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Abstract
Perifosine is a novel p.o. bioavailable alkylphospholipid.
Perifosine has displayed significant antiproliferative activity in vitro and in vivo in several human tumor model
systems and has recently entered phase I clinical trials.
Recent studies have identified that perifosine could cause
cell cycle arrest with induction of p21WAF1/CIP1 in a p53independent fashion; however, the basis for that effect is
not known. Structurally, perifosine resembles naturally
occurring phospholipids. Therefore, we hypothesized that
perifosine might perturb pathways related to phospholipids modulated by growth factor action. We demonstrate
here that perifosine causes dose-dependent inhibition of
protein kinase B/Akt phosphorylation and thus activation
at concentrations causing growth inhibition of PC-3
prostate carcinoma cells. Only the myristoylated form of
Akt (MYR-Akt), which bypasses the requirement for
pleckstrin homology (PH) domain-mediated membrane
recruitment, abrogated perifosine-mediated decrease of
Akt phosphorylation and cell growth inhibition by perifosine. We demonstrate further that perifosine decreases the
plasma membrane localization of Akt, and this is substantially relieved by MYR-Akt along with relief of downstream
drug effect on induction of p21WAF1/CIP1. Perifosine does
not directly affect phosphoinositide 3-kinase (PI3K),
phosphoinositide-dependent kinase 1, or Akt activity at
concentrations inhibiting Akt phosphorylation and membrane localization. Our results demonstrate that Akt is an
important cellular target of perifosine action. In addition,
these studies show that the membrane translocation of
certain PH domain-containing molecules can be greatly
perturbed by the alkylphospholipid class of drugs and
imply further that the PI3K/Akt pathway contributes to
regulation of p21WAF1/CIP1 expression. (Mol Cancer Ther.
2003;2:1093 – 1103)

Received 5/27/03; revised 7/29/03; accepted 8/5/03.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby
marked advertisement in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
Note: S.B.K. and S.S.S. equally contributed to this work.
Portions of this work were presented in abstract form in
the Proc. Am. Assoc. Cancer Res., 43: Abs. 2977, 2002.
Requests for Reprints: Krishnendu K. Roy, National Institutes of Health,
10 Center Drive, Building 10, Room 6N 113, Bethesda, MD 20892-5680.
Phone: (301) 496-4119; Fax: (301) 480-7456. E-mail: kr91w@nih.gov

Introduction
Phospholipid analogues are structurally novel candidate
drugs with evidence of antineoplastic activity in both in
vitro and in vivo model systems (1 – 3). Miltefosine is an
alkylphospholipid that has been approved in Europe for
topical treatment of cutaneous lymphomas and cutaneous
metastases from breast cancer (4 – 6). Miltefosine has also
shown promising effects against visceral leishmaniasis (7,
8). In the search for alkylphospholipids with lessened
gastrointestinal side effects, perifosine [octadecyl-(1,1-dimethyl-4-piperidylio) phosphate; Fig. 1A] was noted to be a
more p.o. bioavailable alkylphospholipid (9). It has recently
entered phase I clinical trials (10).
Numerous activities have been ascribed to phospholipid
analogues. These include modulation of signaling targets,
which use naturally occurring lipid moieties as substrates
or cofactors, including protein kinase C and phospholipase
C (11 – 15). Other studies (16, 17) point to interference by
these compounds with synthesis of other lipids necessary
for proper membrane function. Recent studies (18) have
identified that perifosine could cause cell cycle arrest in a
way that correlated with induction of p21WAF1/CIP1 in a
p53-independent fashion. To delineate the biochemical
pathway leading to this outcome, we hypothesized further
that control of p21WAF1/CIP1 expression might proceed
from pathways governed by natural phospholipids, particularly those stimulated in response to the action of
growth factors (19 – 21).
One pathway of clear importance to cell cycle progression and cell survival also related to phospholipid
metabolism is controlled by phosphoinositide 3-kinase
(PI3K) (22). This lipid kinase is activated in response to
numerous growth factors and in turn activates a series of
signaling molecules including phosphoinositide-dependent
kinase (PDK) 1 and 2 and the cellular homologue of the Akt
oncogene (23). The behavior of many neoplasms appears to
be correlated with the expression of positive (worse
prognosis) or negative (better prognosis) regulators of the
PI3K/Akt signaling pathway (24 – 28).
PI3K activation results in accumulation of phosphatidylinositol 3,4,5-trisphosphate and phosphatidylinositol
3,4-bisphosphate (29 – 31). Pleckstrin homology (PH) domain-containing proteins including PDK1 and Akt (29, 32)
then bind to the 3V-OH phosphorylated phosphatidylinositols through the PH domain. This results in targeting of
Akt to the plasma membrane and provides a favorable
conformation for Akt Thr308 and Ser473 phosphorylation
(32 – 34). The upstream kinase PDK1 has been clearly
shown to phosphorylate Thr308 site, but the identity of
the Ser473 kinase is quite controversial (31, 35). The
phosphatase PTEN (phosphatase and tensin homologue
deleted on chromosome 10, also called MMAC1 or TEP1)
has emerged as an important regulator of Akt activation
by removing the D-3 phosphate of phosphatidylinositol
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Figure 1. Effect of perifosine on cell viability. A, perifosine structure. B,
effect of perifosine on the viable cell number of PC-3 prostate carcinoma
cells after 24 h at the indicated concentration. C, PC-3 cells were exposed
to 5-AM perifosine for the indicated time, and viable cell count was
determined. Points, representative of six individual measurements.

phosphates (D-3 PtdIns phosphate) and thus terminating
the signal. PTEN has been found deleted in a substantial
fraction of cancers, including glioblastomas, breast, prostate, and ovarian carcinomas, and several syndromes with
multiple tumors incidence (36, 37). Amplification and
overexpression of Akt is frequently observed in ovarian
(25) and gastric tumors (38), further suggesting a role in
human malignancy.
We decided to assess perifosine action on the Akt
pathway in the PTEN-null human PC-3 prostate carcinoma
cell line (39). Here, we present evidence that Akt is an
important target of perifosine action. We demonstrate that
drug concentrations, which cause cell growth inhibition
and eventual cell death, cause rapid loss of Akt activity.
Perifosine causes decrease in Akt Ser473 and Thr308
phosphorylation. This attenuation of Akt activity by
perifosine was not restored by transfection of wild-type
Akt (WT-Akt) to the cells, but overexpression of a form of
Akt that is myristoylated (MYR-Akt) and thus constitutively localized to the plasma membrane overcomes
perifosine inhibition of Akt activation. We demonstrate
that perifosine greatly hampers translocation of WT-Akt to
the cell membrane, where Thr308- and Ser473-directed
kinases normally activate Akt. These data also support the
idea that an Akt-related pathway affects the expression or
stability of p21WAF1/CIP1.

Materials and Methods
Antibodies and Reagents
Antibodies against total and phosphorylated Akt (Ser473
and Thr308) were purchased from Cell Signaling Technologies (Beverly, MA). PDK1 and Akt assay kits and
recombinant active Akt, inactive Akt, and active PDK1
enzymes were purchased from Upstate Biotechnology, Inc.
(Lake Placid, NY). Serum- and glucocorticoid-induced
kinase (SGK) was also obtained from Upstate Biotechnology. Anti-PI3K-a, anti-PI3K-g, PI3K-p85-a, p21WAF1/CIP1,

p27KIP1, protein phosphatase 2A, and horseradish peroxidase-conjugated secondary antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). The fluoresceinconjugated anti-hemagglutinin (HA) antibody (2364) was
purchased from Cell Signaling Technologies. All cell
culture media and reagents were from Life Technologies,
Inc. (Rockville, MD). Perifosine was obtained from
Zentaris AG (Frankfurt, Germany). 7-Hydroxystaurosporine was from Kyowa Hakko Kogyo Co., Ltd. (Tokyo,
Japan). Unless otherwise noted, other signal transduction
inhibitors were from Calbiochem (La Jolla, CA). Various
phosphatidylinositides, epidermal growth factor (EGF),
platelet-derived growth factor (PDGF), insulin-like growth
factor-I (IGF-I), and insulin were purchased from Sigma
Chemical Co. (St. Louis, MO).
Cells and Cell Culture
Cell lines were grown in their respective culture medium
as recommended by the American Type Culture Collection
(Manassas, VA). In particular, human PC-3 prostate
adenocarcinoma cells were maintained in RPMI medium
containing 100-unit/ml penicillin G, 100-Ag/ml streptomycin medium supplemented with 10% fetal bovine serum
(FBS; Life Technologies) at 37jC in an atmosphere containing 5% CO2. Exponentially growing cells were treated with
different concentrations of perifosine for 24 h. The adherent
cells were treated with trypsin, washed with PBS, and
collected by centrifugation at 1500 rpm for 5 min. Viable
cell counts were enumerated by hemocytometer using 0.2%
trypan blue.
Cell Lysis and Immunoblot Analysis
Lysis buffer consisted of 50-mM HEPES (pH 7.4), 20-mM
EDTA, 0.5-mM sodium orthovanadate, 10-mM sodium
glycerophosphate, 1-mM sodium fluoride, 10% glycerol,
0.5% NP40, 5-Ag/ml aprotinin, 5-Ag/ml leupeptine, and
1-mM AEBSF. Approximately 20 – 40 Ag of total protein
were resolved by 4 – 20% Tris-glycine SDS-PAGE gel. The
separated proteins were transferred to polyvinylidene
difluoride membranes (Immobilon; Millipore, Billerich,
MA) in a Hoofer transblotter using 25-mM Tris, 192-mM
glycine, and 20% methanol. After the transfer was
completed (2 – 3 h), the blots were blocked for 1 h in a
blocking buffer containing 5% (w/v) blotto (Santa Cruz
Biotechnology) in TTBS [10-mM Tris-HCl, 140-mM NaCl
(pH 7.4), and 1% (v/v) Tween 20]. The membranes were
washed thrice extensively in TTBS. The blots were then
placed in respective primary antibodies at optimal
concentrations for 1 h. After three washes with TTBS,
the horseradish peroxidase-conjugated specific secondary
antibodies were added and further incubated for 1 h in
the presence of 5% (w/v) blotto in TTBS. The membranes
were washed extensively in TTBS and detection was
performed with enhanced chemiluminescence reagents
(Amersham, Piscataway, NJ) according to the manufacturer’s instructions.
For insulin or other growth factor stimulation experiments, cells were serum starved for 24 h by replacing 10%
FBS medium with RPMI medium. Respective growth
factors and insulin (Life Technologies) were then added
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to the medium and further incubated as specified in the
figure legends. To assess the effect of perifosine, cells were
pretreated with 5-AM perifosine for 30 min before insulin or
other growth factor addition.
PI3K Assay
Serum-starved PC-3 cells were stimulated with 100-nM
insulin for 10 min. Cells were trypsinized and harvested,
washed twice with cold PBS, and lysed with 20-mM TrisHCl (pH 7.4) containing 150-mM NaCl, 1-mM EDTA, 1-mM
sodium orthovanadate, 1% NP40 (v/v), 1-mM AEBSF,
5-Ag/ml leupeptine, and 5-Ag/ml aprotinin. After protein
determination using Bio-Rad (Hercules, CA) kit, cellular
lysates were immunoprecipitated with anti-PI3K-p85-a
antibody obtained from Santa Cruz Biotechnology. To
1-mg protein sample, 5 Al of anti-PI3K-p85-a were added
and mixed in cold for 1 h followed by the addition of 50
Al of Gamma Bind Sepharose (Pharmacia, Piscataway, NJ)
and further mixed for 1 h in cold. The immunoprecipitate
was washed with PBS containing 1-mM sodium orthovanadate and 1% NP40 (v/v) twice followed by two washes
with 50-mM Tris containing 10-mM LiCl. The beads were
then washed once with TNE (20-mM Tris-HCl [pH 7.4],
100-mM NaCl, and 1-mM EGTA). The kinase reaction was
started by adding 50 Al of kinase buffer (20-mM Tris,
100-mM NaCl, 0.3-mM EGTA, 10-Ag phosphatidylinositol,
1-AM ATP, and 10-mCi 32P-ATP). The reaction was
performed at 30jC for 20 min. The reaction was
terminated by adding 100 Al of 0.1-M HCl. The reaction
product was extracted with 200-Al chloroform:methanol
(1:1); 50:1 of the organic phase were loaded onto LK6D
plates (Whatman Inc., Clifton, NJ) impregnated with 1%
potassium oxalate. 32P-labeled phospholipids were separated by TLC using chloroform:methanol:water:ammonia
(45:38:8:2) mixture as the solvent system, and the reaction
products were visualized by autoradiography (40).
PDK1Assay
Recombinant active PDK1 or PDK1 immunoprecipitation
kits were purchased from Upstate Biotechnology, and the
enzyme assays were performed according to the manufacturer’s instructions. Briefly, PDK1 enzyme was used to
phosphorylate inactive SGK. The activity of phosphorylated and active SGK was then measured using 32P-ATP
incorporation in SGK/Akt substrate peptide. The incorporation of 32P in substrate peptide was measured by
applying an aliquot of the reaction mixture on a phosphocellulose paper followed by three washes with 0.75%
phosphoric acid and once with acetone to remove
unreacted ATP. The dried paper was subjected to liquid
scintillation counting for quantitation.
Akt Kinase Assay
A recombinant active Akt assay kit was purchased from
Upstate Biotechnology. The assay was performed according to the manufacturer’s instructions using the SGK/Akt
substrate peptide. Akt kinase assay kit was also purchased
from Cell Signaling Technologies to perform IP kinase
assays from PC-3 cells. Lysates from control and perifosinetreated PC-3 cells were prepared using lysis buffer
provided in the kit supplemented with 50-nM okadoic acid

and 50-nM calyculin A. Kinase reaction protocol was as per
manufacturer’s instruction using glycogen synthase kinase3 (GSK-3) fusion protein as substrate. The degree of GSK-3
fusion protein phosphorylation was determined using
phospho-GSK-3 antibody to determine the Akt kinase
enzyme activity. In few experiments, Akt kinase activity
was performed according to Murga et al. (41) using 32PATP and histone H2B (Roche Molecular Biochemicals,
Indianapolis, IN) as substrate.
Integrin-Linked Kinase Assay
Integrin-linked kinase (ILK) was immunoprecipitated
from serum-stimulated PC-3 cells using anti-ILK monoclonal antibody (Upstate Biotechnology), and kinase assays
were performed using S6 peptide (Upstate Biotechnology)
and 32P-ATP according to Persad et al. (42). Incorporation
of 32P in the peptide was quantitated using the phosphocellulose paper as described before.
Src Kinase Assay
Active Src (recombinant enzyme), kinase reaction buffer,
and Src kinase substrate peptide were obtained from
Upstate Biotechnology. Src kinase assays were performed
according to the manufacturer’s instructions. Incorporation
of 32P from 32P-ATP into the substrate peptide was
quantitated using the phosphocellulose paper as described
in PDK1 assay system.
Plasmid Constructs and Transfections
An expression vector for HA-tagged different Akt
constructs (pCEFL-HA-Akt1) have been reported elsewhere (41). The distinct constructs encoding WT-Akt
called pCEFL-HA-WT-Akt1, the constitutively membrane
localized Akt called pCEFL-HA-MYR-Akt1 (which contains an amino-terminal sequence that allows myristoylation but which lacks a PH domain), the kinase dead (KD)
mutant of Akt (Akt with a K197M mutation) called
pCEFL-HA-K179M-Akt1, and the Ser473 and Thr308
mutant construct in which both sites have been mutated
to alanine (AA-Akt1) called pCEFL-HA-AA-Akt1 have all
been described previously (43). pCEFL-enhanced green
fluorescent protein (EGFP)-AH-Akt1 construct, the PH
domain of the mouse WT-Akt spanning the PH motif, was
obtained by PCR as a BamHI-NotI insert, including a four
glycine residue cross-linker after the BamHI restriction
site. The previous construct was then subcloned into the
pCEFL-EGFP (43). The previous construct was then
subcloned into the pCEFL-EGFP (43). Plasmids encoding
different forms of PI3Kg were made in pcDNA III for
transient expression experiments. WT-PI3Kg is designated
as pcDNA III-WT-PI3Kg, constitutively active (CA) PI3Kg
is designated as pcDNA III-CAAX-PI3Kg (CA-PI3K), and
the cDNA for the dominant negative (DN) mutant of
PI3Kg is designated as pcDNA III-KR799-PI3Kg (DNPI3K). These also have been described previously (44, 45).
Src and ILK constructs were purchased from Upstate
Biotechnology (Allelic Pack Catalogues 17-268 and 17307, respectively). In brief, different forms of Src cDNA
were constructed in pUSEamp vector. WT (Catalogue 21114), CA (Catalogue 21-115), and DN (Catalogue 21-154)
forms of Src cDNA are represented as Src-WT, Src-CA,
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and Src-DN, respectively. Similarly, different forms of ILK
constructs were also constructed in pUSEamp vectors. WT
(Catalogue 21-184), kinase hyperactive (S343D; Catalogue
21-185), and kinase inactive (R211A; Catalogue 21-182)
forms of ILK are represented as ILK-WT, ILK-CA, and ILKKD, respectively.
Different forms of human PDK1-cDNA construct were
generously provided by Drs. Sunhong Kim and Jongkyeong
Chung (Department of Biological Sciences, Korea Advanced
Institute of Science and Technology, Republic of Korea). WT
myc-tagged PDK1 constructed in pcDNA III vector is
designated as PDK1-WT (PDK1-WT-myc-pcDNA III), while
KD PDK1-cDNA in pcDNA III is indicated by PDK1-KD
(PDK1-KD-myc-pcDNA III). A CA membrane localized
form of PDK1 was made in pBJ5 vector with myristoylation
motif and is designated as PDK1-CA (pBJ5-MYR-PDK1FLAG). Unless otherwise indicated, cells were cotransfected
with the same quantity of plasmids for the different
signaling molecules (5 Ag each/90 mm dish). The total
DNA amount was kept constant in all the transfection
experiments, including appropriate amounts of empty
vector. Unless otherwise indicated, cells were cotransfected
with the same quantity of plasmids coding for Akt and for
the different molecules such as PDK1 and PI3K (5 Ag each/
90 mm dish). Transfections were performed using LipofectAMINE 2000 (Life Technologies) according to the manufacturer’s instructions. At 24 h post-transfection, the cells
were either serum starved or grown in regular medium for
24 h followed by treatment as indicated in the figure
legends. Experiments were performed in triplicate.
Immunofluorescence
PC-3 cells were plated onto glass coverslips at a density
of 5000 cells/well in 24-well dishes. After 24 h, the cells
were transfected by the LipofectAMINE 2000 (Life Technologies) technique with 1 – 3 Ag of the relevant plasmid.
On the day after transfection, cells were rendered quiescent
by incubation in serum-free medium for 24 h and then
treated with 5.0-AM perifosine for 30 min followed by
induction with 100-nM insulin for 10 min. The cells were
then fixed in 3.7% paraformaldehyde for 15 min and
permeabilized for 5 min in 0.2% Triton X-100 for 10 min.
The coverslips were washed and blocked as recommended
(Cell Signaling Technologies). Briefly, coverslips were
washed with PBS, and nonspecific antibody binding sites
were blocked by incubation with PBS containing 3% BSA.
The coverslips were then incubated with fluoresceinconjugated anti-HA antibody diluted in PBS-BSA (1/2000)
overnight and washed five times with PBS. Control staining
was performed without antibody. Cells were then incubated for 30 s with 4V,6-diamidino-2-phenylindole for nuclear
staining. After extensive washes in PBS, coverslips were
mounted in Aquamount and examined under epifluorescent illumination. The cells were examined in an inverted
microscope under a 63 oil immersion magnification
objective using Olympus microscope. For quantification,
50 – 100 cells/coverslip were counted.
In another set of experiments, PC-3 cells were transfected with PH domain conjugated to GFP (pCEFL-EGFP-

AH-Akt1 construct). At 24 h post-transfection, the cells
were either serum starved or grown in regular medium
for 24 h followed by treatment as indicated in the figure
legends.

Results
Perifosine Inhibition of PC-3 Cell Growth
Perifosine has a similar structure to naturally occurring
phospholipids (Fig. 1A). Perifosine (5 AM) causes growth
inhibition of PC-3 prostate carcinoma cells by 50% (GI50) in
24 h (Fig. 1B). Continued exposure to this concentration
(Fig. 1C) causes virtually all cells to die by 48 h. Cleavage of
poly(ADP-ribose) polymerase is evident (data not shown)
on incubation of 2-AM perifosine at 24 h, indicating that
pronounced cell death occurred. Perifosine inhibits the
growth of other cell types (data not shown), with GI50
values of 1 – 10 AM [K-562, SUDHL-7, HL-60, PC-3, Colo205, and MESA-SA (CRL-1976)], 11 – 30 AM [MG-63 (CRL1427), H-3386, RD (CCL-136), HT-29, MDA-435, SW-620,
CCRF-7, H-1355, SAJA-1 (CRL-2098), and DU-145], and >30
AM [MCF-7, Hos (CRL-1543), and LnCAP].We elected to
further characterize early signaling events affected by
perifosine in PC-3 cells, as these cells are known to be
mutated in PTEN and therefore would be expected to have
relative activation of the Akt pathway.
The Akt Pathway Is a Target for the Antiproliferative
Effect of Perifosine
We first investigated the effect of perifosine on the
phosphorylation status of Akt on Ser473 and Thr308.
Fig. 2A shows that exposure of PC-3 cells to 5-AM
perifosine for only 0.5 h causes virtually complete loss
of phosphorylation of Akt on Thr308 and Ser473, without
affecting the amount of Akt. This loss of phosphorylation
was also seen in almost all cell lines tested at their GI50
concentration (data not shown). Fig. 2B shows that in PC-3
cells loss of phosphorylation of both known regulatory
phosphorylation sites of Akt (compare with Fig. 1B)
occurs at similar perifosine concentrations.
As it is well documented that the phosphorylation on
Thr308 and Ser473 is a prerequisite for the catalytic activity
of Akt, we next assessed perifosine’s affects on Akt kinase
activity in treated PC-3 cells. Fig. 2C shows that when PC-3
cells are treated with different concentrations of perifosine
for 1 h and Akt protein is immunoprecipitated to measure
its catalytic activity using SGK as substrate, perifosine’s
effect on Akt phosphorylation state paralleled exactly its
inhibition of Akt kinase activity. Maximum inactivation of
its kinase catalytic activity was observed within 1 h at 5 AM.
Taken together, these data suggest that loss of phosphorylation of both Thr308 and Ser473 results in perifosineinduced inactivation of Akt at very early times after
addition of drug.
Reversible Effect of Perifosine and Relevance to Several Growth Factors
As perifosine is a lipid, it is possible that its interactions
with cells will be detergent like. However, after 24 h of
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Effect on PI3K Activity
Immunoprecipitated PI3K complex obtained from PC-3
cell lysates does not show any change in its kinase activity on direct incubation of perifosine even up to 20 AM
(Fig. 4A), under conditions where wortmannin completely
inhibited the PI3K-mediated D-3 PtdIns phosphate generation. Next, we investigated whether perifosine inhibits
growth factor-mediated activation of PI3K. Serum-starved
PC-3 cells pretreated with or without perifosine (10 AM)
for 30 min were exposed to insulin (100 nM) for another 10
min or were left unstimulated. PI3K activity was
determined in anti-p85-a-PI3K immunoprecipitates, as
described previously. Immunoprecipitates obtained from
insulin-stimulated cell lysates showed a 5.5 – 7.5-fold
increase of PI3K activity compared with extracts from
non-insulin-stimulated countercontrol cells (Fig. 4B). Perifosine treatment of cells before addition of insulin, which
prevented activation of Akt, did not inhibit D-3 PtdIns
phosphate generation, while wortmannin (20 AM) totally
inhibited production of D-3 PtdIns phosphate (in the same
Fig. 4B). Perifosine did not inhibit PDK1, ILK, and Src
kinases (data not shown).

Figure 2. Effect of perifosine on Akt phosphorylation and activity.
Exponentially growing PC-3 cells were treated with 5-AM perifosine for up
to 3 h (A) or with varying concentrations of perifosine for 1 h (B). Cells
were lysed, and equal amounts of protein were separated by SDS-PAGE,
transferred to polyvinylidene difluoride membrane, probed, and reprobed
with phosphospecific as well as total Akt antibodies as described in
‘‘Materials and Methods.’’ C, cells were treated with indicated concentrations of perifosine for 1 h, and cell lysates were used to immunoprecipitate endogenous Akt protein with anti-Akt antibody and its kinase
activity was determined using SGK/Akt substrate peptide as described in
‘‘Materials and Methods.’’

perifosine (5 AM) treatment, PC-3 cells when replaced with
fresh medium revert to their original morphology and the
growth rate after 24 h is comparable with that of control
cells (data not shown). Therefore, we next tested withdrawal of perifosine effect on Akt phosphorylation with
respect to time. Fig. 3A shows that PC-3 cells exposed to
5-AM perifosine for 3 and 12 h, washed, and exposed to
fresh medium demonstrated substantial recovery of Akt
phosphorylation level within 1 h. After 3 h, there was a full
recovery of phosphorylation when compared with control.
Removal of perifosine even after exposure of 12 h to PC-3
cells resulted in complete restoration of Akt phosphorylation level within 6 h. Next, PC-3 cells were also stimulated
with a variety of different growth factors to activate the
PI3K/Akt pathway following pretreatment with perifosine
for 30 min. Stimulated Akt phosphorylation by serum,
insulin, IGF-I, EGF, and PDGF was strongly inhibited by
perifosine (Fig. 3B). In contrast to effect on Akt, preliminary results suggest that analogous concentrations of
perifosine actually cause activation of p38 mitogen-activated protein kinase, p42/44 Erk kinase, and stress-activated
protein kinase/c-Jun N-terminal kinase pathway (data not
shown).

Figure 3. Perifosine-induced inhibition of Akt phosphorylation is
reversible and affects the action of several growth factors. A, PC-3
cells were treated with 5-AM perifosine for 0, 3, and 12 h. At the end of
each treatment, cells were washed and further grown in fresh medium.
Total protein isolated was separated by SDS-PAGE and analyzed by
immunoblotting with indicated antibodies. B, exponentially growing PC-3
cells were serum starved for 20 – 24 h. Then, the cells were treated with
5-AM perifosine for 30 min and induced with indicated growth factors for
an additional 10 min. The growth factors were insulin (50 nM), IGF-I (50
ng/ml), EGF (50 ng/ml), PDGF (10 ng/ml), and 10% FBS. At the
completion of experiment, cell lysates were prepared and analyzed by
immunoblotting with respective antibodies. Results are representative of
three different experiments.
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Figure 4. Relation of PI3K to perifosine action. A, in vitro PI3K enzymatic activity was measured using immunoprecipitated PI3K as an enzyme of PC-3
cells. Serum-starved (24 h) cells were stimulated with insulin (50 nM) for 15 min. The protein isolated was immunoprecipitated with anti-PI3K-p85-a
subunit as described in detail in ‘‘Materials and Methods.’’ The lipid products were fractioned and resolved by TLC followed by autoradiography. B,
exponentially growing PC-3 cells were starved and treated independently with perifosine (5 AM) and wortmannin (20 AM), respectively, for 30 min followed
by induction without (control) or with insulin (100 nM) for another 15 min. After the completion of the experiment, cells were lysed and immunoprecipitated
with anti-PI3K-p85-a antibody to isolate the PI3K protein for measuring its enzymatic activity. C, subconfluent PC-3 cells were transfected (1 Ag/plate)
with WT-PI3Kg, CA-PI3Kg, and KD-PI3Kg constructs, respectively. At 24 h post-transfection, respective plates were treated without (control) or with 5
and 10 AM perifosine for 30 min. Lysates were subjected to immunoblotting with specific antibodies. Results were repeated at least thrice.

Although growth factor-mediated signaling leading to
PI3K activation is not affected by perifosine, but Akt
phosphorylation clearly is diminished (Fig. 2), we hypothesized that perifosine may interfere with recruitment of Akt
or PDK1 to the cell membrane. Increased in situ generation
of D-3 PtdIns phosphate might therefore overcome perifosine action. We approached this question by transfecting
the PI3K catalytic subunit (PI3K-p110a cDNA) of the
holoenzyme. When PC-3 cells are transfected with the
CA-PI3K-p110a (CA-PI3K), partial protection from
the effect of 5-AM perifosine was observed (Fig. 4C), but
the effect of 10-AM perifosine on Akt phosphorylation at
both Thr308 and Ser473 was equivalent to the effect of 5 AM
on the WT enzyme. Under the same conditions, KD-PI3Kp110a (KD-PI3K) has no influence on perifosine action on
Akt phosphorylation, serving as a negative control. These
results therefore suggest that perifosine might affect
normal recruitment of molecules binding D-3 PtdIns
phosphates, including Akt.
A CA Form of Akt Overcomes Perifosine Inhibition
We next asked whether forced overexpression of
exogenous Akt could abrogate the effect of perifosine on
Akt activating phosphorylations. Fig. 5A presents results
from transiently overexpressing different forms of Akt.
Only MYR-Akt completely overcomes perifosine inhibition
of Akt phosphorylation. Interestingly, in the same setting,
WT-Akt overexpression failed to overcome 5-AM perifosine
inhibition of Akt regulatory phosphorylation.
As we previously (Fig. 4C) had consistently noticed
that CA forms of PI3K could also overcome perifosine
inhibition, we cotransfected WT PI3K, PDK1, and Akt
constructs together rather than the CA construct forms.
Fig. 5B demonstrates that only WT-PI3K-p110a and
WT-Akt in combination could overcome the perifosine
action on regulatory Akt phosphorylations. Any other
combination has no significant effect on perifosine

inhibition action on Akt phosphorylation. These data are
consistent with the idea that in situ generation of
sufficient D-3 PtdIns phosphates with an abundance
of Akt can overcome the perifosine inhibition of Akt
phosphorylation.
Perifosine Markedly Alters WT-Akt and Also Akt-PH
Domain MembraneTranslocation
If it is true that perifosine alters the membrane
recruitment of Akt to allow juxtaposition to regulatory
‘‘upstream’’ kinases such as PDK1, altered capacity of Akt
to associate with membranes of perifosine-treated cells
might be evident. We therefore transiently expressed
different forms of HA-tagged Akt1 (HA-Akt1) construct
in PC-3 cells and examined the changes of its subcellular
localization with immunofluorescence imaging. Fig. 6A
demonstrates clearly that in non-insulin-treated cells, both
WT-HA-Akt1 and KD-HA-Akt1 are localized to the
cytoplasm, while MYR-HA-Akt1 is distributed to the
membrane. After insulin treatment, WT-HA-Akt and KDHA-K179A-Akt1 as well as MYR-HA-Akt1 localize to the
membrane. Perifosine abolishes both WT-HA-Akt and KDHA-K179A-Akt1 membrane localization but failed to
inhibit the MYR-HA-Akt1 membrane localization (Fig. 6A).
We next examined perifosine effect on the intracellular
localization of pCEFL-EGFP-AH-Akt1 plasmid. pCEFLEGFP-AH-Akt1 plasmid, in which GFP is fused to AH
domain of the WT form of amino-terminal regulatory
portion of Akt1. This amino-terminal regulatory region
includes the PH domain. The pCEFL-EGFP-AH-Akt1
plasmid construct was transiently expressed in PC-3 cells
and then stimulated with insulin in the presence of
perifosine. Serum-starved PC-3 cells containing pCEFLEGFP-AH-Akt1 plasmid on insulin stimulation translocated to plasma membrane very rapidly (Fig. 6B), whereas
perifosine treatment abolished this effect, with GFP mainly
remaining in the cytosol even with insulin stimulation.
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These results confirm that inhibition of membrane localization of the PH domain of Akt can be targeted by
perifosine, accounting for interference by the drug with the
normal membrane localizing activity of Akt.
Perifosine Up-Regulation of p21WAF1/CIP1 Is Opposed
by MYR-Akt1
As recent studies have shown that cell cycle arrest on
exposure of HN12 cells to perifosine was associated with
increase of endogenous p21WAF1/CIP1 (18), we asked
whether forced membrane localization of Akt altered the
capacity of perifosine to induce p21. Fig. 7A indicates that,
consistent with prior studies (16), 5-AM perifosine increases
p21WAF1/CIP1 after 3 h and reaches maximum effect by 6 h,
while p27KIP1 did not change through the course of
treatment. Transfection of MYR-Akt1 overcame the effect

Figure 5. Overexpression of activated Akt and cotransfection of WT
Akt/PDK1, Akt/PI3K, and PDK1/PI3K transfection on perifosine action.
Subconfluent PC-3 cells were transfected (1 Ag/plate) with cDNA each
using LipofectAMINE 2000 as per manufacturer’s instruction. A, cells
were transfected with different forms of Akt construct represented as WTAkt1 (WT), K179A-Akt1 (KD), MYR-Akt1 (CA), AA-Akt1 (Ser308 and
Thr473 are mutated to alanine), and vector alone, respectively. B, effect
of perifosine on Akt phosphorylation on cotransfection of WT PDK1/
PI3Kg, Akt1/PDK1, and Akt1/PI3Kg. Subconfluent PC-3 cells were
transfected with a total of 1 Ag/plate (equal amount of each) of cDNA.
In all cases, 24 h post-transfected cells were treated with (5 AM) or without
(control) perifosine for 30 min; then, the cells were lysed and equal
amounts of protein were subjected to SDS-PAGE followed by immunoblotting with specific antibodies. Data are representative of three or more
independent experiments.

of perifosine on Akt phosphorylation, as there was no
increase of p21WAF1/CIP1 expression in presence of perifosine (Fig. 7B). In contrast, WT-Akt1 and KD-K179A-Akt1
still demonstrated increase in p21WAF1/CIP1.

Discussion
The experiments presented in this paper demonstrate that
perifosine, an alkylphospholipid, causes inhibition of PC-3
prostate carcinoma cell growth (GI50 by 5 AM in 24 h)
associated with rapidly decreased Akt activation, as
assessed by Thr308 and Ser473 phosphorylation, and assay
of enzymatic activity. Evidence is presented that perifosine
inhibits recruitment of Akt to the cell membrane but
without significant inhibition of PI3K as well as PDK1, ILK,
and Src (experiments not described in detail). Perifosinemediated inhibition of Akt phosphorylation is substantially
relieved by introduction of MYR-Akt, which bypasses the
requirement for PH domain-mediated membrane recruitment, particularly in the context of coexpression of the PI3K
catalytic subunit. Further evidence for the functional
importance of Akt in perifosine-mediated signaling is the
abrogation of perifosine-induced increase in p21WAF1/CIP1
previously associated in a causal sense with perifosinemediated cell cycle arrest (18) by concomitant overexpression of CA-PI3K and MYR-Akt. Taken together, these
experiments point to the Akt pathway as a prominent
participant in the cellular effects of perifosine.
Perifosine is structurally related to miltefosine (46),
approved for use in Europe as a topical treatment for
cutaneous neoplasms. The latter compound’s limited p.o.
bioavailability and tendency to produce hemolysis has
prevented miltefosine’s further evaluation for cancer
treatment, but even limited p.o. bioavailability apparently
allows sufficient activity on the part of miltefosine in the
treatment of visceral leishmania infection (7).
Numerous mechanisms have been proposed to explain
the antiproliferative activity of miltefosine, including
inhibition of protein kinase C, alteration of phospholipase
activity, and immune mechanisms (47). Likewise, other
phospholipid and ether lipid analogues have been studied
in recent years (15, 48), and similar pleiotropy of potential
mechanisms for inhibiting cellular proliferation has been
documented. For example, edelfosine inhibits G proteinmediated phospholipase C activation (49) as well as affect
metabolism of membrane lipid turnover. In the case of
perifosine, previous studies (18) had documented that cell
cycle arrest after exposure to the drug correlated with arrest
of cells in G2 and G1, with loss of the S-phase compartment.
This in turn correlated with the p53-independent accumulation of p21WAF1/CIP1. In fact, cells from p21WAF1/CIP1 /
animals did not display this response to drug.
We therefore were encouraged to consider signal
transduction pathways, which might affect cell cycle
progression, mediate cell survival, and could be modulated
by lipid-related metabolites structurally similar to perifosine. As PI3K/PDK1/Akt signaling clearly can mediate
nutritional state and growth factor-related effects on cell
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Figure 6. Perifosine affects membrane distribution of HA-Akt1 and Akt1-PH domain constructs. A, at 24 h post-transfection with the indicated
construct, cells were starved for another 24 h and then treated with perifosine (5 AM) for 30 min followed by insulin (50 nM) stimulation for another 5 min.
The cells were blocked and probed with FITC-conjugated HA as described in ‘‘Materials and Methods.’’ The cells were observed under 63 magnification
using Olympus microscope. Red arrows, nontransfected cells and nuclear staining with 4V,6-diamidino-2-phenylindole. White arrowheads, membrane
localization of Akt. B, subconfluent PC-3 cells grown on coverslips were transfected with pCEFL-EGFP-AH-Akt1. At 24 h post-transfection, cells were
starved for another 24 h and then treated with perifosine (5.0 AM) for 30 min followed by induction with insulin (50 nM) for another 5 min. The cells were
fixed and slides were prepared as described in ‘‘Materials and Methods.’’ GFP immunoflourescence images were monitored on PC-3 cells transfected with
pCEFL-EGFP-AH-Akt1. The green fluorescence was observed under 63 magnification.

proliferation, consideration of this pathway as a potential
new target for perifosine action led to the experiments
reported here. Quite strikingly, perifosine rapidly downmodulates signaling through Akt and does so in a way that
to our knowledge has not been described previously, most
probably by decreasing the association of PH domaincontaining Akt with the plasma membrane, thus leading to
its functional inactivation. As perifosine is a variant
phospholipid, one hypothesis is that perifosine might
actually interfere with the ability of PH domains to interact
with cell membranes. This would be consistent with a
mechanism of drug action where perifosine itself physically

occupied the PH domain or interfered with the proper
combination of natural D-3 PtdIns phosphates with PH
domains. Further experiments must address the question
directly with purified components. Our results are concurrent with those of Ruiter et al. (16) who presented while this
manuscript was in preparation experiments demonstrating
that edelfosine, miltefosine, and perifosine could all inhibit
Akt Ser473 phosphorylation, with activation of stressactivated protein kinase/c-Jun N-terminal kinase activity.
Future experiments must clarify the contribution of Akt
inhibition, influence of PTEN status, and activation of PI3K
activity to perifosine-induced growth inhibition.
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Figure 7.

MYR-Akt1 expression abrogates perifosine-mediated upregulation of p21WAF1/CIP1. A, PC-3 cells were grown in 60-mm dishes
overnight and treated with 5-AM perifosine for different time points up to
6 h. The cells were washed with PBS and lysed for protein extraction.
Total protein was estimated, separated on SDS-PAGE, and immunoblotted
for p21WAF1/CIP1 and p27KIP1. B, PC-3 cells grown in 60-mm dishes were
transfected with different forms of Akt1 constructs [WT, MYR, and KD
(K179A)] using LipofectAMINE 2000 as per manufacturer’s instructions.
Post-transfected cells were treated with perifosine (5 AM) for 6 h. The
protein isolated was immunoblotted for Akt and p21WAF1/CIP1.

The mechanism for activation of Akt is well characterized at a molecular level. PDK1 is one kinase immediately
upstream of Akt and phosphorylates Thr308. Several
findings support the theory that phosphatidylinositol
3,4,5-trisphosphate binding is important for membrane
localization of PDK1 and subsequently facilitates its kinase
activity (50, 51). Measurements of commercially activated
PDK1 activity in the presence of perifosine strongly suggest
that it has no influence on PDK1 phosphotransferase
activity (data not shown). Perifosine-treated cells from
which PDK1 is subsequently immunoprecipitated also
show no alteration of enzymatic activity (data not shown).
Akt inactivation is selective, because PDK1 along with
ILK (data not shown), the immediate upstream kinases,
remain unchanged in the presence of perifosine. The
reversal of PC-3 cell growth inhibition on withdrawal of
perifosine follows reversal of the inhibition of Akt
phosphorylation. This event also suggests that perifosine
is not acting simply as a detergent, as commitment to cell
death is to a point reversible in PC-3 cells. Because
reduction in Akt phosphorylation occurs very early (within
30 min at the GI50 for cell growth at 24 h), this effect likely
does not result from induction of a cell cycle arrested state
but instead could conceivably cause growth arrest as a
consequence of these effects.
The molecular basis for inhibition of Akt activation
remains to be established. One hypothesis is that following

insertion into the cell membrane, perifosine inhibits the
normal association of PH domain-containing proteins with
the 3V phosphorylated products of PI3K action. Indeed,
immunofluorescence imaging supported this interpretation
of the transfection experiments, as WT-Akt transfectant
shows hampered membrane localization after perifosine
treatment despite insulin stimulation. The finding that
perifosine does not affect PDK1 activity but does alter Akt
localization is concordant with the observations of others
(52, 53) that the affinity of the PH domain of PDK1 is much
greater than that of Akt for lipid-linked membraneassociating moieties. Our immunofluorescence imaging
observation is also in agreement with the observation that
the membrane-targeted MYR-Akt form efficiently overcomes perifosine inhibition.
Recently, Patel et al. documented that perifosine promotes
cell cycle arrest at either G1-S or G2-M with concomitant upregulation of p21WAF1/CIP1 in a p53-independent manner (18).
Our results here extend those findings by demonstrating that
overexpression of MYR-Akt not only overcome perifosine
inhibition on Akt phosphorylation but also cause inhibition of
perifosine-induced p21WAF1/CIP1 expression in PC-3 cells.
This finding suggest a mechanistic link between Akt
signaling and regulation of p21WAF1/CIP1, which must be
defined more clearly in future experiments, underscoring the
potential for perifosine in affecting an important pathway in
cell growth regulation through its effects on Akt. In this
context, it has recently been suggested that the Akt survival
pathway modulates p21WAF1/CIP1 through phosphorylation
of p21WAF1/CIP1 on residues Thr145 and Ser146 (54 – 56). This
phosphorylation has been linked to altered subcellular
localization (54), regulation of the binding of proliferating
cell nuclear antigen binding and complexation of cyclin/
cyclin-dependent kinases (55), and p21WAF1/CIP1 stability.
Perifosine clearly has the potential to modulate each of these
processes.
In summary, we have demonstrated here that perifosine
inhibits Akt phosphorylation and activation in cells
growing exponentially in serum-containing medium and
after growth factor stimulation. Direct inhibition of the
phosphotransferase activity of the kinases known to
regulate Akt could not be demonstrated, but interference
with Akt plasma membrane localization and membrane
localization of Akt suggests an as yet undescribed
mechanism for this aspect of the drug’s action: interference
with the proper membrane localization of target proteins
for their phosphorylation and activation. Biochemical data
that support this mechanism are presented, as forced
overexpression of WT-PI3K in combination with WT-Akt
opposes perifosine-induced inactivation of Akt and overexpression of MYR-Akt greatly augments this effect along
with relief of downstream indicators of drug effect such as
induction of p21WAF1/CIP1. Thus, we have highlighted Akt,
a multifunctional kinase, the constitutive activation of
which is associated with resistance to cell death and
tumorigenesis, as an important target of perifosine. Further
exploitation of these findings in the design of novel agents
may lead to improved approaches to cancer treatment.
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