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The initiation of apoptosis often transpires in the pres-
ence of agents that regulate cell survival. This study
evaluated the effects of stress-induced ceramide on the
anti-apoptotic activity of the phosphoinositide-3 kinase
[PI(3)K] pathway. PI(3)K activity is directly down-regu-
lated by stress-induced ceramide in a dose-dependent
manner with rapid Kinetics and high specificity. Ce-
ramide inhibition of PI(3)K is dependent on acid-sphin-
gomyelinase. Down-regulation of PI(3)K by ceramide re-
sults in inhibition of the kinase Akt and decreased phos-
phorylation of the death effector Bad. Thus, ceramide
levels could act as a general apoptotic rheostat control-
ling cell survival by regulating PI(3)K anti-apoptotic ef-
fector mechanisms.

Received February 26, 1998; revised form accepted May 6,
1998.

Many stimuli that induce apoptosis generate the lipid
second messenger, ceramide (for review, see Hannun
1996; Spiegal et al. 1996). Cellular ceramide levels in-
crease within 30-60 min in response to oxidative stress,
UV and ionizing radiation, chemotherapeutic agents,
and cytokines through the activation of acidic and neu-
tral sphingomyelinases (for review, see Saba et al. 1996).
Cells derived from Niemann-Pick (NP) patients, which
lack acidic sphingomyelinase (Brady et al. 1966), are
more refractory to dying by apoptosis when exposed to
genotoxic stress (Santana et al. 1996). In addition, cells
transformed by oncogenic Ras exhibit decreased sphin-
gomyelinase activity (Laurenz et al. 1996), and resistance
to radiation-induced apoptosis in Burkitt’s lymphoma
cells is associated with defective ceramide signaling (Mi-
chael etal. 1997). These observations implicate ceramide
generation as having a central and necessary, but as yet
unidentified, role in apoptotic programs induced by
stress, and deregulation of ceramide metabolism as a fac-
tor contributing to tumor progression and resistance to
cancer therapy.

In fibroblasts and other cells of mesenchymal origin
that ectopically express the oncogene c-myc, certain
growth factors, including insulin-like growth factor-1
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(IGF-1) and insulin, as well as matrix attachment, have
been shown to have an anti-apoptotic effect (Harrington
et al. 1994). Recently, a phosphatidylinositol-3 kinase
[PI(3)K] modulated pathway responsible for this anti-
apoptotic effect has been partially elucidated (Franke et
al. 1997b). PI(3)K consists of a regulatory subunit (p85)
that binds to an activated growth factor/cytokine recep-
tor and undergoes phosphorylation, which results in the
activation of its catalytic subunit (p110) (Rodriguez-Vi-
ciana et al. 1996). A product of PI(3)K phosphorylation,
PIP,(3,4), facilitates the recruitment of the protein Ki-
nase Akt to the plasma membrane (Franke et al. 1997a).
Akt is then thought to be activated by the recently iden-
tified protein kinases, PDKs (Alessi et al. 1997). Overex-
pression of constitutively activated forms of PI3(K) or
Akt results in a decreased rate of apoptosis in response to
serum/growth factor deprivation, UV-B irradiation, or
loss of matrix attachment (Kauffmann-Zeh et al. 1997,
Kennedy et al. 1997; Khwaja et al. 1997; Kulik et al.
1997). Because apoptosis often occurs in the presence of
cytokines and growth factors that stimulate the anti-
apoptotic pathway modulated by PI(3)K (Franke et al.
1997b), we hypothesized that cells undergoing apoptosis
possess a mechanism that can inhibit PI(3)K. To test this
hypothesis, we exposed an apoptotically sensitive Rat-1
fibroblast cell line, containing an estrogen-inducible
form of c-myc, to various stresses and investigated the
regulation of PI(3)K activity.

Results and Discussion

Stress-induced ceramide down-regulated PI(3)K
activity in cultured fibroblasts

In response to sorbitol (hyperosmolar stress), y-irradia-
tion (IR) and UV radiation (UV-C), intracellular ceramide
levels increased to twice the control levels within 2 hr
after exposure (Fig. 1A). Expression of c-Myc alone did
not alter the kinetics or intensity of ceramide generation
in response to stress. To determine whether ceramide
and agents that stimulate sphingomyelinase activity can
modulate the activity of PI(3)K, we quantitated PI(3)K
activity from serum-stimulated cells against a preferred
PI(3)K substrate, phophatidylinositol-4-phosphate. Cells
treated with hyperosmolar stress, UV-C, IR, or a cell-
permeable form of ceramide, C2 ceramide, rapidly down-
regulated PI(3)K activity to 10%-30% of the activity
found in serum-stimulated control cells, which is com-
parable to the inhibition of PI(3)K activity by the p110-
specific inhibitor wortmannin (Fig. 1B; Wymann et al.
1996). Expression of the inducible form of c-myc alone
had no effect on PI(3)K activity or the response of stress-
generated ceramide.

PI(3)K can act as an anti-apoptotic agent in cells ex-
hibiting deregulated c-myc oncogene expression when
exposed to stress (Kauffmann-Zeh et al. 1997; Kennedy
et al. 1997). To relate the kinetics of PI(3)K inhibition
with apoptotic cell death, we compared the dose re-
sponse of PI(3)K inactivation with cell death induced by

GENES & DEVELOPMENT 12:1941-1946 © 1998 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/98 $5.00; www.genesdev.org 1941



Zundel and Giaccia

A Hyperosmolarity

200 B

180

160 ‘iaﬁb' - - -
3 i . e ® e
S 120
£ 100[Wﬁﬁ o s
3 200,UV Pl
S 180
S 160 o s W . .
© 140 Eﬂg..-;f»
< 120 ol ' -
% 100{¢ S
‘= 200,'R o - .
% 180
5 160 o
O 140

120 . L =

100{ & - = ;

=

uw g9

uru

0 60 120
Time (minutes)

unu gl

Figure 1. Ceramide induction and PI(3)K activity by stress. (A)
Time course of ceramide induction. Rat-1 Myc-ER cells were
treated for 60 min prior to assay with 100 nm 4-HT and for
indicated times with sorbitol (250 mwm), IR (10 Gy), or UV-C (10
Jm™2). At the indicated times ceramide was extracted and quan-
tified by the DAG kinase assay. Error bars indicate s.0. from
three independent experiments. (B) PI(3)K activity. Cells were
treated with 4-HT as in A and with wortmannin (100 nm), C2
ceramide (10 pm), sorbitol (250 mwm), IR (10 Gy), or UV-C (10
Jm™2) for the indicated times. Cells were harvested, lysed, im-
munoprecipitated with anti-phosphotyrosine antibody, and as-
sayed for PI(3)K activity. Equal amounts of PI(3)K were con-
firmed by immunoblotting of the PI(3)K regulatory subunit in
cell lysates. Shown are representative phosphorimages.

treatment of cells with cell-permeable C2 ceramide. We
found an inverse relationship between ceramide-induced
PI(3)K inhibition and ceramide-induced cell death, with
the 50% lethal dose (LD,) of cell viability at 10 uwm ce-
ramide in c-myc-sensitized fibroblasts (Fig. 2A).

PI1(3)K is regulated by ceramide specifically
and at physiologic concentrations in vitro

To determine whether the observed kinase inhibition
was a specific effect of ceramide on PI(3)K activity we
added ceramide or an inactive analog, dihydroceramide,
to PI(3)K immunoprecipitated from extracts of serum-
stimulated cells (Fig. 2B). Ceramide inhibited PI(3)K ac-
tivity at subnanomolar concentrations, whereas dihydro-
ceramide exhibited no effect on PI(3)K activity, indicat-
ing that the effect of ceramide on PI(3)K inhibition is
specific and occurs at low, biologically relevant concen-
trations. Ceramide analogs containing glucosyl moieties
were the only other sphingolipids that affected PI(3)K
activity, but only at high, nonphysiological concentra-
tions (data not shown), further supporting a specific role
for ceramide in modulating PI(3)K activity in response to
stress.

P1(3)K down-regulation by stress is dependent
on acid-sphingomyelinase

Generation of ceramide in response to stress is catalyzed
by several distinct sphingomyelinases that are character-
ized by their activity at distinct pH ranges and their re-
quirement for divalent cations (Hannun 1996). Human
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acid-sphingomyelinase (Schuchman et al. 1992) is found
deleted or mutated in individuals afflicted with NP dis-
ease (Brady et al. 1966; Schneider and Kennedy 1967).
Lymphoblasts from NP patients exhibit apoptotic resis-
tance to ceramide-generating stresses but not to ce-
ramide-induced cell death (Santana et al. 1996). Using
lymphoblasts from a NP patient that exhibit <1% of nor-
mal acid-sphingomyelinase activity (Santana et al.
1996), we evaluated whether NP cells had altered PI(3)K
activity in response to stress. IR, UV-C, and hyperos-
motic stress induced a rapid decrease in PI(3)K activity in
normal human lymphoblasts but had no effect on the
activity of PI(3)K in NP lymphoblasts (Fig. 3A). However,
the addition of cell-permeable C2 ceramide down-regu-
lated PI(3)K activity in both cell types, genetically impli-
cating ceramide in the inactivation of PI(3)K in NP lym-
phoblasts in response to stress.

Ceramide affects PI(3)K upstream of the p110
catalytic subunit

To verify PI(3)K as an effector of cell survival in Rat-1
Myc-ER cells, we used constitutively active or dominant
inhibitory forms of PI(3)K or Akt in transient transfec-
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Figure 2. Specificity of ceramide activity. (A) Relationship be-
tween PI(3)K inhibition by ceramide and apoptosis. Rat-1 Myc-
ER cells were pretreated with 100 nm 4-HT for 60 min prior to
2-hr incubation with the indicated concentrations of C2 ce-
ramide, then assayed for PI(3)K activity as in Fig. 1B (H). Cells
were pretreated similarly prior to incubation for 24 hr, har-
vested, and cell viability determined by trypan blue exclusion
(@). (B) Cells were treated with 4-HT as in A, lysed, pooled, and
equally aliquoted, followed by immunoprecipitation with anti-
PI(3)K antibody, and treatment with the indicated amounts of
C2 ceramide (solid bars), or dihydro-C2 ceramide (shaded bars),
and assayed for PI(3)K activity. (10% FCS) Basal levels. Shown
are representative results from three independent experiments.
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Figure 3. (A) Stress-induced inhibition of PI(3)K is mediated by
acid-sphingomyelinase. MS-1418 NP acid-sphingomyelinase-
deficient EBV-transformed (M) and JY wild-type EBV-trans-
formed human lymphoblasts (®) were treated with C2 ceramide
(10 pm), sorbitol (250 mm), IR (10 Gy), or UV-C (10 Jm™2) for the
indicated times, and assayed for PI(3)K activity as in Fig. 1B. (B)
In cells treated with C2 ceramide or hyperosmolar stress, domi-
nant negative PI(3)K or Akt increases the kinetics of apoptosis
and constitutively active PI(3)K or Akt promotes survival. (Top
panels) Rat-1 Myc-ER cells were transfected with either an
empty vector (@), a constitutively active (p110-SH2) (M) or a
dominant-negative (p85A) (M) form of PI(3)K in addition to a
GFP plasmid for transfection identification. The cells were
treated for 60 min with 100 nm 4-HT prior to C2 ceramide (10
um) or sorbitol (250 mm) addition (@). At 24 hr, the cells ex-
pressing the GFP plasmid were assayed for apoptosis by Hoechst
33342 and propidium iodide staining. (Bottom panels) Rat-1
Myc-ER cells were transfected with either an empty vector (@),
a constituatively active (Myr-Akt) (l) or a dominant-negative
(AAKt) (A) form of c-Akt in addition to a GFP plasmid for trans-
fectant identification. The cells were treated the same as above.
Error bars represent the mean of triplicate cultures from a rep-
resentative experiment.

tion studies to assess the ability of these genes to alter
the apoptotic sensitivity of cells to ceramide or agents
that generate ceramide (Fig. 3B). Apoptosis induced by 10
um ceramide or 250 um sorbitol, agents that both de-
crease PI(3)K activity to 50% of control values, was sig-
nificantly reduced by overexpression of activated PI(3)K
and Akt. In contrast, inhibition of PI(3)K or Akt by the
dominant inhibitory form of the p85 subunit (Hara et al.
1995) or an inhibitory form of Akt (Franke et al. 1997b)
increased the kinetics of cell death in response to hyper-
osmotic conditions or ceramide exposure. The constitu-
tively activated PI(3)K (Franke et al. 1997b) is generated

Stress down-regulation of survival signal

by cotransfection of the p85 regulatory subunit inner
SH2 domain (iSH2) and the wild type-p110 catalytic sub-
unit. Because this form of PI(3)K appears to retain activ-
ity (Franke et al. 1997b), it is likely that ceramide does
not inhibit PI(3)K by modifying or interacting with the
pl10 catalytic subunit of PI(3)K. To investigate this
hypothesis, we immunoprecipitated transiently trans-
fected Myc-tagged p110 and iSH2 of p85 for use in PI(3)K
assays (Fig. 4A). Ceramide and hyperosmolarity inhib-
ited PI(3)K activity in both p110- and p85-immunopre-
cipitated PI(3)K complexes but had no effect on com-
plexes from iSH2 immunoprecipitates. To determine
what PI(3)K subunits were present in this experiment,
the immunoprecipitates were probed with anti-p110 and
anti-p85 antibodies (Fig. 4B). The anti-myc-p110 and the
anti-p85 immunoprecipitates contained both p110 and
p85 subunits, whereas the anti-myc-iSH2 immunopre-
cipitates contained only the p110 subunit. Ceramide was
also unable to inhibit PI(3)K activity in iSH2 immuno-
precipitates in vitro (data not shown). These results sug-
gest that the interaction of ceramide on PI(3)K is inde-
pendent of its p110 catalytic subunit.

Akt and Bad phosphorylation decreases in response
to ceramide

Because Akt is required for the anti-apoptotic effects
generated by PI(3)K agonists (Marte and Downward
1997), we examined the effects of different ceramide-in-
ducing stresses on Akt and its downstream effector Bad.
Akt phosphorylation is inhibited in response to ce-
ramide, osmotic stress, UV, and IR (Fig. 5A). The small
amount of residual Akt activity seen can likely be ac-
counted for by p85a-independent mechanisms thought
to be mediated by G proteins (Moule et al. 1997). How-
ever, the inhibition of Akt phosphorylation by these
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Figure 4. (A) Rat-1 Myc-ER cells were transiently transfected
for 24 hr with either an empty pCMV-6 vector (mock), p110-
myc, or iSH2-myc (Franke et al. 1997b) followed by treatment
with 100 nm 4-HT for 30 min prior to C2 ceramide (10 pum) or
sorbitol (250 pm) addition. Immunoprecipitation was performed
as indicated and PI(3)K activity measured. (B) Aliquots from im-
munoprecipitates were probed for p110 and p85 by Western blot.
Shown are representative results from independent experiments.
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Figure 5. (A) Rat-1 Myc-ER cells were treated for 60 min with
100 nm 4-HT (all) and with wortmannin (100 nm), C2 ceramide
(10 pm), sorbitol (250 mwm), IR (10 Gy), or UV-C (10 Jm™2) for 3
hr (Akt data) or 4 hr (Bad data). Akt and phospho-Akt were
detected by immunoblot analysis. Shown are representative
results from three independent experiments. For Bad phos-
phorylation, Myc-ER cells were labeled with 100 pCi/ml
[32]Porthophosphate for 6 hr prior to treatment followed by im-
munoprecipitation with anti-Bad antibody, electrophoresis, and
phosphorimaging. Cells treated identically except for the lack of
32p-labeling were immunoprecipitated with anti-Bad antibody
and probed with anti-Bad antibody. (B) NP MS-1418 and JY wild-
type EBV-transformed cells were treated as above, prior to blot-
ting for Akt and phospho-Akt. Shown are representative results
from three independent experiments.

stresses is strongly dependent on ceramide generated by
acid-sphingomyelinase as NP cells exhibit no difference
in Akt phosphorylation after these stresses (Fig. 5B).
Treatment of NP cells with cell-permeable ceramide re-
constituted PI(3)K inhibition and subsequent inhibition
of Akt phosphorylation.

The Bcl-2 family member, Bad, has been suggested to
mediate the anti-apoptotic effects of the PI(3)K pathway
(Datta et al. 1997; del Peso et al. 1997). In response to
phosphorylation by Akt, Bad is sequestered by 14-3-3
proteins, thereby preventing its binding to Bcl-2 (Zha et
al. 1996). If Bad is a downstream effector of Akt, then
inhibition of Akt activity by ceramide should also result
in inhibition of Bad phosphorylation. Ceramide also in-
hibited Bad phosphorylation, directly linking ceramide-
mediated apoptosis to the cell death effector pathway
(Fig. 5A). Taken together, these results suggest ceramide
promotes the induction of apoptosis by inhibiting a con-
stitutively active anti-apoptotic pathway regulated by
PI(3)K, Akt, and Bad.

Recently, agents that activate PI(3)K and c-Akt have
been shown to antagonize various forms of cell death (for
review, see Franke et al. 1997b). Because ceramide has
been shown to mediate other lipid-mediated signaling
mechanisms, such as phospholipase D and protein Ki-
nase C (Venable et al. 1994; Jones and Murray 1995;
Chmura et al. 1996; Lee et al. 1996; Spiegel and Merrill
1996; Sawai et al. 1997), and can also regulate receptor-
mediated signaling (Kanety et al. 1996), it was a reason-
able hypothesis that PI(3)K activity could also be regu-
lated by ceramide. Inhibition of the anti-apoptotic effects
of PI(3)K by stress-induced ceramide production provides

1944 GENES & DEVELOPMENT

new insight into how lipid second messengers control
cell fate in response to both stress and oncogenic trans-
formation. Ceramide contributes to apoptosis not only
by regulating effector mechanisms such as caspases and
c-Jun, but by deregulation of the anti-apoptotic PI(3)K/
Akt/Bad pathway. In addition, p85 knockouts have re-
cently been shown to be resistant to oxidative apoptosis
in a PI(3)K-independent, p53-dependent fashion (Yuxin
et al. 1998). Because ceramide modulates the PI(3)K re-
sponse at extremely early times following stress, it is
feasible that the effect of ceramide on p85 could modu-
late p85’s affinity for p110 and thus make it available for
binding other potential targets that could be proapop-
totic.

An important implication of this study is that during
tumorigenesis, when ceramide levels become limiting
(Laurenz et al. 1996), PI(3)K activity is unchecked, lead-
ing to increased survival and resistance to chemo- and
radiotherapies. Tumors that possess activated signaling
mechanisms that utilize the PI(3)K catalytic subunit or
its downstream effectors, such as Akt, also could bypass
the regulatory mechanism of ceramide generated during
apoptotic stress. A second implication is that in degen-
erative diseases in which ceramide levels are elevated,
survival mechanisms are constitutively down-regulated
leading to increased cell death. Thus, modulators of ce-
ramide metabolism represent an important class of anti-
cancer and disease-modifying pharmaceuticals that have
yet to be exploited.

Materials and methods

Cell culture and reagents

The Rat-1 clone YY8ME4 containing the 4-hydroxytomoxifin-inducible
c-myc—estrogen receptor fusion construct (Graeber et al. 1996) was
maintained in DMEM containing 10% (vol/vol) FBS (GIBCO-BRL) and
1.5 pg/ml puromycin (Sigma). All experiments were performed at 80%-—
100% confluence. The MS-1418 NP acid-sphingomyelinase-deficient
and the JY wild-type Epstein-Barr virus-transformed human lympho-
blasts were a generous gift from Dr. R. Kolesnick (Memorial Sloan-Ket-
tering Cancer Center, New York, NY). These cell lines were maintained
in a 1:1 mixture of DMEM and RPMI-1640 containing 15% (vol/vol) FBS.
Lipid (Biomol and Matreya) stocks were solvated in DMSO or ddH,O as
per the manufacturer’s recommendation. Sorbitol stocks were solvated
in DMEM. IR was performed in a Shepherd Mark I*37Cs Irradiator at a
dose rate of 543 rads/min. UV irradiation was performed using a cathode
lamp and were calibrated with a probe connected to a germicidal pho-
tometer at 0.63 J/m? per sec.

Ceramide quantitation

Ceramide was quantified by the diacylglycerol (DAG) kinase assay as
described previously (Dressler and Kolesnick 1990). Briefly, following
treatment, total lipid extraction was performed. Lipids in the organic
partition were dried under N2 and subjected to mild alkaline hydrolysis
(500 pl of 0.1 N KOH/sample for 1 hr at 37°C), re-extracted with 500 pl
of CHCIj, 270 pl of saline, and 30 pl of EDTA, and dried under N,. A
reaction mix (per time point) containing 6 pl of 25 mg/ml cardiolipin
(Avanti Polar Lipids), and 20 pl of 1.0 mm DETAPAC was bath sonicated
and vortexed with 6.2 pl of 825 mm Octyl-B-p-glucopyranoside. To this
mix (per time point) was added 50 pl of 2x Rx buffer (100 mm NacCl, 100
mm imidazole, 2 mm EDTA, 25 mm MgCI,) at pH 6.5, 8 pl of imidazole/
DETAPAC (10 mm/1 mm), 2 pl of 100 mm DTT, 1 ul of 100 mm ATP, 8
ul of ddH,0, and 3.5 pl of 1 mg/ml DAG kinase (Calbiochem). The mix
was vortexed and incubated at 37°C for 30 min to phosphorylate any
contaminating DAG. The amount of 1.0 ul of [y*2P]JATP (3000 Ci/
mmole) (NEN) was added to mix per point and vortexed. The amount of
100 pl of reaction mix was added to each tube of dried lipid and incubated



at room temperature for 30 min. The reaction was stopped and ceramide-
L-phosphate extracted by adding 1.0 ml of KILL, 170 pl of saline, and 30
ul of 100 mm EDTA. The organic phase was transferred to a new tube,
dried under N, and resuspended in 50 pl of CHCI;. Forty microliters per
reaction was loaded onto TLC plates and run in a pre-equilibrated TLC
chamber using a solvent system containing CHCIl;/CH;OH/acetic acid
(65:15:5). The plates were air-dried and autoradiographed. Bands corre-
sponding to ceramide-1-phosphate were cut out and counted in a scin-
tillation counter.

PI(3) kinase activity quantitation

PI(3)kinase assays were performed as described previously (Whitman et
al. 1987). Briefly, cells were exposed to prolonged PI(3)K stimulation with
10% FCS followed by treatment with the indicated reagents. After an
iced PBS wash containing 1 mm CacCl,, 1 m m MgCl,, and 100 pum sodium
orthovanadate, cells were lysed in iced PBS containing 1 mm CaCl,, 1 mm
MgCl,, 1% (vol/vol) NP-40, 1 pg/ml leupeptin, 1 pg/ml aprotinin, 1 pm
PMSF, and 100 pum sodium orthovanadate. Lysates were assayed for pro-
tein concentration using the bicinchoninic acid technique (Pierce Bio-
chemicals). Equal amounts of protein from control or treated cells were
incubated with 5 pl of anti-phosphotyrosine antibody (UBI) and immu-
noprecipitated with protein A-Sepharose beads (Sigma). Immunoprecipi-
tates were washed 3x with lysis buffer, 1x with 100 mm Tris (pH 7.4)
containing 5 mm LiCl and 100 um sodium orthovanadate, and 1x with
TNE (10 mm Tris at pH 7.4 containing 150 mm NaCl, 5 mm EDTA, and
100 pm sodium orthovanadate). The immunoprecipitates were resus-
pended in 25 pl of TNE containing 20 ug of L-a-phosphatidylinositol-4
monophosphate (Sigma), and 5 pl of 100 mm MgCl,. Kinase reactions
were carried out by adding 30 uCi of [y-3?P]JATP in 2.5 ul of 0.88 mm ATP
per reaction. TLC was performed with a CHCl;/MeOH/H,O0/NH,OH
(40:48:10:5) solvent system. Results were visualized by autoradiography
and quantitated by ImagePC (Scion Corporation) or Phosphorlmager (Mo-
lecular Dynamics). For in vitro reactions, the cells were grown in 10%
FCS as a PI(3)K stimulus and PI(3)K activity determined as above with the
following modifications. The cellular lysates were pooled, aliquoted
equally, and immunoprecipitated with a polyclonal anti-PI(3)K antibody
(UBI) Lipids were diluted with TBS containing 0.01% BSA. One micro-
liter of lipid or solvent was added per 40 pl of kinase reaction mixture.

Cell viability and apoptosis quantitation

Cell viability was determined by trypan blue exclusion. Apoptosis was
quantified on a morphological basis as described previously (Graeber et
al. 1996). Briefly, following treatment, the cells were incubated with 2
ug/ml each of bis-benzamide and propidium iodide (P.l.) for 15 min.
Viability ratios (no. of apoptotic cells/total no. of cells) were determined
by scoring low-magnification fields of randomly selected fields for cells
with condensed and fragmented nuclei and loss of membrane integrity.
Low-magnification fields of cells expressing enhanced green flourescent
protein (EGFP) and p85, p110-iSH2, AktA, or Myr-Akt were referenced to
Hoechst/P.1. of the same field.

Plasmids and transfections

Ten micrograms of a mutant form of the p85 subunit of PI(3)K (dominant
negative) that lacks amino acids 479-513 and contains 2 extra amino
acids, Ser-Arg (p85A) (provided by Dr. Kasuga, University of Kobe School
of Medicine, Japan) and was cotransfected with 2 pg of EGFP reporter
plasmid (Clontech). Five micrograms of a plasmid containing the wild-
type myc-tagged p110 coding sequence of PI(3)K and 5 pg of a plasmid
containing the myc-tagged inner iSH2 domain of the p85 regulatory sub-
unit of PI(3)K, acting as a constitutively active PI(3)K (p110-iSH2), was
kindly provided by Dr. T. Franke (Harvard Medical School, Boston, MA)
and was cotransfected with 2 pg of EGFP reporter plasmid. Ten micro-
grams of a plasmid containing an inhibitory form of Akt (AktA) was
generously provided by Dr. T. Franke and was cotransfected with 2 pg of
EGFP reporter. Ten micrograms of a constitutively active Akt (Myr-Akt)
containing a myristolation sequence, generously provided by Dr. R. Roth
(Kohn et al. 1996), was cotransfected with 2 ug of EGFP reporter plasmid.
All transfections were performed using lipofectamine (GIBCO-BRL).
Twelve hours following transfections the cells were washed with media
three times, replated at 2 x 10°, and allowed to equilibrate 24 hr prior to
assay.

Immunoblot and ortho-32P labeling
Akt and phospho-Akt were immunoprecipitated and blotted using Phos-
phoPlus Akt (Ser-473) Antibody Kit (New England Biolabs), detected by
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Vistra Western ECF Blotting Kit (Amersham L.S.), and visualized by
Fluorimager (Molecular Dynamics). For other immunoprecipitations and
Western analyses, cell pellets were lysed in immunoprecipitation buffer
[20 mm Tris (pH 7.5), 150 mm NaCl, 1 mm EDTA, 1% Triton X-100, 2.5
mm sodium pyrophosphate, 1 mm B-glycerol phosphate, 1 mm NazVO,, 1
mg/ml leupeptin, 1 mmPMSF, 10 mm sodium fluoride, 10 pg/ml aproti-
nin, 0.7 pg/ml pepstatin), immunoprecipitated using anti-Bad sc-943-G,
polyclonal anti-p85 06-195 (UBI), or anti-myc (kind gift from T. Wang,
Stanford University School of Medicine, Stanford, CA), separated by elec-
trophoresis, and transferred to PVDF blotting paper. Blots were probed
with anti-Bad sc-943-G, anti-p85a sc-423, anti-p110a scl1331 (Santa
Cruz), or anti-myc (T. Wang) and detected as above.
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