKB on the regulatory
residue S473 was dependent on constitutive production of 39-phosphoinositides. Inhibition of PI3 kinase activity was sufficient to inhibit
phosphorylation of Akt/PKB in LNCaP and DU145 cells stimulated
with EGF and IGF-I (Fig. 1). These effects were seen both with
LY294002 and another PI3 kinase inhibitor, wortmannin (data not
shown). Thus, constitutive Akt/PKB phosphorylation in LNCaP and
induced levels of Akt/PKB phosphorylation in DU145 are dependent
on production of 39-phosphoinositides.
LY294002 Causes Apoptosis in LNCaP Cells in Serum-free
Medium. Because LY294002 blocks a crucial pathway involved in
cell survival, we tested whether the compound was sufficient to
induce apoptosis in LNCaP cells. After 24 h of culture in serum-free
medium, LNCaP cells were treated with LY294002 for 0, 3, 6, 12, and
24 h. For comparison, cells maintained under normal growth conditions (10% FCS, RPMI), as well as untreated cells maintained under
serum-free conditions, were collected at corresponding time points.
By analyzing nuclear morphology (Fig. 2A), caspase 3 activity (Fig.
2B), and DNA fragmentation (Fig. 2C), we found that 20 mM
LY294002 caused increased apoptosis as early as 3 h after addition to
the culture media.
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Fig. 2. Time course of LY294002-mediated apoptosis in LNCaP in serum-free media. A, percentage of condensed and fragmented nuclei as visualized by DAPI fluorescence
microscopy. Bars, SD. B, caspase 3 activity in relative rate of cleavage of fluorometric, Ac-DEVD-AMC substrate. Bars, SD. C, readout of Cell Death Detection ELISA, proportional
to concentration of cleaved nucleosome fragments and normalized to protein concentration. Bars, SD. pp, significance of P , 0.05.

Serum, EGF, and R1881 Prevent LY294002-mediated Apoptosis. To determine whether putative growth and survival factors such
as EGF, R1881, and serum can inhibit apoptosis under conditions
where Akt/PKB is inactive, we asked whether the ability of
LY294002 to induce apoptosis could be blocked by these agonists. If
cells were maintained under serum-free conditions for 24 h, addition
of LY294002 triggered a vigorous induction of apoptosis within 12 h,
as depicted by DAPI-stained nuclear morphology (Fig. 3A) and the
Cell Death Detection ELISA (Fig. 3B). The chronic presence of 10%

serum inhibited this cell death. EGF (100 ng/ml) was sufficient to
block LY294002-mediated apoptosis when coadministered for 12 h
with LY294002. When 5 nM R1881 was added as a pretreatment
during the 24 h of prior serum-free culture, a diminution of
LY294002-mediated apoptosis was likewise observed. Because
LY294002 was still able to inhibit the phosphorylation of Akt/PKB
regardless of whether EGF, R1881, or serum were present at both
early (Fig. 1) and late (data not shown) time points, we conclude that
these agonists can stimulate a novel survival pathway in LNCaP that
is independent of Akt/PKB as well as PI3 kinase.
EGF and R1881 Prevent LY294002-mediated Caspase 3 Activation and Cytochrome c Release. In current models of apoptosis,
an initial proapoptotic stress may induce the release of cytochrome c
from mitochondria into the cytosol. Cytochrome c interacts with
Apaf-1 and facilitates the oligomerization of pro-caspase 9 immediately prior to activation of the effector caspase, caspase 3 (34, 35). As
a step in elucidating the mechanism by which the novel survival
signaling pathway operates, we determined whether this pathway
interferes with activation or activity of effector caspases or of cytochrome release. Fig. 4A shows that LY294002 is able to induce
caspase 3 activation in LNCaP cells under serum-free conditions and
that this activation is almost entirely blocked by EGF or by prior
treatment with androgen.
To determine whether EGF or R1881 protect LNCaP cells from
LY294002-mediated apoptosis by interfering with cytochrome c release, a nondenaturing, hypotonic lysis was used to collect cytosolic
lysates of LNCaP following treatments, and the presence of cytochrome c was assessed by Western blotting. LY294002 induced an
increase in the amount of nonmitochondrial, cytosolic cytochrome c
after 12 h (Fig. 4). This release correlates with the cleavage of PARP
by caspases (data not shown). EGF (Fig. 4A) and R1881 (Fig. 4B),
however, inhibit both PARP cleavage (data not shown) and cytochrome c release. Therefore, we conclude that EGF- and R1881mediated survival occurs upstream of mitochondrial cytochrome c
release and caspase 3 activation.
Discussion

Fig. 3. Protection from LY294002-mediated apoptosis by 10% FCS, EGF, and R1881
in LNCaP cells. A, percentage of condensed and fragmented nuclei as visualized by DAPI
fluorescence microscopy. Bars, SD. B, Cell Death Detection ELISA readout. pp, significance of P , 0.05. Bars, SD.

In this work, we report that Akt/PKB is constitutively phosphorylated in LNCaP cells and that pharmacological inhibition of PI3 kinase
and Akt/PKB induces apoptosis when other growth and survival
factors are not present. This is consistent with the PI3 kinase-Akt/PKB
survival signaling pathway being constitutively operative in these
cells. Surprisingly, apoptosis triggered by blockade of PI3 kinase
could be prevented by serum, androgen, or EGF, indicating the
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to suppress the growth of implanted xenograft tumors in nude
mice (37).
Little is known about the mechanism by which the Akt/PKBindependent pathway functions. We found that caspase 3 activation
and cytochrome c release from mitochondria were inhibited by this
pathway, properties shared by antiapoptotic members of the Bcl2
family (38). We do not know whether the Akt/PKB-independent
pathway makes use of Bcl2 or members of the Bcl2 family. Current
research is aimed at understanding the molecular nature of this pathway so that it can be subjected to experimental and therapeutic
manipulation.
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LNCaP with cytochrome c-specific antibodies.
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