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Two distinct biochemical signals are delivered by the CD95/Fas death receptor. The molecular basis for the
differential mitochondrially independent (type I) and mitochondrially dependent (type II) Fas apoptosis
pathways is unknown. By analyzing 24 Fas-sensitive tumor lines, we now demonstrate that expression/activity
of the PTEN tumor suppressor strongly correlates with the distinct Fas signals. PTEN loss-of-function and
gain-of-function studies demonstrate the ability to interconvert between type I and type II Fas pathways.
Importantly, from analyses of Bcl-2 transgenic Pren™’'~
apoptosis from a Bcl-2-independent to a Bcl-2-sensitive response in primary thymocytes and activated T
lymphocytes. We further show that PTEN influences Fas signaling, at least in part, by regulating PEA-15
phosphorylation and activity that, in turn, regulate the ability of Bcl-2 to suppress Fas-induced apoptosis.
Thus, PTEN is a key molecular rheostat that determines whether a cell dies by a mitochondrially independent
type I versus a mitochondrially dependent type II apoptotic pathway upon Fas stimulation.

mice, Pfen haploinsufficiency converts Fas-induced

Two types of Fas apoptotic signaling pathways, designated
the type I and type II pathways, occur in distinct classes of cells
(2). Biochemically, type I and type II cells differ primarily in
the amounts of FADD and caspase-8 recruited to the Fas
receptor, in the kinetics of caspase cascade activation, and in
their relative dependence on the mitochondrial intrinsic arm of
the Fas apoptotic pathway in the execution of cell death (34).
Fas receptor aggregation leads to the recruitment of the adap-
tor protein FADD and the initiator caspase-8 and -10, forming
the death-inducing signaling complex (DISC) and resulting in
autoproteolytic activation of these caspases. In type I cells, a
sufficient amount of caspase-8 is processed to directly activate
the effector caspase-3 and to execute apoptosis. While the
intrinsic mitochondrial apoptotic pathway is also activated in
type I cells, the relative contribution of this branch to apoptosis
induction is diminished by the potent action of the direct path-
way. In contrast to type I cells and despite similar expression of
cell surface Fas, type II cells form a weak DISC and exhibit
delayed kinetics of caspase-8 and -3 activation. Due to the
paucity of FADD recruitment and caspase-8 processing at the
DISC in type II cells, the direct activation of caspase-3 is
attenuated, resulting in the increased dependence of type II
cells on the mitochondrial amplification loop activated by the
proapoptotic Bcl-2 member Bid in order to execute apoptosis.
Hence, type I cells undergo Fas-mediated apoptosis in a mi-
tochondrially independent manner, whereas type II cells have
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increased dependence on the intrinsic mitochondrial pathway
to induce apoptosis.

Despite an intensive search, the identity of the signaling
protein(s) that determines whether a cell dies by type I versus
type II Fas-induced apoptosis has remained elusive (28). By
virtue of their ability to regulate Fas signaling in various tissue
types, a plethora of signaling proteins, including death receptor
signaling proteins such as DAXX, FAP-1, FAF1, FLASH, RIP,
and FLIP, apoptosis regulatory proteins such as IAP family
members, Bcl-2-related proteins, and signaling proteins such as
PP2A, CaMKII, PEA-15, galectin-3, PTEN, PI3K, and PKB,
among others, have been implicated as potential candidates
(8-11, 13-16, 21, 28, 42, 46).

In search of the signaling pathway(s) that is differentially
activated in type I and type II cells, we performed a Kinetworks
phosphosite screen (KPSS1.3), which simultaneously detects
the presence and relative quantities of 34 critical protein phos-
phorylation sites, and found that the serine/threonine protein
kinase B (PKB; also known as Akt) was highly phosphorylated
in prototypic type II Jurkat but not type I H9 cells (Kinexus,
Vancouver, BC) (data not shown). Furthermore, we noted that
both of the prototypic type II cell lines, i.e., Jurkat and CEM,
are known to be deficient in the PTEN tumor suppressor (33).
Therefore, we hypothesized that PTEN may be an important
regulator of the differential Fas signaling pathways in type I
and type II cells.

The PTEN tumor suppressor gene is among the most com-
monly mutated genes in a broad range of human malignancies.
PTEN is an important negative regulator of cell growth and
survival. Among other functions, PTEN is a phosphatidylino-
sitol 3’-phosphatase that specifically downmodulates the levels
of phosphoinositide second messengers such as phosphatidyl-



VoL. 29, 2009

inositol(3,4,5)-trisphosphate, thereby antagonizing the action
of phosphatidylinositol 3-kinase (PI3K). Loss of PTEN
function results in increased membrane phosphatidylinosi-
tol(3,4,5)-trisphosphate levels and constitutive activation of its
downstream effectors, such as PKB, leading to enhanced cel-
lular metabolism, growth, and survival (26).

In this study, we investigated whether the PI3K/PTEN path-
way may be important in regulating Fas-induced apoptosis in
type I and type II cells. Indeed, we found a robust correlation
between PTEN expression and type I/II Fas-induced apoptosis
in a wide variety of cancers. Furthermore, through PTEN gain-
of-function and loss-of-function approaches, we demonstrated
the ability of the PI3K/PTEN pathway to promote intercon-
version between the mitochondrially independent type I and
mitochondrially dependent type II Fas pathways. Significantly,
we found that PTEN haploinsufficiency promotes Bcl-2 sensi-
tivity of Fas-induced apoptosis of primary thymocytes and ac-
tivation-induced cell death of T lymphocytes. Furthermore,
Bcl-2 sensitivity of Fas-induced apoptosis was found to be
regulated by PEA-15, in a phosphorylation-dependent manner,
and PEA-15 phosphorylation is mediated by the PTEN/PI3K
pathway. Thus, our data indicate that the PTEN/PI3K pathway
modulates the dependency of cells on the mitochondrial am-
plification loop to mediate Fas-induced apoptosis and deter-
mines whether a cell dies by a type I or type II Fas pathway, in
part through regulating PEA-15 activity.

MATERIALS AND METHODS

Antibodies, chemicals, and reagents. Antibodies to the following proteins were
used: phospho-PKB (Ser473), PKB, PTEN, poly(ADP-ribose) polymerase
(PARP), human-specific cleaved PARP (Asp214), PEA-15 (Cell Signaling, Inc.,
Beverly, MA), and Fas (CH-11) (Immunotech, Marseille, France). Rabbit poly-
clonal antiactin antibody, monoclonal antivinculin (clone VIN-11-5), peroxidase-
conjugated monoclonal anti-rabbit immunoglobulin G (IgG) (y; 1:2,000), per-
oxidase-conjugated anti-FLAG M2 monoclonal antibody, and LY294002 were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Anti-human caspase-8
(C15) (Alexis Biochemicals), anti-human CD95 (DX2), phycoerythrin (PE)-
conjugated polyclonal anti-active caspase-3, anti-cytochrome ¢ monoclonal anti-
body (clone 7H8.2C12), anti-mouse Fas monoclonal antibody (JO2), biotinylated
anti-human nerve growth factor receptor (NGFR), anti-mouse CD3e (2Cl11),
anti-mouse CD28 monoclonal antibody, and fluorescein isothiocyanate-conju-
gated anti-mouse IgG/IgM were purchased from BD Biosciences (Mississauga,
Ontario, Canada). Recombinant human IgG1 Fc and Fas-Fc fusion protein were
purchased from R&D Systems, Inc. (Minneapolis, MN). Soluble FasL, S2,
leucine zipper-tagged FasL (LzCD95), and anti-APO-1 were provided by Marcus
Peter. Anti-FADD was purchased from BD Transduction Laboratories (Lexing-
ton, KY). Rabbit anti-FADD (AB3102) polyclonal antibody was purchased from
Chemicon International (Temecula, CA). Rabbit (polyclonal) anti-phospho-
[Ser116]-PEA-15 antibody and horseradish peroxidase-conjugated goat F(ab'),
anti-rabbit Ig were purchased from Biosource International (Camarillo, CA).
PEA-15 (H-80) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Peroxidase-conjugated goat anti-rabbit IgG (1:2,000) was purchased from
Dako Diagnostics Canada (Mississauga, Ontario, Canada), and peroxidase-con-
jugated goat anti-mouse IgG1 and IgG2b (1:5,000) were purchased from South-
ern Biotech (Birmingham, AL).

DNA cloning. The DN PTEN construct was generated using a modified len-
tiviral expression plasmid (FUGW) (25) where green fluorescent protein was
replaced by the Gateway cassette and a blasticidin S resistance gene expression
cassette was inserted downstream of the Gateway cassette (pLB-U). FLAG-
tagged PTEN C124S was generated by PCR, using pcDEF FLAG-DNPTEN as
the template and attB1- and attB2-containing forward (5'-GGGGACAAGTTT
GTACAAAAAAGCAGGCTCCACCATGGACTACAAGGACGAC-3") and
reverse (5'-GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGACTTT
TGTAATTTGTGT-3") primers, respectively, and then cloned using Invitrogen
Gateway cloning technology. The final DN PTEN construct (pLB-U-DNPTEN)
was confirmed by DNA sequence analysis. Lentiviral FLAG-tagged PEA-15
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(pLB-U-FPEA-15WT) was derived by PCR and Gateway cloning, using the human
PEA-15 cDNA clone (TC108132; OriGene Technologies, Inc., Rockville, MD) as
the template and attB1- and attB2-containing forward (5'-GGGGACAAGTTTGT
ACAAAAAAGCAGGCTTCACCATGGATTATAAAGATGATGACGATAAA
GCTGAGTACGGGACCCTCCTG-3') and reverse (5'-GGGGACCACTTTGTA
CAAAGCTGGGTCTCAGGCCTTCTTCGGTGG-3') primers, respectively.
FLAG-tagged PEA-15 S116D (pLB-U-FPEA-15 S116D) was generated by site-
directed mutagenesis of the human PEA-15 cDNA clone, using a QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the
manufacturer’s suggested protocol, with the forward primer 5'-CATTATCC
GGCAGCCCGATGAGGAAGAGATCATCAAATTGGC-3" and  reverse
primer 5'-GCCAATTTGATGATCTCTTCCTCATCGGGCTGCCGGATA
ATG-3', followed by Gateway cloning using the PCR primers described above.
FLAG-tagged PEA-15 WT and S116G constructs containing seven silent muta-
tions within nucleotides 221 to 255 were synthesized with flanking 5’-EcoRI-
attB1 and 3'-HindIII-attB2 sites and ligated to pUC57 by Genscript Corporation
(Piscataway, NJ). These FLAG-tagged PEA15 WT and S116G expression cas-
settes were Gateway cloned into a lentiviral expression vector (pLC-E) in which
the ubiquitin promoter and the green fluorescent protein cassettes of FUGW
described above were replaced with the EF1-a promoter and the cherry fluores-
cent protein coding sequences, respectively, to yield expression plasmids pLC-
E-FPEA-15 WT (PEA-15 WT) and pLC-E-FPEA-15 S116G (PEA-15 S116G).
All constructs were confirmed by DNA sequence analysis.

Generation of shRNA for PEA-15 silencing. A short hairpin RNA (shRNA)
targeting PEA-15 nucleotides 221 to 250 (P221; GenBank accession number
NM_0037568) was designed. RNA hairpin oligonucleotides were annealed and
ligated to the BseRI and BamHI sites of pPSHAG-1 (Invitrogen) to generate a
PEA-15 shRNA expression gene cassette from the U6 polymerase III promoter
that was then subcloned by Gateway cloning technology (Invitrogen) into the
BLOCK-IT lentiviral RNA interference expression destination vector pLenti6 to
generate the final expression plasmid, pLenti6 PEA-15 221. PEA-15 221 shRNA
(P221)-mediated knockdown of endogenous PEA-15 was confirmed by Western
blotting and quantitative real-time PCR (qPCR). Total RNA (2 pg) was reverse
transcribed using the Superscript first-strand synthesis system for reverse tran-
scription-PCR as described in the manual (Invitrogen). Synthesized cDNA (1.0
wl) was combined in a PCR with PEA-15-specific primers (forward, 5'-CTTCC
TGGAGAGCCACAACAAG-3'"; and reverse, 5'-GGTTAGCTTGGTGTTCCA
G-3'). PEA-15 mRNA levels were normalized to the level of B-actin by using
B-actin forward (5'-GCTCTTTTCCAGCCTTCCTT-3’) and reverse (5'-CGGA
TGTCAACGTCACACTT-3") primers and Platinum Sybr green PCR supermix
(Invitrogen). Amplification was performed on an Applied Biosystems 7900HT
fast real-time PCR system. B-Actin was validated as an endogenous control for
the PEA-15-specific primers, and dissociation curves resulted in a single peak of
PCR amplification.

Cell lines and cell culture. Jurkat, CEM, and SKW6.4 or H9 cells (ATCC,
Manassas, VA) were maintained as recommended. Jurkat-T cells were generated
by stably transfecting Jurkat cells with a simian virus 40 large T antigen expres-
sion plasmid (pSV40TAg; a gift of Samuel Benchimol) and selecting transfected
cells with 200 pwg/ml Geneticin (G418) (Life Technologies, Gaithersburg, MD).
Jurkat-T cells were used in these studies because they exhibit improved trans-
fection efficiency (data not shown) and behave identically to parental Jurkat cells
in response to Fas. Jurkat-T, Jurkat-neo, and Jurkat-Bcl-2 cells were cultured as
described by Idun Pharmaceuticals, Inc. (San Diego, CA). Jurkat P221 and
Jurkat-Bcl-2 P221 cells were generated by lentiviral transduction of Jurkat and
Jurkat-Bcl-2 cells, respectively, with pLenti6 PEA-15 221 and subsequent selec-
tion with blasticidin (5 pg/ml). Individual clones with >70% knockdown of
PEA-15 mRNA by qPCR were selected for subsequent experiments. H9-vector
and H9-DN PTEN clones were generated by stable transfection with pcDEF
FLAG-DN PTEN or empty vector control or by lentiviral transduction and
selection with G418 (200 wg/ml) or blasticidin (3.0 pg/ml). Stable pools of H9
cells expressing vector, FPEA-15WT, or FPEA-15S116D were generated by
lentivirus transduction as previously described (25), using lentiviral vector
pLB-U, pLB-U-FPEA-15WT, or pLB-U-FPEA-15S116D, respectively, followed
by selection with blasticidin (3 pg/ml). Jurkat P221;WT-rescue and P221;S116G
cells and Jurkat-Bel-2;P221;WT-rescue and Bcl-2;P221;S116G cells were gener-
ated by stable lentiviral transduction with either the pLC-EFPEA-15 WT or
S116G vector. Populations of cells expressing the cherry fluorescent protein at
>97% purity were recovered by fluorescence-activated cell sorting.

T-cell isolation. Axillary and inguinal lymph nodes and spleens were isolated
from mice, followed by isolation of mononuclear cells on Lympholyte-M density
separation medium (Cedarlane, Hornby, Ontario, Canada). Isolated lympho-
cytes were then seeded on plate-bound anti-CD3 (2C11; 2 pg/ml) and soluble
anti-CD28 (2 pg/ml) (BD Biosciences, Mississauga, Canada) in 24-well plates at
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a cell density of 2.0 X 10%ml in T-cell medium supplemented with 4.0 ng/ml
recombinant murine interleukin-2 (IL-2) (Peprotech Canada, Inc., Ottawa, On-
tario, Canada). Twenty-four hours later, the cells were cultured in T-cell medium
supplemented with IL-2 for an additional 4 days. On day 4, lymphocytes were
reisolated on Lympholyte-M to remove nonviable cells, washed three times in
phosphate-buffered saline (PBS), and suspended in T-cell medium.

Sub-Gy/G; DNA content assay. Thymocytes were isolated from 3- to 4-week-
old sex-matched wild-type, Eu-bcl-2, Pten™'~, and Pten™'~; Ep-bcl-2 littermate
mice. Thymocytes were cultured at 3.0 X 10°/ml in T-cell medium (10% heat-
inactivated fetal bovine serum-containing RPMI 1640 supplemented with 2 mM
L-glutamine, 50 uM B-mercaptoethanol, penicillin, and streptomycin) in the
absence or presence of the indicated concentration of anti-Fas antibody (JO-2).
At the indicated time points, 3 X 10° (100 pl) cells were removed and diluted
10-fold in cold PBS, followed by centrifugation and fixation in 1.0 ml 80%
ethanol. Fixed cells were incubated at 4°C overnight, rinsed in 1.0 ml PBS, and
then washed in 1.0 ml staining buffer (PBS-0.1% Triton X-100), followed by a
30-min incubation in 0.5 ml staining buffer supplemented with RNase A (50
pg/ml) and propidium iodide (50 wg/ml) (Sigma Aldrich Inc., St. Louis, MO).
The proportion of cells containing subdiploid DNA was determined by flow
cytometry (Beckman-Coulter, Coulter Electronics of Canada Ltd., Burlington,
Ontario, Canada). For Fas-mediated apoptosis and activation-induced cell death
(AICD), T cells were suspended in medium containing IL-2 at a cell density of
3.0 X 10%ml in the presence or absence of anti-Fas (JO2) antibody, as indicated,
and 24 hours later were processed for propidium iodide staining as described
above.

Cell stimulation and immunoblotting. Cells were serum starved in 0.1% serum
at a cell density of 5.0 X 10° cells/ml for 24 h. Viable cells were then isolated by
centrifugation on Histopaque density medium (Sigma-Aldrich Inc., St. Louis,
MO), plated at a density of 2.0 X 107/ml in RPMI 1640 containing 0.05% serum,
and left untreated or, in some experiments, preincubated with 10 uM LY294002
or an equal volume of dimethyl sulfoxide (DMSO) (vehicle control) for 2 h at
37°C at 5% CO,, followed by stimulation with the indicated concentration of
anti-Fas antibody.

At the indicated time points, the cells were pelleted and lysed in 100 pl
Nonidet P-40 lysis buffer. Lysis buffer components and immunoblotting were
described previously (27), and immunoblotting used the indicated primary anti-
bodies.

Caspase-3 assay. Jurkat-Bcl-2 or Jurkat-T cells were transfected using Lipo-
fectamine 2000 according to the manufacturer’s suggested protocol (Invitrogen
Life Technologies, Burlington, Ontario, Canada). Thirty-six hours later, the cells
were collected, resuspended in RPMI 1640 medium containing 0.2% fetal bovine
serum, and incubated at 37°C and 5% CO, for 2 h, followed by treatment in the
presence or absence of anti-Fas antibody (CH11; 250 ng/ml). At the indicated
time points, the anti-Fas antibody was diluted 10-fold in ice-cold PBS, followed
by centrifugation. Intracellular active caspase-3 assay was performed as previ-
ously described (3), and data were analyzed on an Epics XL-MCL FACScan flow
cytometer (Beckman Coulter, Coulter Electronics of Canada Ltd., Burlington,
Ontario, Canada). Data were analyzed using WinMDI, version 2.8, software (J.
Trotter, Scripps Institute, La Jolla, CA).

DISC analysis. The amounts of DISC-associated FADD and caspase-8 were
determined by immunoprecipitation as described previously (35).

Determination of mitochondrial membrane potential. To measure loss of the
membrane potential (Ay,,), anti-Fas (CH11)- and LY294002-treated or un-
treated cells (5 X 10°) were incubated with 460 ng/ml 3,3-dihexyloxacarbocyanine
iodide [DiOCq(3)], (Molecular Probes, Inc., Eugene, OR). For determination of
the Ay, of transfected cells, cells were cotransfected with LS XNANGFR at a 1:1
molar ratio in combination with vector alone or PTEN expression plasmid.
Twenty-four hours later, cells were harvested and incubated with biotinylated
NGFR and purified to >90% purity, using magnetic cell sorting streptavidin-
conjugated microbeads according to the manufacturer’s instructions (Miltenyi
Biotech, Auburn, CA). Cells were then either treated or left untreated with
anti-Fas (CH11) antibody, followed by DiOC(3) staining and FACScan analysis
as described above. For loss of mitochondrial cytochrome c, for each treatment
2 X 107 cells were preincubated for 90 min with 10 uM LY294002, followed by
stimulation in the absence or presence of anti-Fas (250 ng/ml). Mitochondrial
and cytosolic fractions were isolated using a mitochondrion isolation kit for
cultured cells (Pierce, Rockford, IL) according to the manufacturer’s protocol.

RESULTS

PTEN expression and activity correlate with type I cells. We
began our studies by examining whether PTEN expression and
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activity could discriminate between type I and type II cells by
examining the PTEN status of the four prototypic type I (H9
and SKW6.4) and type II (Jurkat and CEM) cell lines that were
used in the original study to define type I and type II cells (34).
Indeed, no detectable PTEN expression and constitutive PKB
phosphorylation (serine 473) were observed in type II Jurkat
and CEM cells, as previously reported (33), whereas PTEN
was readily detected in the type I SKW6.4 and H9 cells, with
minimal steady-state PKB phosphorylation (Fig. 1A).

However, since PTEN is commonly mutated in cancer cells,
it is possible that this correlation in the four prototypic cells
may have occurred by chance alone. Therefore, to more
rigorously test this correlation, we asked whether the association
between PTEN status and type I/II phenotype would hold true
for a large panel of cancer cell lines. To this end, we examined
the association of PTEN protein expression and Fas type I/type
II phenotypes among the wide array of tumor cell lines repre-
sented in the National Cancer Institute’s chemosensitivity
panel (NCI-60). The type I/type II Fas sensitivity status of the
NCI-60 panel of cell lines has previously been established (1).
Of 21 Fas-sensitive cell lines, 10 were type I and the remaining
11 were type II. From analyses of PTEN protein expression
data available for the NCI-60 cell lines (http://dtp.nci.nih.gov
/mtweb), a very strong correlation was found between PTEN
protein expression and type I/II phenotypes. As shown in Table
1, 92% of type 1I cells expressed low levels of PTEN (P <
0.013), whereas 75% of type I cells highly expressed PTEN
(P < 0.017).

Given this robust association between PTEN status and type
I/II phenotype, we next examined whether PTEN plays a func-
tional role in determining whether cells die by a type I versus
a type II mechanism, using PTEN gain-of-function and loss-
of-function approaches.

Conversion of type I cells to a type II-like phenotype and
acquisition of sensitivity to S2-mediated cytotoxicity by expres-
sion of dominant-negative PTEN. To examine whether PTEN
inhibition could convert PTEN-positive type I cells to a type
II-like phenotype, we generated stable clones of type I HI cells
overexpressing a catalytically inactive PTEN C124S mutant
carrying a cysteine-to-serine substitution at position 124 (DN
PTEN) and functioning as a dominant inhibitor of PTEN (45)
and examined whether PTEN inactivation could induce type I
cells to undergo a transition toward a type II-like phenotype by
monitoring three well-characterized parameters that discrimi-
nate between type I and type II cells, namely, kinetics of
caspase activation, DISC formation, and S2 sensitivity.

As predicted, H9-DN PTEN cells exhibited elevated PKB
phosphorylation compared to empty vector-transfected con-
trols (H9-neo) (Fig. 1B). Type II cells display delayed kinetics
of Fas-induced caspase activation compared to type I cells
(34). To determine whether expression of DN PTEN in type I
cells could delay Fas signaling to type II-like kinetics of Fas
signaling, a time course experiment examining the kinetics of
PARP cleavage was performed. Anti-Fas antibody treatment
of H9-DN PTEN cells resulted in a pronounced delay of PARP
cleavage compared to that in H9-neo cells (Fig. 1C), despite
equivalent levels of expression of cell surface Fas (Fig. 1D).
Thus, functional inactivation of PTEN promotes conversion of
type I H9 cells to undergo type IlI-like delayed kinetics of
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FIG. 1. Loss of PTEN and constitutive PKB activity correlate with the type II Fas phenotype, and stable expression of DN PTEN in type I cells
induces delayed type II-like kinetics of PARP cleavage and acquisition of enhanced sensitivity to soluble FasL (S2), a selective cytotoxic agent for
type II cells. (A) Immunoblot analysis of phospho-serine 473-PKB and PTEN in type II Jurkat (lane 1) and CEM (lane 2) cells and type I H9 (lane
3) and SKW6.4 (lane 4) cells. Total PKB is shown as a loading control. (B) Characterization of DN PTEN-expressing type I H9 cells. Levels of
DN PTEN were detected by immunoblotting for PTEN in whole-cell lysates or anti-FLAG immunoprecipitates. H9-DN PTEN clones exhibited
increased PKB activation, as monitored by immunoblotting with anti-phospho-PKB Ser473. Total PKB and actin were used as loading controls.
(C) Time course of Fas-induced apoptosis of H9-neo and H9-DN PTEN cells, monitored by immunoblot analyses of cleaved PARP. Actin was used
as a loading control. Blots represent the same exposure performed on a single film. Data presented are representative of three independent clones
of H9-DN PTEN cells. (D) Flow cytometric analysis of cell surface Fas in H9-neo (filled histogram) and H9-DN PTEN cells (overlaid black line).
(E) Reduced recruitment of FADD to activated CD95 in H9-DN PTEN cells relative to that in H9-neo cells. CD95 was immunoprecipitated (IP)
from either unstimulated cells (0) or cells stimulated with anti-Fas at the indicated concentrations. Expression of FADD in total cell lysates (TL)
was similar in all treatments. Cellular lysates equivalent to 107 cells and immunoprecipitates were subjected to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoblotted using anti-FADD monoclonal antibody. (F) Reduced caspase-8 protein in complex with the
DISC in H9-DN PTEN cells. In parallel, cells were stimulated with APO-1 (1.0 pg/ml) and immunoprecipitated as described above (IP). Cellular
lysates equivalent to 107 cells (TL) were immunoblotted with anti-caspase-8. The blot was reprobed with anti-vinculin as a loading control.
(G) Apoptosis assay of H9-neo and H9-DN PTEN cells treated for 16 h with increasing doses of S2. Data represent flow cytometric quantification
of sub-G,/G,; DNA content, presented as the mean and standard error of the mean (SEM) percentage of maximum apoptosis, carried out by
staining with propidium iodide. The data are representative of three independent experiments. *, P < 0.05; #*, P < 0.005.
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TABLE 1. Low levels of PTEN protein are associated with
type II phenotype*

RCI
Phenotype P value?
PTEN high PTEN low Total
Type I? 9 3 12 0.017
Type II° 1 11 12 0.013
Total 10 14
P value? 0.010 0.022

“ Type I and type II cells within the NCI-60 chemosensitivity panel of cell lines
(1) were studied, and their respective PTEN protein expression levels, presented
as relative chemiluminescence intensity (RCI) units as determined by S. Barnett,
Merck (http://dtp.nci.nih.gov/mtweb), are shown. A threshold was set at 0.4125
RCI to achieve maximal separation between the type I and type II groups.

» The RCI for type I cell lines were as follows: SF-295, 0.0022; IGROV1, 0.067;
LOX IMVI, 0.17; TK-10, 0.48; UO-31, 0.5; HOP-92, 0.56; CAKI-1, 0.62; ACHN,
0.745; A498, 0.86; and T-47D, 0.885. The prototypic lymphoid cell lines H9 and
SKW6.4 were included as PTEN wild-type type I cells.

¢ The RCI for type II cell lines were as follows: KM12, 0; UACC-62, 0.0362;
CCRF-CEM, 0.11; NCI-H322 M, 0.19; BT-549, 0.19; NCI-H226, 0.23; HCT-116,
0.25; HCT-15, 0.28; NCI-H460, 0.285; RPMI-8226, 0.345; and SR, 1.34. The
Jurkat cell line was included as type II and PTEN deficient, as shown in Fig. 1.

@ P values were calculated using binomial distribution statistics.

PAREP cleavage similar to that seen in type II Jurkat and CEM
cells (34).

The prototype type I H9 cells exhibit strong Fas-induced
DISC formation characterized by an abundance of FADD and
caspase-8 recruited to the DISC, whereas prototype type II
cells, such as Jurkat cells, form a weaker DISC associated with
reduced recruitment of FADD and caspase-8 (34). We next
tested whether DN PTEN could impair Fas DISC formation in
type I H9 cells. Our analysis showed weaker DISC formation in
H9-DN PTEN cells, as demonstrated by reductions in the
amounts of FADD (Fig. 1E) and caspase-8 (Fig. 1F) recruited
to the DISC compared to those in H9-neo cells, consistent with
a type I-to-type II transition.

The soluble Fas ligand S2 is a more potent inducer of
apoptosis in type II than in type I cells (1). We thus tested
whether H9-DN PTEN cells would acquire enhanced S2 sen-
sitivity, providing further support for a type I-to-type II phe-
notypic transition. Indeed, despite having reduced sensitivity to
the multimeric FasL LzFasL (data not shown), H9-DN PTEN
cells were more sensitive to S2 cytotoxicity, in a dose-depen-
dent manner, than H9-neo cells (Fig. 1G). Collectively, these
data indicate that PTEN inactivation can promote a transition
from a type I to a type II-like Fas apoptosis signaling pathway.

Reexpression of PTEN or blockade of PI3K promotes type
I-like signaling kinetics in type II cells. To assess whether
blockade of PI3K in type II cells could induce type II cells to
undergo a transition to a type I-like phenotype, PTEN-defi-
cient type II Jurkat-T and CEM cells were stimulated with
anti-Fas antibody for the indicated times in the presence of
LY294002, a potent inhibitor of PI3K (44) (Fig. 2). Upon
anti-Fas stimulation, LY294002 treatment of type II Jurkat-T
cells resulted in acceleration of PARP cleavage compared to
that in untreated Jurkat-T cells, which displayed predicted type
II kinetics as previously reported (Fig. 2A and B) (34). Similar
results were obtained in parallel anti-Fas time course experi-
ments with type II CEM cells (data not shown). No PARP
cleavage was observed in cells treated with LY294002 alone
throughout the entire time course (data not shown). The ki-
netics of caspase-3 activation upon reintroduction of PTEN to
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Jurkat-T cells was examined in response to anti-Fas stimula-
tion by flow cytometric analysis of intracellular active caspase-3
as previously described (3). Reintroduction of PTEN into
Jurkat-T cells significantly accelerated the kinetics of caspase-3
activation (Fig. 2C). These data demonstrate that type I-like
kinetics of Fas-induced signals can be restored in type II PTEN
null cells by PI3K inhibition or PTEN expression.

PTEN expression or PI3K blockade unmasks mitochondri-
ally independent type I-like Fas-induced apoptosis pathway in
type II cells. The true acid test to discriminate between type I
and type II cells is the ability of Bcl-2 overexpression to sup-
press Fas-mediated apoptosis in type II but not in type I cells
(34). To determine whether the PTEN/PI3K pathway regulates
the mitochondrial dependence of Fas-induced apoptosis in
type I and type II cells, we examined whether treatment with
LY294002 could alter the ability of Bcl-2 expression to protect
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FIG. 2. Reexpression of PTEN or inhibition of PI3K with
LY294002 induces type II cells to undergo type I-like kinetics of
caspase-3 activation. Jurkat cells were pretreated for 2 h with DMSO
as a control (A) or with 10 uM LY294002 (B). Cells were stimulated
with 250 ng/ml anti-Fas (CH11) antibody in 0.1% serum for the indi-
cated times. Immunoblot analysis detecting cleaved PARP (a marker
of caspase-3 activation), phospho-PKB (pSer473), and total PKB levels
is shown. (C) Time course of anti-Fas-induced apoptosis of Jurkat-T
cells transiently transfected with vector alone or wild-type PTEN. The
data represent the mean and SEM percentages of the maximum num-
ber of positive cells expressing intracellular active caspase-3. The re-
sults shown are representative of anti-Fas stimulations performed in
triplicate. ***, P << 0.0005.
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(lower panels) cells pretreated with 10 pM LY294002 (+) or DMSO (—) for 2 h. A Western blot of cleaved PARP is shown. (C) Percentage of cells
expressing intracellular active caspase-3 in Jurkat-Bcl-2 cells transiently transfected with either vector alone or PTEN following stimulation with anti-Fas
for various lengths of time, as indicated, or after being left unstimulated for 4 h. Data represent the means and SEM for cells expressing active caspase-3,
presented as the percentages of maximum achievable apoptosis in experiments performed in triplicate. *%*, P < 0.0005. (D) Changes in AW, and levels
of mitochondrial (mt) and cytoplasmic (ct) cytochrome ¢ from Jurkat-neo and Jurkat-Bcl-2 cells pretreated with LY294002 (10 uM) prior to stimulation
in the absence or presence of anti-Fas (CH11) antibody (250 ng/ml) for 90 min. (E) Effect of transient expression of PTEN on AW, of Jurkat cells. A
PTEN immunoblot is shown (inset). (F) Absence of AW, in Jurkat-Bcl-2 cells transiently transfected with vector or PTEN followed by treatment with
anti-Fas (CH11) for 4 h. Cells were analyzed by flow cytometry for AW, using the fluorochrome DiOCg (3). The mean (%) and SEM for cells with low
AW are shown. Experiments were performed in triplicate.

type II Jurkat cells from Fas-induced apoptosis. To this end, we LY294002 and then stimulated the cells with anti-Fas in a time
treated Jurkat-neo (control vector-transfected Jurkat cells) course study (Fig. 3B). As predicted, in the absence of
(Fig. 3A, lane 1) or Jurkat-Bcl-2 (Bcl-2-overexpressing Jurkat LY294002 treatment caspase activation measured by PARP
cells) (Fig. 3A, lane 2) cells in the presence or absence of  cleavage was impaired in Jurkat-Bcl-2 cells (Fig. 3B) (34). In
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contrast, type I-like kinetics of PARP cleavage were observed
in LY294002-treated Jurkat-Bcl-2 cells, demonstrating that
LY294002 treatment promoted Bcl-2 insensitivity of Fas-in-
duced apoptosis (Fig. 3B). In fact, the kinetics of PARP cleav-
age in LY294002-treated Jurkat-Bcl-2 cells was remarkably
similar to the kinetics observed in the untreated Jurkat-neo
cells. Thus, PI3K inhibition promotes Bcl-2-independent Fas-
induced apoptosis of type II Jurkat cells.

We next assessed whether reinitiation of the mitochondrially
independent Fas apoptosis pathway could also be achieved by
reintroduction of PTEN into type II cells. PTEN expression in
Jurkat-Bcl-2 cells resulted in accelerated kinetics of caspase-3
activation following Fas stimulation in PTEN-transfected
Jurkat-Bcl-2 cells (Fig. 3C). There was no detectable increase
over basal active caspase-3 levels in PTEN-expressing Jurkat-
Bcl-2 cells compared to the vector control over the entire
course of the experiment (Fig. 3C). As an additional experi-
mental control to confirm that Bcl-2 expression could maintain
protection of mitochondrial integrity despite LY294002 treat-
ment or PTEN expression, we analyzed the ability of Bcl-2 to
inhibit changes in AW, following Fas stimulation, using
DiOC4(3) flow cytometric analysis of cells treated with
LY294002 or expressing PTEN. As expected, Bcl-2 expression
equally inhibited Fas-induced AV, and the release of cyto-
chrome c¢ from isolated mitochondria in either the presence or
absence of LY294002 (Fig. 3D and data not shown). Further-
more, transient PTEN expression did not alter the Fas-induced
collapse of mitochondrial potential in Jurkat (Fig. 3E) and
Jurkat-Bcl-2 cells (Fig. 3F). Therefore, LY294002 treatment or
PTEN expression does not affect the ability of Bcl-2 to protect
the integrity of the mitochondria. Taken together, these results
suggest that blockade of PI3K or reintroduction of PTEN into
type II cells promotes the conversion to mitochondrially inde-
pendent, Bcl-2-independent Fas-induced apoptosis.

PTEN heterozygosity confers sensitivity to Bcl-2 cytoprotec-
tion by thymocytes and T cells undergoing Fas-induced apop-
tosis and AICD, respectively. Transgenic Bcl-2 expression is
unable to suppress Fas-induced cell death of primary thymo-
cytes and activated peripheral T lymphocytes, and thus these
cells have previously been classified as mitochondrially inde-
pendent type I cells (37, 47). Pten™ ™ mice display impaired
Fas sensitivity and develop a lymphoproliferative disorder rem-
iniscent of that in Fas- and FasL-deficient mice (11). To test
whether impaired Fas-induced apoptosis observed in Pren*’~
mice could be due to a transition from mitochondrially inde-
pendent type I to mitochondrially dependent type II Fas sig-
naling, we investigated whether transgenic Bcl-2 expression
could protect Pten™'~ thymocytes from Fas-mediated cell
death. The relative sensitivities of thymocytes derived from
wild-type, Pten™~ (29), Eu-bcl-2-36 transgenic (Ep-bcl-2;
Jackson Laboratories, Bar Harbor, ME), and Pten™'~; Ep-
bcl-2 mice to Fas-induced apoptosis were determined by a
subdiploid DNA flow cytometric assay. Bcl-2 overexpression
may protect thymocytes in the absence of any Fas treatment,
but not against Fas-dependent apoptosis. Pten*’™; Ep-bcl-2
thymocytes exhibited reduced sensitivity to Fas-mediated cell
death, in a dose-dependent manner (Fig. 4A), compared to
that of Pten™'~ thymocytes. In addition, the rate of Fas-medi-
ated death was also diminished for Pten™~; Ep-bcl-2 thymo-
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cytes compared with that for Pfen*’~ thymocytes in a time
course experiment (data not shown).

Reactivation of T lymphoblasts via receptor cross-linking
triggers AICD in a Fas/FasL-dependent manner (17). In addi-
tion, analyses of bcl-2 transgenic mice demonstrated that
AICD of T cells is mitochondrially independent (37), indicat-
ing that AICD is mediated by a type I Fas response. To de-
termine whether Pten haploinsufficiency induces a switch in
Fas-dependent AICD of T cells from a mitochondrially inde-
pendent type I to a mitochondrially dependent type II re-
sponse, we investigated whether transgenic bcl-2 expression
was capable of suppressing AICD of peripheral T lymphocytes
from Pten ™'~ mice. Activated T cells from wild-type, Epn-bcl-2,
Pten™~, and Pten™'~; Ep-bcl-2 mice were plated on anti-CD3
antibody-coated wells in the presence of IL-2. The relative
apoptosis was measured 24 h later, and the results are shown in
Fig. 4B. The levels of AICD were similar in wild-type, E.-
bel-2, and Pten ™'~ activated T cells, whereas AICD in activated
T lymphocytes from Pten ™'~ ; Ep.-bcl-2 mice was impaired at all
doses tested (Fig. 4B). As expected, the addition of Fas-Fc
chimeric protein blocked AICD, consistent with previous ob-
servations (6) that AICD is Fas dependent (data not shown).
Taken together, these data demonstrate that Pten haploinsuf-
ficiency promotes a transition in Fas-induced cell death from a
mitochondrially independent to a mitochondrially dependent
apoptotic response in primary thymocytes and activated pe-
ripheral T cells.

Loss of PTEN enhances PEA-15 phosphorylation at serine
116 and binding to FADD, and overexpression of phosphomi-
metic S116D PEA-15 in type I H9 cells leads to type II-like
kinetics of caspase-3 activation in response to Fas stimulation.
In an attempt to determine how PTEN might control type I
versus type II Fas signals, we analyzed the Affymetrix gene
expression profiling data set generated from the NCI-60 che-
mosensitivity panel of tumor lines (36) to identify PTEN-reg-
ulated genes that are differentially expressed in type I versus
type II cells. From data mining analyses of this 6,800-gene set,
we identified a number of genes that were able to strongly
discriminate between type I and type II cells and which were
associated with PTEN expression status based on the Wilcoxon
two-sample test (data not shown). Among the top five genes
that best discriminate between type I and type II cells, we
identified PEA-15/PED (P = 1.17 X 10~°) as the most likely
PTEN-regulated gene candidate that may be capable of regu-
lating type I versus type II Fas signaling. PEA-15 was originally
identified as a ubiquitously expressed 15-kDa antiapoptotic
protein containing a death effector domain (DED) that is able
to regulate Fas-, Trail-, and tumor necrosis factor (TNF)-
mediated apoptosis (7, 13). Phosphorylation of PEA-15 at
serine 116 (Ser116) promotes its binding to FADD and sup-
presses Fas DISC formation. Importantly, PKB has been
shown to phosphorylate PEA-15 at Ser116, and phosphoryla-
tion at this site contributes to the antiapoptotic activity of
PEA-15 (43). Therefore, since PTEN and PI3K are key regu-
lators of PKB activity, we investigated whether PTEN expres-
sion or PI3K inhibition could regulate the levels of phosphor-
ylation of PEA-15 on Ser116 (phospho-[Ser116]-PEA-15). We
first compared the phospho-[Ser116]-PEA-15 levels in type II
PTEN null Jurkat cells versus type I PTEN-expressing H9 cells.
Jurkat cells exhibited higher basal phospho-[Ser116]-PEA-15
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levels than did H9 cells, while both Jurkat and H9 cells ex-
pressed similar levels of PEA-15 (Fig. 5A). Furthermore,
LY294002 treatment of type II Jurkat cells also inhibited
Ser116 phosphorylation of PEA-15 that was associated with
decreased levels of phospho-PKB (Fig. 5B). Next, to test
whether PTEN expression could regulate PEA-15 phosphory-
lation at Ser116, we examined phospho-[Ser116]-PEA-15 lev-
els in Tet-on PTEN LNCaP cells that express PTEN in a
doxycycline (Dox)-inducible manner (3). Tet-on PTEN LNCaP
cells were treated in the presence or absence of Dox, and in
parallel, PTEN-deficient LNCaP parental cells were treated
with or without LY294002. Dox treatment of Tet-on PTEN
LNCaP cells led to increased PTEN expression and a corre-
sponding decrease in PKB phosphorylation (Ser473) (Fig. 5C).
As expected, LY294002 treatment of parental LNCaP cells
effectively blocked PKB phosphorylation at Ser473 (Fig. 5C).
Both the reexpression of PTEN and the blockade of PI3K
inhibited the levels of phospho-[Ser116]-PEA-15 (Fig. 5C),
indicating that PTEN expression and PI3K inhibition can reg-
ulate the phosphorylation of PEA-15 at Ser116.

Next, we investigated whether expression of DN PTEN in
type I H9 cells, which induces a conversion to a type IlI-like
phenotype, is associated with concomitant increases in PEA-15
phosphorylation on Ser116 and in PEA-15 binding to FADD.

Our analyses revealed that H9-DN PTEN cells exhibited in-
creased levels of phospho-[Ser116]-PEA-15 compared to H9-
vector cells (Fig. 5D). Furthermore, the expression of DN
PTEN reduced DISC-associated FADD and phospho-
[Ser116]-PEA-15, in association with a concomitant increase in
FADD binding to PEA-15 (Fig. 5E). To assess the effect of
PEA-15 phosphorylation on DISC formation and apoptosis,
we introduced a phosphomimetic Asp mutation into PEA-15 at
position Ser''® (PEA-15 S116D). The FLAG-tagged PEA-15
S116D protein was expressed in H9 cells, and the amount of
FADD recruitment to the DISC upon Fas stimulation was
assessed. Overexpression of PEA-15 S116D in H9 cells re-
duced FADD recruitment to the DISC compared to that in H9
cells expressing wild-type PEA-15 or empty vector controls
(Fig. 5F). Consistent with this finding, the expression of
PEA-15 S116D in H9 cells suppressed Fas-induced apoptosis,
as monitored by flow cytometric detection of cleaved caspase-3
(Fig. 5G), which is consistent with a switch to a delayed type
II-like kinetics of caspase-3 activation. Taken together, these
data suggest that the loss of PTEN function may mediate a
transition toward a type IlI-like phenotype by activating
PI3K/PKB, which in turn induces phosphorylation of
PEA-15 at Serll6, promoting its association with FADD
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FIG. 6. Bcl-2 mediated protection of Fas apoptosis is dependent on PEA-15 Ser116 phosphorylation. (A) Relative quantities (RQ) of PEA-15
mRNA in Jurkat and Jurkat-Bcl-2 cells expressing P221 shRNA, as shown by qPCR and immunoblotting. Actin was used as an endogenous control
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PEA-15 S116G in reconstituted Jurkat P221 and Jurkat-Bcl-2 P221 cells. The exogenous expression and endogenous knockdown of total PEA-15
are also shown. The levels of phospho-[Ser116]-PEA-15 and Bcl-2 are shown. Actin was used to demonstrate equal loading of whole-cell lysates.
(C). Percent (%) apoptosis, as measured by the level of active caspase-3 triggered by anti-Fas (250 ng/ml CH11) stimulation of Jurkat P221 and
Jurkat-Bcl-2 P221 cells reconstituted with either PEA-15 WT or PEA-15 S116G for 4 h. (D) Fas-induced (50 ng/ml CH11) apoptosis, as monitored
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either PEA-15 WT or PEA-15 S116G. Bars are representative of the means and SEM for experiments performed twice in triplicate. In all cases,
the level of spontaneous apoptosis was subtracted from the level of specific apoptosis determined by flow cytometry. *, P < 0.01.

and consequently suppressing DISC formation and Fas-in-
duced apoptosis.

PEA-15 phosphorylation on Ser116 regulates Bcl-2 sensitiv-
ity of Fas-induced apoptosis of Jurkat cells. The most rigorous
and definitive standard to discriminate between type I and type
II cells is the ability of Bcl-2 expression to protect type II but
not type I cells from Fas-induced apoptosis. To examine
whether PEA-15 is able to regulate Bcl-2 sensitivity of Fas-
induced apoptosis of type II Jurkat cells in a phosphorylation-
dependent manner, we silenced endogenous PEA-15 expres-
sion in Jurkat and Jurkat-Bcl-2 cells by using a PEA-15-specific
shRNA targeting codons 221 or 250 (P221 shRNA) and recon-

stituted the cells with a vector expressing either wild-type or
nonphosphorylatable S116G mutant PEA-15 that is refractory
to shRNA silencing by containing multiple silent third-codon
point mutations within the shRNA target region. As shown in
Fig. 6A, the expression of P221 shRNA in Jurkat and Jurkat-
Bcl-2 cells resulted in >70% silencing of PEA-15 expression.
Next, we reconstituted Jurkat P221 and Jurkat-Bcl-2 P221 cells
with P221 shRNA-refractory cDNA encoding a FLAG-tagged
nonphosphorylatable PEA-15 mutant (PEA-15 S116G) or a
PEA-15 wild-type rescue (PEA-15 WT-rescue) and compared
their sensitivities to Fas-induced apoptosis. By immunoblotting
with anti-FLAG and anti-PEA-15 antibodies, we observed sim-
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ilar expression levels of PEA-15 WT-rescue and PEA-15
S116G in both Jurkat P221 and Jurkat-Bel-2 P221 cells (Fig.
6B). In addition, we observed minimal PEA-15 Ser116 phos-
phorylation in Jurkat P221 or Jurkat-Bcl-2 P221 cells that ex-
pressed the PEA-15 S116G rescue cDNA (Fig. 6B). Next, cells
were treated with anti-Fas (CH11; 250 ng/ml) for 4 h, and the
level of active caspase-3 induction was measured by flow cy-
tometry. As expected, the level of cleaved caspase-3 produc-
tion in Jurkat-Bcl-2 P221 WT-rescue cells was significantly
inhibited compared to that in Jurkat P221 WT-rescue cells
(P < 0.01), consistent with the ability of Bcl-2 to protect type
II Jurkat cells from Fas-induced apoptosis. Importantly, there
was no significant difference in cleaved caspase-3 in Jurkat
P221 and Jurkat-Bcl-2 P221 cells that expressed the phosphory-
lation-defective PEA-15 S116G mutant compared to that in
Jurkat P221 WT-rescue cells (Fig. 6C), indicating that Bcl-2
could not protect Jurkat cells expressing a nonphosphorylat-
able PEA-15 mutant from Fas-induced apoptosis. Consistently,
when we treated the cells with anti-Fas (CH11; 50 ng/ml) and
measured the percentage of cells undergoing DNA fragmen-
tation after 20 h of treatment, apoptosis induction measured by
sub-G,/G,; DNA content was significantly inhibited in Jurkat-
Bcl-2 P221 PEA-15 WT-rescue cells compared to that in Jurkat
P221 PEA-15 WT-rescue cells but not in Jurkat P221 PEA-15
S116G and Jurkat-Bcl-2 P221 PEA-15 S116G cells, which
maintained similar sensitivities to Fas (Fig. 6D). Taken to-
gether, these data indicate that PEA-15 Ser116 phosphoryla-
tion is important for mediating the Bcl-2 sensitivity of type II
Jurkat cells in response to Fas stimulation and that the mito-
chondrial dependence of type II cells is regulated by PTEN via
PEA-15.

DISCUSSION

In this study, we demonstrate that Fas-induced apoptotic
signaling in type I and type II cells is determined, at least in
part, by integrative signals delivered by the PTEN/PI3K path-
way. Previous reports have implicated the PTEN/PI3K path-
way in regulating Fas-induced apoptosis (11, 18, 21, 39, 48);
however, its role in regulating type I versus type II Fas signals
is unknown. Here we show, through gain-of-function and loss-
of-function approaches, that PTEN inactivation is able to delay
the kinetics of caspase activation, suppress DISC formation,
and promote increased dependence of Fas signaling on the
intrinsic mitochondrial apoptotic pathway in mediating apop-
tosis, which collectively is consistent with a transition to a type
II phenotype. Furthermore, we now show that PTEN inactiva-
tion leads to increased levels of phospho-[Ser116]-PEA-15 that
correspond with a concomitant increase in binding of PEA-15
to FADD and decrease in DISC recruitment of FADD, sug-
gesting that PTEN inactivation promotes PEA-15 binding to
FADD and suppresses DISC formation by sequestering
FADD from the Fas DISC. Furthermore, Bcl-2 was able to
suppress Fas-induced apoptosis in Jurkat cells reconstituted
with wild-type PEA-15 but not with a nonphosphorylatable
S$116G mutant of PEA-15. Collectively, these data suggest that
Fas-induced apoptosis in type I and type II cells is determined,
at least in part, by the PTEN/PI3K signaling pathway through
regulation of the phosphorylation and activity of PEA-15.

PEA-15 is a 15-kDa phosphoprotein that contains a DED
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(30). PEA-15 has been shown to bind to FADD and caspase-8
via homotypic DED interactions, which displaces the associa-
tion of FADD and caspase-8 and suppresses DISC formation
(7, 22). Phosphorylation of PEA-15 at Ser116 is required to
promote FADD binding (31), and PEA-15 is known to be
phosphorylated at Ser116 by both PKB and CaMKII (23, 43).
We have found that the loss of PTEN promotes increased
phosphorylation of PEA-15 at Ser116 and leads to increased
association of PEA-15 with FADD and decreased levels of
FADD at the Fas DISC. PTEN inactivation promotes consti-
tutive activation of PKB (26). Furthermore, PKB has been
shown to bind to and phosphorylate PEA-15 at Ser 116 (43).
Therefore, we propose a model (Fig. 7) wherein PTEN plays a
key role in determining the differential Fas death receptor
signals in type I and type II cells via regulating the phosphor-
ylation of PEA-15 at Ser 116. Loss of PTEN leads to PKB
activation and PKB-mediated phosphorylation of PEA-15 at
Ser116, which in turn allows PEA-15 to bind to and suppress
DISC formation by sequestering FADD from the Fas DISC,
leading to weak caspase-8 activation and increasing the depen-
dence of Fas signaling on the mitochondrial apoptotic path-
way, which are key classical features of Fas-induced apoptosis
in type II cells. Concomitantly, phosphorylation of PEA-15 at
Ser116 also leads to dissociation of PEA-15 from extracellular
signal-regulated kinase (ERK), relieving the cytoplasmic se-
questration of ERK and allowing ERK to translocate to the
nucleus, where it mediates mitogenic functions. Furthermore,
ERK has also been shown to prevent Fas-mediated apoptosis
(12, 19, 20). ERK signaling is thought to attenuate the mito-
chondrial pathway of Fas-induced apoptosis, for example, via
regulating p90rsk1-mediated phosphorylation and inactivation
of the proapoptotic protein Bad (4, 41) and/or by directly
phosphorylating and stabilizing Bcl-2 (5). Thus, the transition
to the mitochondrially dependent type II apoptotic pathway
may be mediated through the coordinated actions of PEA-15
association with FADD and inhibition of DISC formation as
well as through ERK-mediated suppression and sensitization
of the mitochondrial arm of Fas signaling.

Pten haploinsufficiency in mice leads to the development of
a lymphoproliferative disorder reminiscent of that seen in Fas-
and FasL-deficient mice (11). The precise mechanism by which
Pten haploinsufficiency leads to impaired Fas apoptosis in vivo
is unclear. We propose a model wherein reduction of PTEN
leads to a type II Fas signaling pathway characterized by an
increased dependence of the cells on the mitochondrial arm of
the apoptotic pathway. This mitochondrially dependent type 11
pathway can then readily be protected through regulation of
the tone of the intrinsic apoptotic response in vivo by inte-
grated signals derived from chemokines, growth/survival fac-
tors, adhesion molecules, and/or costimulatory receptors from
the host microenvironment, as originally postulated by Roy
and Nicholson (32). For example, type II cells may readily
become refractory to Fas-induced apoptosis in vivo as a result
of upregulation of antiapoptotic proteins that block the intrin-
sic apoptotic pathway, such as Bcl-2, Bel-xL, or IAPs induced
by extracellular signals.

Downregulation of PTEN expression may be a normal phys-
iological mechanism by which cells regulate type I/type II Fas
sensitivity. Interestingly, long-term activated T cells that ex-
hibit reduced sensitivity to Fas and impaired DISC formation
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FIG. 7. Model of regulation of Fas type I versus type II signaling by PTEN via PEA-15. We propose a model wherein loss of PTEN converts
cells to undergo mitochondrially dependent type II apoptosis in response to Fas via PEA-15. PTEN inactivation promotes increased phosphory-
lation of PEA-15 at Ser 116 that leads to attenuation of DISC formation via the binding of phospho-PEA-15 to FADD and sequestration of FADD

from the Fas DISC.

display markedly reduced PTEN levels and elevated levels of
phosphorylated PKB (38). Alternatively, cells may acquire a
switch to type II Fas signaling through activation of PI3K
signaling via growth factor/cytokine stimulation. For example,
T-cell costimulation via CD28 has been shown to delay the
kinetics of caspase activation, impair Fas-induced cell death,
and reduce DISC formation in a PKB-dependent manner (21).
Furthermore, hepatocyte growth factor stimulation of hepato-
mas has been shown to reduce Fas sensitivity and suppresses
Fas DISC formation (40). Our data suggest that downmodu-
lation of PTEN or growth factor/cytokine stimulation may lead
to impaired DISC formation and reduced Fas sensitivity, in
part through regulation of PEA-15 phosphorylation at Ser116.

Our studies show that PTEN status strongly correlates with
the type I/type II phenotype of a wide array of tumor cell lines,
such that 92% of type II cells are low PTEN expressers and
75% of type 1 cells are high PTEN expressers. This suggests
that PTEN is a key player in determining whether a cell dies by
a mitochondrially independent type I or mitochondrially de-
pendent type II Fas-induced apoptotic mechanism. Additional
signaling pathways may also integrate with the PTEN/PI3K/
PEA-15 pathway in determining the routing of Fas apoptotic
signals. For example, galectin-3 was recently implicated in reg-
ulating Fas-induced apoptosis of type I and type II cells (15).
Consistent with our findings, the ability of galectin-3 expres-
sion to induce an accelerated type I-like kinetics of caspase
activation in type II cells may be mediated, in part, by its ability
to inhibit the activity of PKB, a key mediator of the PI3K/
PTEN signaling pathway (24).

In summary, loss of the PTEN tumor suppressor promotes

type II mitochondrially dependent Fas-induced apoptosis
through its regulation of phosphorylation of PEA-15 on
Ser116, which leads to the suppression of FADD recruitment
to the DISC. Thus, our data collectively suggest that the
PTEN/PI3K pathway may, in part, determine whether a cell
dies by mitochondrially independent type I or mitochondrially
dependent type II Fas-induced apoptosis via regulation of
PEA-15 phosphorylation and binding to FADD.
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