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Phosphatidylinositol 3-Kinase/Akt Positively Regulates Fas
(CD95)-Mediated Apoptosis in Epidermal Cl41 Cells1
Bin Lu,* Liying Wang,† Christian Stehlik,‡ Djordje Medan,* Chuanshu Huang,‡ Shuiying Hu,*
Fei Chen,† Xianglin Shi,† and Yon Rojanasakul2*
Fas (CD95)-mediated apoptosis is an essential mechanism for the maintenance of homeostasis, and disruption of this death
pathway contributes to many human diseases. The cell survival protein kinase Akt/protein kinase B (PKB) is a known regulator
of apoptosis, but its role in Fas-mediated cell death and its regulatory mechanisms are unclear. In this study, we show that
stimulation of the Fas receptor by its ligand (FasL) induces rapid phosphorylation of Akt/PKB and a parallel increase in cell
apoptosis in epidermal Cl41 cells. Inhibition of PI3K/Akt by dominant-negative overexpression of PI3K (⌬p85) and Akt (AktT308A/S473A) protects the cells from apoptosis, indicating an unexpected proapoptotic role of PI3K/Akt in the Fas signaling
process. Treatment of the cells with pharmacological inhibitors of PI3K, wortmannin and 2-(4-morpholinyl)-8-phenyl-4H-1benzopyran-4-1 (LY294002), similarly inhibits FasL-induced apoptosis and Akt/PKB phosphorylation, indicating that PI3K is an
upstream mediator of Akt/PKB and is involved in Fas-mediated cell death. Electron spin resonance studies show that FasL
treatment induces rapid generation of reactive oxygen species, and inhibition of ROS by antioxidants effectively inhibits Akt/PKB
signaling, suggesting that FasL activation of Akt/PKB is redox sensitive. In cells transfected with dominant-negative PI3K/Akt, Fas
expression is down-regulated, but FLIP expression is unaffected. Reporter gene and mRNA expression assays show that FasL
activates fas transcriptional activity and this effect is inhibited by PI3K/Akt suppression. Together, our results indicate that the
PI3K/Akt, in addition to its normal prosurvival role, also plays an apoptotic role in Fas-mediated cell death through a mechanism
that involves transcriptional activation of Fas receptor. The Journal of Immunology, 2006, 176: 6785– 6793.

F

as (APO-1, CD95) is an apoptosis-inducing molecule that
belongs to the TNFR superfamily (1, 2). Activation of Fas
receptor by its ligand (FasL)3 triggers a complex cascade
of intracellular events that require Fas-associated death domain
adapter protein and the formation of death-inducing signaling
complex, leading to caspase-8 activation and cell apoptosis (3, 4).
Fas-mediated apoptosis is an essential mechanism for the maintenance of homeostasis in multicellular organisms, and disruption of
the Fas/FasL system can lead to lymphoproliferative disorders (5),
autoimmune diseases (6, 7), abnormal wound healing, and skin
disorders (8 –10). The Fas/FasL system also plays important roles
in various apoptosis conditions, such as those evoked by antitumor
agents, viral infections, and irradiation (11–14).
The serine/threonine protein kinase Akt/protein kinase B (PKB)
promotes viability in various cell types. Activation of Akt/PKB
involves the binding of PI3K-generated phosphoinositides to Akt
via its pleckstrin homology domain (15). PI3K-dependent activa-
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tion of Akt also involves 3⬘ phosphoinositide-dependent kinase-1mediated phosphorylation of threonine 308, leading to the autophosphorylation of Ser473 (16). Cells use PI3K/Akt as survival
pathways to regulate several cellular effectors of apoptosis, which
include phosphorylation-dependent inhibition of proapoptotic signals of proteins such as Bcl-2-associated death (BAD) protein,
caspase-9, and the family of forkhead transcription factors (17–
19). Additionally, Akt/PKB has been reported to promote cell survival via activation of NF-B-dependent expression of antiapoptotic genes such as FLIP and inhibitors of apoptosis, and suppress
mitochondrial pathways for apoptosis (20 –22). PI3K/Akt has also
been implicated in the regulation of proapoptotic signals in the
death receptor pathways. For example, ligation of Fas receptor
induces tyrosine phosphorylation and activates PI3K/Akt, which is
required for Fas-mediated cell death (23). Induced expression of
Akt or p110, the catalytic subunit of PI3K, increases Fas transcriptional activity (24), suggesting the positive regulation of PI3K/Akt
on Fas death signaling. In contrast, elevated PI3K/Akt expression
has been associated with increased survival and carcinogenicity in
human tumors. Epidermal growth factor stimulation of breast adenocarcinoma and embryonic kidney epithelial cells protects the
cells from Fas-mediated apoptosis (25). Thus, Akt/PKB plays both
pro- and antiapoptotic role in Fas-mediated cell death depending
on cell type and pathologic conditions.
Recent studies have shown that activation of Akt/PKB by
growth factors is dependent on reactive oxygen species (ROS)
generation, and that phosphorylation of this enzyme by growth
factors is redox sensitive (26). Akt is also activated during oxidative stress as well as several other stresses known to exert their
cytotoxic effects through the generation of ROS or perturbations in
cellular redox status (27–31). ROS have also been implicated in
the transmission of death signal produced by Fas. Ligation of Fas
receptor by FasL or agonistic anti-Fas Ab induces ROS generation
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in some cells, and inhibition of these oxidative species by antioxidants negates the apoptotic effect of FasL (32, 33). These findings
raise the possibility that Akt/PKB may be activated by FasL in a
redox-sensitive manner and that this signaling pathway may be
involved in Fas-mediated cell death. The present study was undertaken to determine whether: 1) FasL activates PI3K/Akt in epidermal Cl41 cells; 2) ROS play a role in this process; and 3) FasL
activation of PI3K/Akt plays a role in apoptotic cell death, and, if
so, by what mechanism.

Materials and Methods
Plasmids and reagents
The dominant-negative mutant PI3K plasmid (⌬p85), the Akt mutant plasmid (SR␣-Akt-T308A/S473A), and the CMV-neo vector plasmid were a
gift from C. Huang (New York University, Tuxedo, NY), as previously
described (31, 34). The Fas reporter plasmid (Fas-Luc) and control plasmid
(pGL2B) were from H. Chan (University of Texas M.D. Anderson Cancer
Center, Houston, TX) (35), and the dominant-negative Rac1 plasmid (myctagged Rac1N17) was a gift from C. Stehlik (West Virginia University
Cancer Center, Morgantown, WV). Recombinant Fas ligand (SuperFasL),
anti-Fas, and anti-FLIP Abs were obtained from Alexis Biochemicals.
Phospho-specific Akt (Ser473), Akt, and ␤-actin Abs were purchased from
Cell Signaling Technology. Wortmannin and 2-(4-morpholinyl)-8-phenyl4H-1-benzopyran-4-1 (LY294002) were obtained from Calbiochem. LipofectAMINE was from Invitrogen Life Technologies, and catalase and superoxide dismutase were from Boehringer Mannheim. All other chemicals
and reagents, including deferoxamine, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO), and hydroethidine, were obtained from Sigma-Aldrich.

Cell culture and generation of stable transfectants
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Western blot analysis
Cells were washed with PBS twice and harvested by scraping. Cell lysates
were prepared in cell lysis buffer (50 mmol/L Tris-HCl (pH 8.0), 20
mmol/L EDTA, 1% SDS, and 100 mmol/L NaCl) containing an enzyme
inhibitor mixture tablet (Roche Molecular Biochemicals) and PMSF (SigmaAldrich). Protein concentration was determined using a protein assay kit
(Bio-Rad). A total of 20 –50 g of protein extract was fractionated by
SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore). The membrane was blocked with T-PBS (0.3%
Tween 20 in PBS) containing 3% dry milk and incubated with primary Ab
overnight at 4°C. After three washes with T-PBS, the membrane was incubated with HRP-conjugated secondary Ab for 1 h and then washed with
0.05% Tween 20 in PBS. The immune complexes were detected by ECL
methods (Amersham Biosciences) and quantified using analyst/PC densitometry software (Bio-Rad). Mean densitometry data from independent
experiments were normalized to result in cells in the control. The data were
presented as the mean ⫾ SE and analyzed by the Student’s t test.

Fas promoter activity assay
Subconfluent (80%) monolayers of Cl41 and dominant-negative Cl41⌬p85 and Cl41-Akt-T308A/S473A cells were cotransfected with 10 g of
either the fas promoter reporter plasmid (Fas-Luc) or empty reporter
pGL2B plasmid and 10 ng of pRL-tk Renilla normalizing luciferase plasmid (Promega). The plasmids were mixed with LipofectAMINE (12 g/
ml) in MEM and added to the cells for 4 h, after which the medium was
replaced with growth medium containing 10% FBS. After a 24-h recovery,
transfected cells were treated with FasL for 12 h and cell extracts were
prepared and analyzed for luciferase activity using the Promega dual-luciferase assay. Both firefly and Renilla luciferase activities were measured
using a luminometer (Turner). Normalized reporter activity is expressed as
the firefly luciferase value divided by the Renilla luciferase value. Relative
fold activity is calculated as the normalized reporter activity of the test
sample divided by the control reporter construct.

The epidermal Cl41 cell line was originally established by N. Colburn
(National Cancer Institute, Frederick, MD) (36). The cells and their PI3K/
Akt and Rac1 dominant-negative transfectants were cultured in monolayers
at 37°C, 5% CO2 using MEM containing 5% FBS, 2 mM L-glutamine, and
25 g/ml gentamicin. Stable transfectants were generated by culturing
Cl41 cells in a 6-well plate until they reached 80 –90% confluence. A total
of 1 g of CMV-neo vector and 15 l of LipofectAMINE reagent with 2
g of dominant-negative mutant (SR␣-Akt T308A/S473A, ⌬p85, or
Rac1N17) was used to transfect the cells in each well in the absence of
serum. After 10 h, the medium was replaced with 5% FBS MEM. Approximately 36 h after the beginning of the transfection, the cells were digested
with 0.03% trypsin, and the cell suspensions were plated onto 75-ml culture flasks and cultured for 24 –28 days with G418 selection (400 g/ml).
Stable transfectants of PI3K, Akt, and Rac1 were identified by immunoblot
and kinase activity assays, and were cultured in G418-free MEM for at
least two passages before each experiment.

For analysis of surface Fas expression, cells (5 ⫻ 105) were harvested,
washed with PBS, and incubated with primary anti-Fas mAb (BD Pharmingen) for 1 h in PBS containing 0.5% BSA and 2 mM EDTA. The cells
were then stained with biotin-linked anti-hamster IgG and PE-labeled
streptavidin (BD Pharmingen) for 40 min. After washing with PBS, the
cells were fixed with 1% formaldehyde for 30 min and then analyzed for
Fas expression by FACS. FACS was performed on a FACSCalibur cytometer (BD Biosciences) with a gate set for examining a total of 104 cells.
For analysis of superoxide anion (O2⫺䡠) generation, cells were incubated
with the fluorescent probe hydroethidine (10 M) for 30 min at 37°C, after
which they were washed, trypsinized, resuspended in PBS (1 ⫻ 106/ml),
and immediately analyzed for fluorescence intensity on the FACSCalibur.
Hydroethidine is a specific dye for O2⫺䡠. It is oxidized by O2⫺䡠 to form the
fluorescent product ethidium (37).

Detection of apoptosis

RT-PCR

Analysis of cell apoptosis was performed by using an ELISA DNA fragmentation assay kit (Roche Molecular Biochemicals) or by Hoechst 33342
staining assay. For the ELISA, cells were lysed with 200 l of lysis buffer
at room temperature, and the cell lysate (20 l) was mixed with an Ab
solution (80 l) at room temperature for 2 h. The substrate was then added
after the wells were washed three times with a washing buffer. After incubation for 10 –20 min at 37°C, OD was measured using a microplate
reader at a wavelength of 405 nm. For Hoechst staining, cells were incubated with Hoechst 33342 (10 g/ml) for 30 min at 37°C and observed
under a fluorescence microscope using Pixera software (Leica
Microsystems).

Total RNA was extracted with TRIzol reagent (Invitrogen Life Technologies), according to the manufacturer’s protocol. First-strand cDNA was
synthesized using the SuperScript III synthesis system (Invitrogen Life
Technologies) for RT-PCR. The reaction was conducted for 60 min at
42°C. The synthesized cDNA was amplified using specific sets of primers
for fas and ␤-actin. The PCR were cycled as follows: after initial denaturation for 4 min at 99.9°C, 40 cycles at 94°C for 30 s, 58°C for 30 s, and
72°C for 30 s; final extension was conducted at 72°C for 5 min. The PCR
products were electrophoresed in a 1.5% agarose gel, stained with ethidium
bromide, and photographed. The stained bands were quantified using an
analyst/PC densitometry software (Bio-Rad).

Electron spin resonance (ESR)

Results

ESR spin-trapping technique was used to detect short-lived free radical
intermediates. DMPO was used as a spin-trapping agent to form a relatively long-lived spin adduct. The intensity of the signal is used to measure
the amount of short-lived radicals trapped, and the hyperfine couplings of
the spin adduct are generally characteristics of the original trapped radicals.
All ESR measurements were conducted at 37°C using a Varian E9 ESR
spectrometer and a flat cell assembly. Reactants were mixed in a test tube
in a final volume of 500 l. The reaction mixture was then transferred to
a flat cell for measurement. Hyperfine couplings were measured (to 0.1 G)
directly from magnetic field separation using potassium tetraperoxochromate (K3CrO8) and 1,1-diphenyl-2-picrylhydrazyl as reference standards.

FasL induces apoptosis and Akt/PKB phosphorylation in
epidermal Cl41 cells

FACS analysis

To study the role of PI3K/Akt in Fas-mediated apoptosis, we first
characterized the apoptotic cell death response to Fas stimulation
by FasL in epidermal Cl41 cells. The cells were treated with different concentrations of FasL, and apoptosis was determined at
various times after the treatment using ELISA-based DNA fragmentation assay. As shown in Fig. 1A, FasL treatment caused a
dose-dependent increase in apoptosis over nontreated control. Peak
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FasL-treated control cells. This result, which indicates a proapoptotic role of PI3K/Akt in Fas-mediated cell death, is somewhat
surprising because PI3K/Akt has been widely regarded as a negative regulator of apoptotic cell death by various stimuli. To confirm this result, morphological analysis of cell apoptosis by
Hoechst assay and PI3K/Akt activation studies were performed.
Fig. 2, B–G, shows that in the absence of FasL, the normal and
transfected cell lines exhibited similarly low levels of apoptosis in
the range of 1–2%. Upon FasL treatment, apoptosis levels were
significantly increased in all cell systems, but the increase in normal Cl41 cells (42 ⫾ 5%) was substantially higher than that in
PI3K-⌬p85- and Akt-T308A/S473A-transfected cells (8 ⫾ 2% and
6 ⫾ 2%, respectively). Immunoblot analysis of the cell extracts
from these experiments showed an inhibition of FasL-induced Akt/
PKB phosphorylation in the two transfectants compared with the
control Cl41 cells (Fig. 2H). These results indicate the protective
effect of PI3K/Akt inhibition on FasL-induced apoptosis.
PI3K inhibitors LY294002 and wortmannin also protect cells
from FasL-induced apoptosis and Akt phosphorylation

FIGURE 1. Induction of apoptosis and Akt/PKB phosphorylation by
FasL. A, Subconfluent (80%) monolayers of epidermal Cl41 cells were
exposed to FasL (0 –200 ng/ml) for 16 h and analyzed for apoptosis by
ELISA-based DNA fragmentation assay. B and C, Microscopic detection
of apoptosis by Hoechst assay in control and FasL-treated Cl41 cells (100
ng/ml, 16 h). D, Western blot analysis of Akt phosphorylation in response
to FasL treatment. Subconfluent monolayers of Cl41 cells were treated with
FasL (100 ng/ml) at indicated times. The cells were then washed with
ice-cold PBS and extracted with SDS sample buffer. The cell extracts were
separated on polyacrylamide-SDS gels, transferred, and probed with phospho-specific Akt (P-Akt Ser473) Ab and Akt Ab. The immunoblot signals
were quantified by densitometry. The mean densitometry data from independent experiments (one of which is shown here) were normalized to the
result obtained in cells in the absence of FasL (control). E, Dose effect of
FasL on Akt phosphorylation. Cells were treated with various concentrations of FasL (0 –200 ng/ml) for 1 h and analyzed for Akt phosphorylation.
Plots are mean ⫾ SE (n ⫽ 3). ⴱ, p ⬍ 0.05 vs control.

response time to apoptosis induction by FasL was ⬃16 h (result
not shown). Morphological analysis of cell apoptosis by fluorescence-based Hoechst assay showed a significant increase in apoptosis levels from 2 ⫾ 1% to 38 ⫾ 4% (bright fluorescence signals) after FasL treatment (100 ng/ml) (Fig. 1, B and C).
To determine whether FasL could induce Akt/PKB activation,
Cl41 cells were treated with FasL and, at various time points after
the treatment, total cellular protein extracts were prepared and analyzed for phospho-specific Akt (Ser473) and total Akt proteins by
immunoblot assays. As shown in Fig. 1, D and E, the level of
phosphorylated Akt was induced by the FasL treatment in a doseand time-dependent manner, whereas the level of total Akt was
relatively unchanged after FasL treatment. The maximum induction of Akt phosphorylation occurred ⬃30 min after the addition
of FasL.
Inhibition of PI3K/Akt protects cells from FasL-induced
apoptosis
To determine the role of PI3K/Akt in FasL-induced apoptosis, we
tested the effect of FasL in two Cl41 cell lines stably transfected
with dominant-negative mutants of PI3K (PI3K-⌬p85) and Akt
(Akt-T308A/S473A). Apoptosis and Akt/PKB phosphorylation
were determined in the two transfectants, and the results were
compared with those of the normal Cl41 cells. As shown in Fig.
2A, the two dominant-negative transfectants exhibited a reduced
apoptotic response to FasL treatment as compared with the normal

To confirm the protective effect of PI3K/Akt inhibition on FasLinduced apoptosis, we used two well-known chemical inhibitors of
PI3K, LY294002 and wortmannin. Cl41 cells were treated with
FasL in the presence or absence of the two inhibitors, and apoptosis and Akt phosphorylation were similarly determined. As shown
in Fig. 3A, both LY294002 and wortmannin were able to inhibit
apoptosis induced by FasL in a dose-dependent manner. The two
inhibitors also inhibited phosphorylation of Akt Ser473 induced by
FasL (Fig. 3B), suggesting that FasL-induced Akt phosphorylation
was through PI3K activation and further confirming the proapoptotic role of PI3K/Akt in Fas-mediated apoptosis.
ROS mediate PI3K/Akt signaling and apoptosis induced by FasL
ROS generation has been implicated as a key signaling event in
PI3K/Akt activation (26 –31). To determine whether FasL could
induce PI3K/Akt activation and apoptosis through ROS, we measured ROS generation in FasL-treated cells by ESR using DMPO
as a spin trap. Fig. 4A shows that in the absence of FasL stimulation, minimum ESR signal was observed in the control Cl41
cells. Upon FasL treatment (100 ng/ml), a clear positive signal was
observed. The ESR spectrum consists of a 1:2:2:1 quartet with
hyperfine splittings of aH ⫽ aN ⫽ 14.9 G, in which aN and aH
denote hyperfine splitting of the nitroxyl nitrogens and ␣-hydrogen, respectively. Based on the hyperfine splitting and line shape,
the spectrum was assigned to the DMPO-hydroxyl radical (䡠OH)
adduct, which was evidence of 䡠OH generation. Addition of catalase (hydrogen peroxide (H2O2) scavenger) effectively inhibited
the signal intensity, indicating that H2O2 was generated in FasLtreated cells and that this oxidative species was a precursor for 䡠OH
generation, i.e., through a Fenton-like reaction (Fe2⫹ ⫹ H2O2 3
Fe3⫹ ⫹ 䡠OH ⫹ OH⫺). Addition of deferoxamine, a known 䡠OH
scavenger, also decreased the signal intensity, further supporting
the generation of 䡠OH by FasL.
To determine whether FasL-induced ROS generation is affected
by PI3K/Akt inhibition, ESR experiments were performed in dominant-negative Cl41 PI3K-⌬p85 and Cl41 Akt-T308A/S473A
cells. Fig. 4B shows that FasL-induced ROS generation was substantially reduced in the dominant-negative cells as compared with
the control Cl41 cells. These results indicate the involvement of
PI3K/Akt in the cellular ROS response to FasL stimulation. Subsequent studies further showed that inhibition of PI3K/Akt by the
dominant-negative gene expression caused a reduction in Fas receptor expression, which may contribute to the observed decrease
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FIGURE 2. Effects of dominant-negative PI3K/Akt
on FasL-induced apoptosis and Akt phosphorylation. A,
Subconfluent (80%) monolayers of Cl41 cells or ⌬p85or Akt-T308A/S473A-transfected Cl41 cells were
treated with FasL (100 ng/ml, 16 h). The cells were then
analyzed for apoptosis by ELISA-based DNA fragmentation assay. B–G, Hoechst assay of apoptosis in the
three cell systems under the same treatment conditions
described above. H, Western blot analysis of phosphorylated Akt in Cl41, Cl41-⌬p85, and Cl41-AktT308A/
S473A cells. The cells were treated with FasL (100 ng/
ml) for 30 min, after which they were washed with PBS
and extracted with SDS sample buffer. The cell extracts
were separated on 10% polyacrylamide-SDS gels, transferred, and probed with phospho-specific Akt (P-Akt
Ser473) Ab and ␤-actin Ab. ␤-Actin was used as a loading control. The immunoblot signals were quantified by
densitometry. Plots are mean ⫾ SE values of P-Akt/␤actin intensity ratios from three independent experiments. The ratio in unstimulated cells was defined as 1.0
(control). ⴱ, p ⬍ 0.05 vs control.

in ROS generation, presumably due to limited Fas-FasL
interactions.
To determine whether ROS generated by FasL play a role in
PI3K/Akt signaling and apoptosis, we tested the effects of antioxidant enzyme catalase and superoxide dismutase (SOD) on FasLinduced apoptosis and Akt phosphorylation. As shown in Fig. 5,
the two antioxidant enzymes inhibited both FasL-induced apoptosis and Akt phosphorylation, indicating the role of ROS in PI3K/
Akt signaling and apoptosis induced by FasL.
Fas and FLIP expression in normal and PI3K/Akt
dominant-negative cells
To provide a mechanistic basis for the PI3K/Akt regulation of Fas
death signaling, we studied the effect of PI3K/Akt inhibition on
key apoptosis proteins, Fas and FLIP, which are known to be important in Fas-mediated cell death. These two proteins have also
been reported to be under the regulation of Akt/PKB (21, 38). We
determined the expression levels of these two proteins in normal
and dominant-negative PI3K/Akt Cl41 cells by immunoblot assays. Our results in Fig. 6A show that the expression level of Fas
in the dominant-negative cells was substantially lower than that in
the normal Cl41 cells, the effect that was observed in both FasLtreated and nontreated cells. In contrast, the expression of FLIP
was relatively unchanged in dominant-negative cells compared
with the normal cells, and their expression level was similarly
affected by the FasL treatment. These results indicate that Fas expression in Cl41 cells is regulated by PI3K/Akt and that down-

regulation of this death receptor protein by PI3K/Akt inhibition
may be a key mechanism contributing to the decreased sensitivity
to FasL-induced cell death observed in Figs. 2 and 3.
To confirm the inhibitory effect of PI3K/Akt suppression on Fas
expression, we determined cell surface Fas expression in normal
and dominant-negative PI3K/Akt Cl41 cells by FACS analysis.
Fig. 6B shows that surface Fas expression was indeed decreased in
the two dominant-negative cell transfectants as compared with
normal control cells. These results support our Western blot data
and indicate the role of PI3K/Akt in the regulation of Fas receptor
expression in Cl41 cells.
Effects of dominant-negative Rac1 on Fas expression and ROS
production
The small GTP-binding protein Rac1 is involved in the activation
of NADPH oxidase and generation of O2⫺䡠 in various cell types
(39 – 41). Inhibition of Rac1 by dominant-negative Rac1 expression has also been shown to inhibit O2⫺. generation induced by a
variety of stimuli (40 – 42). To test whether Rac1 might play a role
in the regulation of ROS generation and Fas expression in Cl41
cells, we stably transfected the cells with a dominant-negative
Rac1 (myc-Rac1N17) or control plasmid and their effects on Fas
expression and O2⫺䡠 production were examined by flow cytometry.
The transfected cells were also analyzed for myc-Rac1N17 protein
expression by Western blot analysis. Fig. 7A shows that transfection of the cells with the dominant-negative plasmid, but not the
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FIGURE 3. Effects of PI3K inhibitors on FasL-induced apoptosis and
Akt activation. A, Epidermal Cl41 cells were pretreated with LY294002
(0 –20 M) or wortmannin (0 –100 nM) for 30 min before exposure to FasL
(100 ng/ml) for 16 h. Apoptosis was determined by ELISA-based DNA
fragmentation assay. B, Cl41 cells were treated with FasL (100 ng/ml, 30
min) with or without LY294002 (20 M) or wortmannin (100 nM) pretreatment, and Western blot analysis of P-Akt Ser473 was performed. Values are means ⫾ SE for three independent experiments. ⴱ, p ⬍ 0.05 vs
FasL-treated control.

control plasmid, resulted in an increased expression of mycRac1N17 protein. Flow cytometric analysis of Fas expression,
however, showed no significant difference in the levels of Fas receptor expression in the control and dominant-negative cells (Fig.
7B). Using hydroethidine as a fluorescent probe for O2⫺䡠, we also
found no significant difference in O2⫺䡠 levels in the two cell transfectants (Fig. 7C). When the cells were stimulated with FasL, a
significant increase in O2⫺䡠 production was observed in both cell
transfectants, but the effect was more pronounced in the control
transfectant (Fig. 7C). These results indicate that FasL was able to
induce O2⫺䡠 generation in Cl41 cells and that this free radical
generation is mediated in part by Rac1.
Inhibition of fas transcriptional activity and mRNA expression in
PI3K/Akt dominant-negative cells
To determine the mechanism of PI3K/Akt regulation of Fas expression, we conducted a reporter gene assay in which normal and
PI3K/Akt dominant-negative cells were transiently transfected
with a reporter plasmid carrying the fas promoter (Fas-Luc) or
control reporter plasmid (pGL2B). The cells were then treated with
FasL, and their luciferase activity was determined and compared.
Fig. 8A shows that in normal Cl41 cells, FasL treatment resulted in
a substantial increase in Fas-dependent luciferase activity, whereas
a similar FasL treatment in dominant-negative cells had minimal
effect on the luciferase activity. These results indicate that FasL
was able to activate fas promoter, and that this activation is regulated by PI3K/Akt. The role of PI3K/Akt in the regulation of fas
expression was also determined by analyzing fas mRNA expression in normal and PI3K/Akt dominant-negative cells. Fig. 8B
shows that fas mRNA expression was substantially lower in the
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FIGURE 4. ESR measurements of FasL-induced ROS generation and
its inhibition by antioxidants. A, ESR spectra were recorded at 30 min after
the addition of the spin trapper DMPO (100 mM) to Cl41 cells (1 ⫻
106/ml) with or without (control) the following agents: FasL (100 ng/ml),
catalase (1000 U/ml), and deferoxamine (1 mM). B, Experiments were
repeated in Cl41-⌬p85 and Cl41-AktT308A/S473A cells (1 ⫻ 106/ml)
with or without (control) FasL (100 ng/ml). The spectrometer settings were
as follows: receiver gain at 1.5 ⫻ 105, time constants at 0.3 s, modulation
amplitude at 1.0 G, scan time at 4 min, magnetic field at 3470 ⫾ 100 G.
Values are means ⫾ SE for three independent experiments. ⴱ, p ⬍ 0.05 vs
Cl41-treated control.

PI3K/Akt dominant-negative cells as compared with normal Cl41
cells. These results strongly support the role of PI3K/Akt in the
transcriptional regulation of fas in Cl41 cells.

Discussion
The pivotal role of PI3K/Akt pathway in the regulation of cell
survival under physiologic and pathologic conditions has been established. It is generally accepted that PI3K/Akt promotes cell survival through phosphorylation-dependent suppression of intracellular apoptotic factors such as BAD, caspase 9, forkhead
transcription factor, and IB kinase ␣ (17–19). However, the role
of PI3K/Akt in Fas-mediated apoptosis and its control mechanisms
remain unclear. In this study, we demonstrate that FasL induces
Akt/PKB phosphorylation and apoptosis in epidermal Cl41 cells
(Fig. 1). Inhibition of PI3K and Akt by dominant-negative expression of ⌬p85 and Akt-T308A/S473A protects the cells from apoptosis induced by FasL (Fig. 2). Likewise, inhibition of Akt/PKB
activity by PI3K inhibitors, wortmannin and LY294002, inhibits
the apoptotic effect of FasL (Fig. 3). These results indicate that the
PI3K/Akt pathway, in addition to its normal protective role, also
plays a promoting role in Fas-mediated cell death. Previous studies
indicate that PI3K is involved in the activation of Akt/PKB in
various systems (16, 30, 31). However, PI3K-independent mechanisms of Akt/PKB activation have also been reported (43– 45). In
this study, we found that PI3K is an important upstream regulator
of FasL-induced Akt activation because inhibition of PI3K by
dominant-negative gene expression or by chemical inhibitors,
wortmannin and LY294002, blocks Akt/PKB phosphorylation induced by FasL (Figs. 2 and 3).
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FIGURE 5. Effects of antioxidant enzymes on FasL-induced apoptosis
and Akt phosphorylation. A, Epidermal Cl41 cells were pretreated with
catalase (1000 U/ml) or SOD (1000 U/ml) for 30 min before exposure to
FasL (100 ng/ml, 16 h). Apoptosis was then determined by ELISA-based
DNA fragmentation assay. B, Cl41 cells were similarly treated with the
agents indicated above, and Akt phosphorylation was determined 30 min
after FasL treatment by Western blotting. Values are means ⫾ SE (n ⫽ 3).
ⴱ, p ⬍ 0.05 vs nontreated control. ⴱⴱ, p ⬍ 0.05 vs FasL-treated control.

The results of this study also demonstrate that the activation of
Akt/PKB by FasL requires ROS generation, and that these oxidative species play a role in FasL-induced cell death. Supporting this
notion is the evidence that FasL induces ROS generation and its
inhibition by the antioxidant enzymes catalase and SOD significantly inhibits Akt/PKB phosphorylation as well as apoptosis induction by FasL (Figs. 4 and 5). The requirement of ROS in FasLinduced Akt/PKB activation has not been demonstrated
previously, and our results support previous findings identifying
Akt/PKB as a redox-sensitive target for oxidant and growth factor
stimulation (26, 31). The ability of catalase and SOD to inhibit
Akt/PKB activation and apoptosis induced by FasL further indicates H2O2 and O2⫺䡠 as key mediators of Akt and Fas signaling.
These results are consistent with previous reports identifying H2O2
as a major ROS responsible for Akt/PKB activation induced by
growth factors (26) and UV irradiation (31). However, the role of
O2⫺. in Akt/PKB signaling is controversial. In vascular smooth
muscle cells, angiotensin II stimulates O2⫺䡠 production by activating NADH/NADPH oxidase (46, 47), and its inhibition by diphenylene iodonium partially inhibits Akt/PKB activation (26). In
contrast, O2⫺䡠 production induced by UV irradiation has minimal
effect on UV-induced Akt/PKB activation (31). Our results show
that O2⫺䡠 is produced and involved in FasL-induced Akt/PKB activation and apoptosis (Figs. 5 and 7). It is likely that O2⫺䡠 is
rapidly dismuted to H2O2, which may be the ROS that is most
important in modulating Akt/PKB signaling. Indeed, H2O2 formation was observed as early as 5 min after Fas stimulation (33),
suggesting that it may mediate subsequent signaling events.
In many cell systems, ROS generation is regulated by Rac1
(39 – 41). Rac1 is involved in the activation of NADPH oxidase

FIGURE 6. Effects of dominant-negative PI3K/Akt on Fas and FLIP
expression. A, Subconfluent (80%) monolayers of Cl41, Cl41-⌬p85, and
Cl41-Akt-T308A/S473A cells were either left untreated or treated with
FasL (100 ng/ml) for 6 h. The cells were lysed and extracted, and the cell
lysates were separated on polyacrylamide-SDS gels, transferred, and
probed with Abs specific for Fas, FLIP, and ␤-actin. B, Surface Fas expression in Cl41, Cl41-⌬p85, and Cl41-Akt-T308A/S473A cells. Fas receptor expression was determined by FACS analysis, as described in Materials and Methods. Plots are mean ⫾ SE values of three independent
experiments. ⴱ, p ⬍ 0.05 vs Cl41 control.

and is required for O2⫺䡠 generation in response to various stimuli
in different cell types (40 – 42). In the present study, we showed
that Rac1 is involved in the generation of O2⫺䡠 induced by FasL.
Inhibition of Rac1 by dominant-negative Rac1N17 expression significantly inhibited O2⫺䡠 production in FasL-treated Cl41 cells
(Fig. 7). However, such inhibition was not observed in resting
nonstimulated cells, indicating that Rac1-mediated O2⫺䡠 generation requires appropriate cell stimulation. Rac1 inhibition had a
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FIGURE 7. Effects of dominant-negative Rac1 on Fas expression and
ROS production. Cl41 cells were stably transfected with a myc-tagged
Rac1N17 or a control (pcDNA3) plasmid, as described in Materials and
Methods. A, Cell lysates from the two transfectants were prepared, separated on 10% polyacrylamide-SDS gels, transferred, and probed with an
Ab to myc. The blot was reprobed with ␤-actin Ab as a loading control. B,
Control and Rac1N17-transfected cells were analyzed for surface Fas receptor expression by FACS. C, O2⫺. generation in control and Rac1N17transfected cells was determined by FACS using hydroethidine (HE) as a
fluorescent probe. The cells were either left untreated or treated with FasL
(100 ng/ml) for 30 min, and hydroethidine fluorescence was determined.
Plots are mean ⫾ SE values of three independent experiments. ⴱ, p ⬍ 0.05
vs nontreated control. ⴱⴱ, p ⬍ 0.05 vs FasL-treated control transfectant.

FIGURE 8. Effects of dominant-negative PI3K/Akt on fas promoter activity and mRNA expression. A, Activation of fas promoter activity by
FasL and its inhibition by dominant-negative PI3K/Akt. Subconfluent
(80%) monolayers of Cl41, Cl41-⌬p85, and Cl41-Akt-T308A/S473A cells
were transfected with 10 g of either the fas promoter reporter plasmid
(Fas-Luc) or empty reporter plasmid (pGL2B); 10 ng of pRL-tk plasmid
was cotransfected for normalization. Transfected cells were treated with
FasL (100 ng/ml) for 12 h, and cell extracts were prepared and determined
for luciferase activity. Relative fold activity was calculated as the normalized Fas-Luc activity divided by the normalized pGL2B value. Plots are
mean ⫾ SE values of three independent experiments. ⴱ, p ⬍ 0.05 vs Cl41
pGL2B control. ⴱⴱ, p ⬍ 0.05 vs Cl41 Fas-Luc control. B, Determination of
fas mRNA expression in Cl41, Cl41-⌬p85, and Cl41-Akt-T308A/S473A
cells. Cellular RNA was extracted and reverse transcribed by RT-PCR, as
described in Materials and Methods. ␤-Actin was used as a loading control. Plots are mean ⫾ SE values of three independent experiments. ⴱ, p ⬍
0.05 vs Cl41 control.

partial inhibitory effect on FasL-induced O2⫺䡠 generation, suggesting that other sources of O2⫺䡠 generation such as mitochondria
may also be involved in the activation process. Inhibition of Rac1
by dominant-negative gene expression has been reported previously to protect cells against Fas-mediated cell death (48), although its effect on O2⫺䡠 inhibition was not demonstrated. The
results of this study further demonstrated the inhibition of O2⫺䡠 by
dominant-negative Rac1 expression and substantiate the role of
this oxidative species in Fas-mediated cell death (Fig. 5). As indicated earlier, O2⫺䡠 can be rapidly dismuted to form H2O2, which
may be a key regulator of Fas death signaling. Alternatively, O2⫺.
can react with NO to form peroxynitrite (49). NO has been reported recently to be induced by Fas stimulation (50), and its formation of peroxynitrite is capable of generating the highly reactive
䡠
OH radical (49). All of these ROS may act in concert to regulate
Fas death signaling, and O2⫺䡠 may mediate its effect either directly
or indirectly through other ROS.
Our results on the proapoptotic role of PI3K/Akt in Fas-mediated cell death are consistent with previous reports showing the
regulation of Fas expression by PI3K/Akt pathway (24, 38), but
are contradictory to some others showing the protective effect of
PI3K/Akt on Fas-mediated apoptosis (21, 51). In mouse hepatocytes, activation of Akt/PKB decreases cell sensitivity to Fas-mediated cell death through an activation of NF-B (51). Active Akt

induces NF-B transcriptional activity, but NF-B-binding activity is unaffected. It is not known from this study whether such
manipulation affects Fas expression. NF-B is an important transcription factor of Fas receptor (52). However, the primary regulators of fas promoter by Akt do not include NF-B, because permanently active PI3K/Akt cells still exhibit increased
transcriptional activity of the fas promoter with mutated NF-B
site (38). The expression of antiapoptotic protein FLIP is also regulated by the PI3K/Akt pathway in some tumor cells, and induction of FLIP expression via Akt signaling can inhibit Fas-mediated
apoptosis (21, 53). In epidermal cells, our results show that inhibition of PI3K/Akt by dominant-negative gene expression had
minimal effect on FLIP expression, indicating that the regulation
of FLIP by Akt is cell type specific. A similar finding was also
observed in hepatocytes (52) and gastric carcinoma cells (54).
These studies indicate that PI3K/Akt regulation of the Fas death
pathway is complex and is cell type dependent.
Fas expression has been reported to be under the regulation of
PI3K/Akt (38), and inhibition of this pathway by dominant-negative gene expression attenuates Fas expression in our cell system
(Fig. 6). In human melanoma cells, overexpression of permanently
active Akt increases cell sensitivity to death induced by FasL, but
not by a nonspecific inducer, thapsigargin (38), supporting the
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finding of this study on Akt regulation of Fas receptor. The specificity of Fas regulation by Akt was also observed in our study, in
which PI3K/Akt inhibition had no protective effect on apoptosis
induced by a nonspecific apoptogen, cycloheximide (data not
shown). The role of PI3K/Akt in Fas signaling was further demonstrated in this study by the ability of dominant-negative PI3K/
Akt to suppress fas promoter activity and mRNA expression (Fig.
8). Fas promoter activity has been reported to be negatively regulated by two functionally related oncogenes, STAT3 and c-Jun
(24), which can be suppressed by Akt phosphorylation (55). Thus,
activation of Akt/PKB suppresses STAT3 and c-Jun, leading to
increased Fas expression. The results of this study are consistent
with these findings and indicate that once the PI3K/Akt signaling
is inhibited, Fas receptor expression is down-regulated and the
cells become less susceptible to FasL-induced apoptosis.
In summary, we have shown that in addition to its normal prosurvival role, the PI3K/Akt signaling pathway also plays a proapoptotic role in epidermal cell death induced by FasL. FasL induces rapid generation of ROS and activates PI3K/Akt. Inhibition
of ROS by antioxidants inhibits Akt/PKB activation as well as
apoptosis induced by FasL, indicating the redox regulation of Akt/
PKB and its role in Fas-mediated cell death. The mechanism by
which PI3K/Akt regulates Fas death signal appears to involve transcriptional up-regulation of Fas receptor and concomitant sensitization of the cells to FasL-induced cell death.
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