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Fas and Fas ligand (FasL) expression has been detected in chronic vascular lesions, and Fas-mediated
apoptosis of vascular smooth muscle cells (VSMC) may influence the integrity of the atherosclerotic plaque.
Here we report that FasL is not expressed by normal VSMC, but its expression is upregulated by stresses that
induce apoptosis, including serum deprivation, exposure to the phosphatidylinositol 3-kinase (PI 3-kinase)
inhibitor wortmannin, and ablation of Akt signaling. Conversely, constitutive activation of Akt signaling
diminished FasL expression in VSMC cultures exposed to low-mitogen media or wortmannin. Under condi-
tions of suppressed PI 3-kinase/Akt signaling, VSMC apoptosis was partially inhibited by treatment with
neutralizing antibody against FasL. Suppression of Akt signaling increased the activity of c-Jun N-terminal
kinase, and transduction of dominant-negative c-Jun inhibited FasL induction under these conditions. Dimin-
ished Akt signaling promoted the cleavage of caspase 3, and both caspase 3 cleavage and FasL induction were
inhibited by transduction of dominant-negative caspase 9 or the caspase 8 inhibitor CrmA. Similarly, induction
of FasL by the Akt-regulated forkhead transcription factor FKHRL1 was dependent upon caspase and c-Jun
activation. Taken together, these results indicate that the sequential activation of caspase 3 and c-Jun
participates in the induction of FasL under conditions of suppressed Akt signaling or FKHRL1 activation and
that FasL participates in a positive-feedback loop to promote cell death under conditions of cellular stress.

Vascular smooth muscle cell (VSMC) apoptosis is prevalent
in the proliferative lesions of the vessel wall (72). VSMC ap-
optosis has been documented in specimens from atheroscle-
rotic and restenotic lesions (23, 32, 37, 45), and VSMC cul-
tured from atherosclerotic coronary atherectomy specimens
proliferate more slowly and undergo higher frequencies of
apoptosis than VSMC cultured from normal vessels (2). Thus,
an imbalance between cell death and growth in VSMC may
contribute to diminished cellularity and atherosclerotic plaque
rupture (41). In support of this hypothesis, apoptosis is de-
tected in recently ruptured plaques as well as the fibrous cap
and adjacent media of nonulcerated lesions (3, 8). Despite the
potential importance of VSMC apoptosis in vascular lesions,
little is known about the biochemical mechanisms that regulate
VSMC viability (72).

The serine/threonine protein kinase Akt/PKB regulates di-
verse cellular processes in various cell types including VSMC
(16, 68). Activation of Akt occurs through the direct binding of
the inositol lipid products of the phosphatidylinositol 3-kinase
(PI 3-kinase) reaction to its pleckstrin homology domain (10).
PI 3-kinase-dependent activation of Akt also occurs through
PDK1-mediated phosphorylation of threonine 308, which
leads to the autophosphorylation of serine 473 (67). Akt sig-
naling is implicated in the physiological regulation of organ

size (69), glucose homeostasis (9), vasomotor tone (43), and
angiogenesis (40). Other studies have shown that Akt signaling
inhibits apoptosis in a variety of cell types in vitro (10) and can
protect cardiomyocytes from ischemia-reperfusion injury in
vivo (20, 48). The antiapoptotic function of Akt is reported to
be mediated by its ability to phosphorylate apoptosis regula-
tory molecules including BAD, caspase 9, IKK-�, and the fork-
head transcriptional factor FKHRL1 (10). Although Akt is
likely to have an antiapoptotic role in VSMC, this has not been
formally documented.

Fas (also called APO-1 or CD95) is a type I membrane
protein that transmits a suicide signal to the cell (50). The
clustering of Fas following the binding of Fas ligand (FasL) or
anti-Fas antibodies leads to caspase 8-dependent cell death
(34, 65). Whereas many cell types express Fas, FasL expression
is much more restricted. FasL is predominantly expressed in
immune cells such as activated T cells, natural killer (NK) cells,
and macrophages (15, 51, 52, 64). FasL can also be expressed
by some tumors or host tissues that function as immune bar-
riers (27, 28, 55, 59, 62, 63). In some cases, dysregulated ex-
pression of Fas or FasL may contribute to pathogenesis (7, 39,
58, 61). VSMC normally express Fas but not FasL (57), and
they undergo apoptosis when exposed to FasL in vitro and in
vivo (44, 46, 56). It is proposed that FKHRL1 activates the
FasL gene promoter and that Akt-mediated phosphorylation
of FKHRL1 favors cellular survival by promoting the retention
of FKHRL1 in the cytoplasm (4).

Here, we examined the role of PI 3-kinase signaling in con-
trolling FasL expression in VSMC. Serum deprivation and
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FIG. 1. FasL expression is induced by serum deprivation or sup-
pression of PI 3-kinase/Akt signaling. (A) Cell surface expression of
FasL on human VSMC was determined by flow cytometry. VSMC
were cultured with or without 10% serum, in the presence or absence
of wortmannin (200 nM) for 48 h. Alternatively, cells were incubated
with an adenoviral construct expressing dominant-negative Akt
(dnAkt) (MOI � 100) for 48 h prior to analysis. Other cultures were
preinfected with an adenoviral construct expressing constitutively ac-
tive Akt (myrAkt) (MOI � 100) for 24 h prior to exposure to wort-
mannin or serum deprivation medium for 48 h. After treatments, cells
were detached from the culture plate with 0.5% EDTA, incubated with
anti-human FasL antibody (hamster IgG; 4H9), and stained with
FITC-conjugated anti-hamster antibody (shaded curve). Hamster IgG
was used as a negative control (open curve). Representative data from
three replicate experiments are shown. PI 3-kinase (B) and Akt (C)
signaling regulates FasL mRNA expression in human VSMC. Semi-
quantitative RT-PCR analysis was performed on FasL and GAPDH
transcripts. RNA was isolated by a guanidine isothiocyanate-acid phe-
nol method and reverse transcribed. A plasmid encoding human FasL
cDNA served as a positive control for the FasL RT-PCR signal. The
GAPDH signal shows uniformity of the RT-PCR analysis. Marker
bands appear in the lanes on the far right. Representative data from
two replicate experiments are shown in each panel.
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inhibition of either PI 3-kinase or Akt signaling were found to
upregulate FasL expression. This upregulation was associated
with caspase activation, mitogen-activated protein kinase–Erk
kinase kinase-1 (MEKK1) cleavage, and the induction of
stress-activated protein kinase–c-Jun kinase (SAPK/JNK). Un-
der these conditions, caspase inhibition markedly inhibited
MEKK1 cleavage, JNK activation, and FasL expression. FasL
expression was also reduced by inhibition of c-Jun-dependent
transcription. Likewise, FasL induction by FKHRL1 was sup-
pressed by caspase or c-Jun inhibition. These data suggest that
cellular stresses that suppress Akt signaling or activate

FKHRL1 will induce FasL expression on the VSMC surface
via a caspase- and c-Jun-dependent pathway. This, in turn,
establishes a positive-feedback loop that enhances cell death
and tissue destruction.

MATERIALS AND METHODS

Cell culture. Human VSMC were isolated from an internal mammary artery
obtained during coronary bypass surgery. These cells were maintained in Dul-
becco’s modified Eagle medium containing 10% fetal bovine serum (complete
medium) and identified as VSMC on the basis of typical morphology and positive
immunostaining with �-actin antibody. VSMC were grown to confluence on
10-cm-diameter dishes or six-well plates. Complete medium was replaced with
fresh medium, with or without serum, typically at the time of test reagent
addition. Caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK were from Cal-
biochem (San Diego, Calif.) and were added to the culture medium at 20 �M
each.

Adenoviral constructs. Replication-defective adenovirus vectors expressing
dominant-negative and constitutively active forms of murine Akt tagged with the
hemagglutinin epitope were constructed as described previously (19). The dom-
inant-negative Akt mutant (Adeno-dnAkt) has alanine residues substituted for
threonine at position 308 and serine at position 473. The constitutively active Akt
(Adeno-myrAkt) has the c-Src myristoylation sequence fused in frame to the N
terminus of the wild-type Akt coding sequence that targets the fusion protein to
the membrane. Like the Akt vectors, Adeno-�Gal expresses the lacZ gene from
the cytomegalovirus (CMV) promoter (60). Adenovirus vector expressing a dom-
inant-negative c-Jun mutant (Adeno-TAM67) and the C287A caspase 9 domi-
nant-negative mutant (Adeno-dnCasp-9) from the CMV promoter were from
Harris Perlman (Northwestern University Medical School, Chicago, Ill.). The
adenovirus expressing CrmA (Adeno-CrmA) was generated by homologous re-
combination in human embryonic 293 kidney cells. In brief, the 1.4-kbp CrmA
cDNA (generously provided by David Pickup, Duke University) was ligated into
EcoRI sites of our adenovirus shuttle vector designated Adeno-CrmA. The
resulting shuttle plasmid was rescued into recombinant adenovirus as described
previously (36). The hemagglutinin-tagged human FKHRL1 triple mutant se-
quence cDNA (from Michael E. Greenberg, Harvard Medical School) was sub-
cloned into shuttle vector pAdTrack-CMV, which contains green fluorescent
protein (GFP) under the control of a separate CMV promoter (from Bert
Vogelstein, Johns Hopkins Oncology Center). The FKHRL1-AAA triple mutant

FIG. 2. Cytotoxic activity of VSMC toward Jurkat cells following
suppression of Akt signaling. Jurkat cells were prelabeled with 51Cr
and cocultured with VSMC at the indicated ratio in the presence or
absence of neutralizing anti-FasL antibody (500 ng/ml). VSMC were
preinfected with adenovirus vector expressing dnAkt or �-Gal at an
MOI of 100. Release of 51Cr in culture media was measured after 24 h
of coculture. Percent specific release data are presented as means �
standard errors of the means (SEM) of four replicated experiments.

FIG. 3. Neutralizing antibodies against FasL partially reverse VSMC apoptosis in inhibition of Akt signaling. VSMC were cultured in complete
medium with 10% fetal bovine serum, with or without neutralizing anti-FasL antibody (0.5 �g/ml), 72 h after transduction with the indicated
adenoviral constructs (MOI � 100). Cells were fixed with 90% ethanol and stained with propidium iodide, and the DNA content was analyzed by
flow cytometry. Representative data are shown on the left. The graph on the right shows values of means � SEM from four experiments.
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is not phosphorylatable because three phosphorylation sites, Thr32, Ser253, and
Ser315, were replaced by alanine residues (4). Shuttle vector containing the
FKHRL1 cDNA was linearized and cotransformed into Escherichia coli with the
adenoviral backbone plasmid pAdEasy-1. The resultant recombinant adenoviral
DNA with FKHRL1 cDNA was transfected into packaging cell line 293 cells to
produce the recombinant adenoviral vectors. For experiments with these re-
agents, control cultures were infected with an adenoviral vector expressing only
the GFP transgene (Adeno-GFP) prepared by the same system (29). All viral
constructs were purified by CsCl ultracentrifugation. VSMC were infected for
24 h with adenoviral constructs at a multiplicity of infection (MOI) of 50 or 100,
achieving greater than 90% transduction efficiency (data not shown).

Protein detection by flow cytometry. After various treatments, cells were
washed by rinsing with phosphate-buffered saline (PBS) and adherent cells were

harvested with PBS containing 0.5% EDTA. VSMC were incubated with PBS
containing 5% fetal calf serum and 10 �g of hamster antibody against FasL (4H9;
MBL, Nagoya, Japan) per ml or 10 �g of hamster immunoglobulin G (IgG) per
ml for 1 h at 4°C. After three washes in PBS, cells were incubated with 10 �g of
fluorescein isothiocyanate (FITC)-conjugated goat anti-hamster IgG (Kirkeg-
aard & Perry Laboratories, Inc., Gaithersburg, Md.) per ml for 30 min at 4°C. To
analyze cell surface expression of Fas, detached cells were incubated with 10 �g
of mouse antibody against Fas (UB2, MBL) per ml or 10 �g of mouse IgG per
ml for 1 h at 4°C. After three washes in PBS, cells were incubated with 10 �g of
FITC-conjugated rat anti-mouse IgG (Pharmingen, San Diego, Calif.) per ml for
30 min at 4°C. Immunofluorescence staining on the cell surface was analyzed by
a method using a flow cytometer (FACS; Becton Dickinson) on the FL-1 chan-
nel.

DNA analysis by flow cytometry. Apoptosis was monitored by measuring
hypodiploid DNA content. After various treatments, attached and floating
VSMC were harvested and fixed in cold 90% ethanol for 20 min and then
resuspended in staining buffer consisting of 1 mg of RNase A per ml, 20 �g of
propidium iodide per ml, and 0.01% NP-40. DNA content was analyzed by flow
cytometry on the FL-2 channel and gating was set to exclude debris and cellular
aggregates. Ten thousand events were counted for each analysis.

RT-PCR analysis. Reverse transcriptase PCR (RT-PCR) assays were used to
assess FasL expression in human umbilical vein endothelial cells, human VSMC,
and activated and nonactivated Jurkat cells. Total RNA was isolated from human
umbilical vein endothelial cells, human VSMC, and activated and nonactivated
Jurkat cells and was reverse transcribed to cDNA and amplified by PCR accord-
ing to the directions of the manufacturer (TaKaRa, Shiga, Japan), generating a
534-bp fragment of FasL (forward primer, 5�-GTTCTGGTTGCCTTGGTAGG-
3�; reverse primer, 5�-GACCAGAGAGAGCTCAGATACG-3�) or a fragment
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) that is 983 bp (forward
primer, 5�-TGAAGGTCGGAGTCAACGGATTTGGT-3�; reverse primer, 5�-C
ATGTGGGCCATGAGGTCCACCAC-3�; Clontech). The following conditions

FIG. 4. Suppression of Akt signaling activates JNK and induces
FasL through a c-Jun-dependent mechanism. (A) Human VSMC cul-
tures were infected with adenovirus vector expressing dnAkt at an
MOI of 100, and cell lysates were prepared at the indicated times. JNK
activity was measured by immunocomplex kinase assay using a c-Jun
fusion protein bound to beads as a substrate. JNK1 was determined by
immunoblotting with specific antibody against JNK1. (B) Human
VSMC cultures were infected with adenovirus vector expressing dnAkt
or �-Gal at the indicated MOI, and cell lysates were prepared after
24 h. JNK activity was measured by immunocomplex kinase assay. (C)
Induction of FasL by Akt suppression is dependent on c-Jun. Human
VSMC were mock infected or infected with adenoviral vectors express-
ing dnAkt and/or TAM67, a dominant-negative mutant of c-Jun. Con-
trol cells were infected with an adenoviral vector encoding �-Gal. All
vectors were exposed to cells for 24 h and were used at an MOI of 100.
At 48 h postinfection, cells were detached from the culture plate with
0.5% EDTA, incubated with anti-human FasL antibody (4H9), and
stained with FITC-conjugated anti-hamster antibody (closed curve).
FasL expression was analyzed by flow cytometry. Hamster IgG was
used as negative control (open curve). Representative data from two
replicate experiments are shown in each panel.

TABLE 1. Fas-mediated apoptosis contributes to VSMC death
under conditions of PI 3-kinase inhibitiona

Treatment (concn) Hypodiploid DNA (%)

None ................................................................................... 0.3 � 0.3
Wortmannin (100 nM) ..................................................... 2.8 � 0.1
Wortmannin plus anti-FasL antibody.............................0.6 � 0.1b

Wortmannin (200 nM) ..................................................... 7.6 � 0.7
Wortmannin plus anti-FasL antibody (200 nM)...........2.7 � 0.4b

a Human VSMC were incubated in complete medium in the presence or
absence of the indicated concentration of wortmannin for 72 h. Some cultures
were also incubated with neutralizing anti-FasL antibody over this time course.
Hypodiploid DNA was assessed by flow cytometry. Shown are the values of the
means � SEM from four experiments.

b P � 0.05 relative to parallel cultures containing the same level of wortmannin
but no antibody.
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were used: 1 cycle at 94°C for 5 min and then 35 cycles at 95°C for 40 s, 58°C for
1 min, and 72°C for 1.5 min. The PCR products were electrophoresed in a 2%
agarose gel. FasL plasmid was used as a positive control.

Coculture cytotoxicity assay. Jurkat cells were labeled with 51Cr by incubation
for 4 h in medium containing 20 �Ci of 51Cr sodium (45). After washing in fresh
medium twice, labeled Jurkat cells were cocultured with effector cells (VSMC) at
various ratios for 24 h. 51Cr content of the supernatant fraction in counts per
minute (cpm) was determined using a gamma counter. Percent specific release
was calculated according to the formula 100 	 [(experimental cpm)
(sponta-
neous cpm)]/[(maximum cpm)
(spontaneous cpm)], where spontaneous cpm is
the cpm obtained in the absence of effector cells and maximum cpm is the cpm
released when cells are incubated with 1 N HCl.

Immunoblot analysis of c-Jun N-terminal kinase (JNK). Cells were washed by
rinsing twice with PBS and harvested by scraping. Cell lysates were prepared in
50 mM Tris-HCl (pH 8.0)–20 mM EDTA–1% sodium dodecyl sulfate (SDS)–100
mM NaCl. Protein concentration was determined with a protein assay kit (Bio-
Rad). Protein (20 �g) was separated in SDS-polyacrylamide electrophoresis gels
and transferred to a polyvinylidene difluoride membrane (Millipore). The mem-
brane was blocked with T-PBS (1	 PBS, 0.3% Tween 20) containing 3% dry milk
and incubated with primary antibody (anti-JNK1 antibody [Santa Cruz]) over-
night at 4°C. After three washes with T-PBS, the membrane was reblocked and
incubated with secondary antibody (anti-rabbit IgG horseradish peroxidase con-
jugate [Promega]) for 1 h. ECL (Amersham) was used for detection.

JNK activity assay. JNK assays were performed using a SAPK/JNK assay kit
(New England Biolabs). Cells were washed twice with PBS and lysed in a solution
containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton, 2.5 mM sodium pyrophosphate, 1 mM �-glycerolphosphate, 1 mM
Na3VO4, 1 �g of leupeptin per ml, and 1 mM phenylmethylsulfonyl fluoride.
Lysates were incubated with beads bound to c-Jun fusion protein overnight at
4°C and then washed twice with lysis buffer and once with kinase reaction buffer
(25 mM Tris [pH 7.5], 5 mM �-glycerolphosphate, 2 mM dithiothreitol, 2 mM
Na3VO4, 10 mM MgCl2). Beads were resuspended with 50 �l of kinase reaction
buffer and incubated with 100 �M ATP for 30 min at 37°C. The reaction was
terminated by adding 25 �l of 6% SDS. JNK activity was assessed by Western
immunoblotting using anti-phospho-c-Jun antibody.

Analysis of caspase 3 and MEKK1. Cell lysates (300 �g) were prepared using
an immunoprecipitation kit (Boehringer Mannheim) according to the directions
of the manufacturer and were precleaned with protein G-agarose for 3 h at 4°C
and immunoprecipitated overnight with anti-caspase 3 antibody (Pharmingen) or
anti-MEKK1 antibody (Pharmingen) at 4°C. Immunoprecipitated protein was
separated by electrophoresis on 15% (for caspase 3) or 7% (for MEKK1)
polyacrylamide gels and analyzed by Western blotting using anti-caspase 3 or
anti-MEKK1 antibody.

Caspase 3 activity. Caspase 3 activity was measured using the caspase 3
colorimetric assay kit according to the directions of the manufacturer (R&D
Systems). Cell lysates (from 106 cells) were incubated with 5 mM dithiothreitol
and the caspase 3 colorimetric substrate that is conjugated to color reporter
molecule p-nitroanilide (DEVD-pNA) in reaction buffer for 2 h at 37°C. Cleav-
age of substrate was quantified using a microplate reader to determine absor-
bance at 405 nm.

RESULTS

Disruption of Akt signaling induces FasL expression in
VSMC. Cell surface FasL expression on human VSMC was
analyzed by flow cytometry (Fig. 1A). Consistent with previ-
ously reported data (57), FasL was undetectable on the cell
surface of control VSMC. However, cell surface FasL expres-
sion was readily detected when cells were incubated under
conditions of serum deprivation for 48 h or when cells were
treated with the PI 3-kinase inhibitor wortmannin (200 nM) for
48 h in the presence of medium containing 10% fetal bovine
serum. Incubation with a replication-defective adenoviral con-
struct expressing an inactive form of Akt (dnAkt), which func-
tions in a dominant-negative manner in VSMC (68) and other
cell types (19–22, 49), also upregulated cell surface FasL ex-
pression on human VSMC. Under these conditions, the inten-
sity of the FasL signal was enhanced by coincubation with 10
nM KB8301 (data not shown), a metalloproteinase inhibitor

which inhibits shedding of membrane-bound FasL (46, 66).
Furthermore, cell surface FasL expression induced by serum
deprivation or treatment with wortmannin was abolished when
cells were preinfected with replication-defective adenoviral
vector expressing constitutively active Akt (myrAkt) at an MOI
of 100.

To examine FasL regulation in greater detail, RT-PCR anal-
ysis was performed to assay for FasL transcripts in VSMC.
Consistent with previously reported data (57), FasL mRNA
was detected in untreated VSMC. The level of this transcript
increased under conditions of serum deprivation or wortman-
nin treatment (Fig. 1B). Likewise, transduction of dnAkt up-
regulated FasL transcripts (Fig. 1C). Collectively, these data
show that PI 3-kinase/Akt signaling is both essential and suf-
ficient to suppress FasL expression by VSMC. In contrast,
modulation of Akt signaling did not affect cell surface expres-
sion of the receptor molecule Fas on VSMC, nor did it affect
the constitutive FasL expression on human endothelial cells
(data not shown).

Cytotoxic activity of FasL on VSMC toward cocultured Ju-
rkat cells. To further document the induction of FasL expres-
sion on the VSMC cell surface following inhibition of Akt
signaling, treated cultures were cocultured with Jurkat cells

FIG. 5. Effect of caspase inhibitors on JNK activation and MEKK1
cleavage under conditions of suppressed Akt signaling. (A) Effect of
caspase inhibitors on JNK activation. VSMC were infected with an
adenovirus vector expressing dnAkt (MOI � 100) in the presence or
absence of the caspase inhibitors Z-VAD-FMK (20 �M) or Z-DEVD-
FMK (20 �M). After 24 h, JNK activity was measured by an immu-
nocomplex kinase assay using c-Jun fusion protein bound to beads as
a substrate. JNK1 was determined by immunoblotting with specific
antibody against JNK1. (B) Suppression of Akt signaling leads to
MEKK1 cleavage. Human VSMC were infected with adenovirus vec-
tor expressing dnAkt or �-Gal at an MOI of 50 or 100 for 15 h with or
without Z-DEVD-FMK (20 �M). Control cultures were incubated
with no virus or V-DEVD-FMK. Anoikis was induced by placing
cultures in suspension for 15 h. Cell lysates underwent immunoblot
(IB) analysis with anti-MEKK1 antibody performed on anti-MEKK1-
immunoprecipitated (IP) material. Representative data from two rep-
licate experiments are shown in each panel.
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that had been prelabeled with 51Cr. Jurkat cells express abun-
dant Fas on their cell surface, and exposure to FasL-expressing
cells will result in cell lysis and 51Cr release (47). After 24 h of
coculture, VSMC preinfected with an adenoviral vector ex-
pressing dnAkt at an MOI of 100 for 24 h induced significant
death of Jurkat cells in a manner dependent upon the effector
cell/target cell ratio (Fig. 2). In contrast, mock-infected VSMC
or VSMC infected with the control vector expressing �-galac-
tosidase (�-Gal) (MOI � 100, 24 h) did not exhibit toxicity
toward Jurkat cells. Similarly, VSMC preinfected with vector
expressing myrAkt did not lead to Jurkat cell lysis (data not
shown). To demonstrate that the cytotoxicity of dnAkt-trans-
duced VSMC toward Jurkat cells is mediated by the Fas-FasL
interaction, VSMC cultures treated in this manner were incu-
bated with a neutralizing anti-FasL antibody for 30 min prior
to the coculture assay. Treatment with this antibody signifi-
cantly suppressed the cytotoxicity of dnAkt-transduced VSMC
toward Jurkat cells (Fig. 2).

Suppression of Akt signaling promotes Fas-mediated frat-
ricide in VSMC. To examine the functional significance of
FasL induction with regard to VSMC viability, cell death was
quantified in the VSMC cultures by analyzing DNA fragmen-
tation, an indicator of apoptosis. DNA fragmentation was as-

sessed by quantifying hypodiploid DNA content by flow cytom-
etry using propidium iodide staining. As shown in Fig. 3,
infection of human VSMC with the adenoviral vector express-
ing dnAkt (MOI of 100, 96 h) led to marked cell death in
complete medium, whereas little or no cell death was observed
in mock-, �-Gal-, or myrAkt-transduced cultures. The inclu-
sion of neutralizing anti-FasL antibody in the dnAkt-trans-
duced cultures significantly inhibited DNA fragmentation.

Treatment of human VSMC with the PI 3-kinase inhibitor
wortmannin also led to significant production of hypodiploid
DNA (Table 1). Under these conditions, coincubation with 0.5
�g of neutralizing anti-FasL antibody per ml significantly re-
duced the extent of hypodiploid DNA induced by 100 or 200
nM wortmannin at the 72-h time point. Collectively, these data
show that Fas-mediated apoptosis contributes to VSMC death
under conditions where PI 3-kinase or Akt signaling is inhib-
ited.

Suppression of Akt signaling promotes c-Jun-dependent
FasL induction. Previous studies have reported that JNK sig-
naling can be an important regulator of Fas-mediated apopto-
sis (35, 38, 70). Thus, to examine the consequence of Akt
signaling on the modulation of JNK activity in VSMC, an
immunocomplex kinase assay was performed on JNK1 protein

FIG. 6. Caspase 3 is cleaved and activated when Akt signaling is suppressed. (A) Human VSMC were infected with adenovirus vector
expressing dominant-negative Akt (dnAkt) (MOI � 100) after preinfection with adenovirus vectors expressing �-Gal or dominant-negative caspase
9 (dnCasp-9) at an MOI of 100. Control (mock infected) and Adeno-�Gal-infected cultures were incubated in parallel with the Adeno-dnAkt-
infected cultures. Cell lysates were prepared 24 h after the second infection. Immunoblot (IB) analysis with anti-caspase 3 antibody was performed
on anti-caspase 3-immunoprecipitated (IP) material. (B) VSMC were preinfected with an adenoviral vector expressing CrmA 12 h prior to
infection with Adeno-dnAkt. Cell lysates were prepared 24 or 48 h after infection with Adeno-dnAkt. (C) VSMC were infected with adenovirus
vector expressing dnAkt or �-Gal (MOI of 50 or 100) in the presence or absence of Z-DEVD (20 �M). Control cultures were incubated in parallel
but did not receive treatment with adenovirus or Z-DEVD. Anoikis was used as a positive control in which cells were placed in suspension cultures
for 15 h. Cell lysates were extracted 15 h after infection, and immunoblot analysis with anti-caspase 3 antibody was performed on anti-caspase
3-immunoprecipitated material. (D) Caspase activity was determined using a caspase 3 colorimetric assay which involved the incubation of cell
lysates with caspase 3-specific peptide and quantitation with a scanning multiwell spectrophotometer. Values are presented as means � SEM (n �
4).
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FIG. 7. Caspase inhibition reduces FasL expression under conditions of suppressed Akt signaling. (A) Human VSMC were preinfected with
Adeno-�Gal or Adeno-dnCasp-9 (MOI � 100) 12 h prior to infection with Adeno-dnAkt (MOI � 100). Cells were harvested 24 h after infection
with Adeno-dnAkt. (B) VSMC were preinfected with Adeno-CrmA (MOI � 100) 12 h prior to infection with Adeno-dnAkt (MOI � 100). Cells
were harvested 48 h after infection with Adeno-dnAkt. (C) VSMC were infected with an adenovirus vector expressing dnAkt (MOI � 100) in the
presence or absence of the caspase inhibitors Z-VAD-FMK (20 �M) or Z-DEVD-FMK (20 �M). Cells were harvested after 48 h. Representative
data from two replicate experiments are shown. Cells were detached from the culture plate with 0.5% EDTA and assayed for cell surface FasL
expression by flow cytometry. Cells were incubated with anti-human FasL antibody (4H9) and then stained with FITC-conjugated anti-hamster
antibody (solid curve). Hamster IgG was used as a negative control (open curve).
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by Western blotting. As shown in Fig. 4A, infection with an
adenoviral vector expressing dnAkt (MOI � 100) led to a
time-dependent increase in JNK activation. Maximum activa-
tion of JNK occurred at approximately 24 h after infection,
with little or no increase in the level of JNK protein. JNK1
activation was also dependent on the dose of the dnAkt-ex-
pressing viral vector, and infection with a control vector ex-
pressing �-Gal had no effect (Fig. 4B).

To examine the functional significance of JNK activation on
FasL induction under these conditions, VSMC cultures were
transduced with an adenoviral vector expressing a dominant-
negative c-Jun mutant (Adeno-TAM67). Preinfection with Ad-
eno-TAM67 largely reversed the induction of FasL expression
on VSMC caused by infection with the viral construct express-
ing dnAkt (Fig. 4C). Collectively, these data are consistent with
the hypothesis that JNK activation is an essential step in the
induction of FasL following suppression of Akt signaling.

Caspase activation was examined as a potential mechanism
involved in JNK induction because previous studies have
shown that caspase-dependent cleavage of MEKK1 will acti-
vate the JNK pathway in MDCK and embryonic stem cells (6,
74). Therefore, VSMC were infected with the adenoviral vec-
tor expressing dnAkt (MOI of 100 for 48 h) in the presence or
absence of Z-VAD-FMK (20 �M), a broad-spectrum caspase
inhibitor, or Z-DEVD-FMK (20 �M), which has specificity for
caspase 3. Treatment with either Z-VAD-FMK or Z-DEVD-
FMK abolished the induction of JNK activity caused by the
suppression of Akt signaling (Fig. 5A).

MEKK1 is an endogenous substrate of DEVD-directed
caspases that has been implicated in the regulation of JNK (6,
25, 73, 74). Therefore, we examined whether inhibition of Akt
signaling would lead to cleavage of MEKK1. Transduction of
VSMC with dnAkt led to a dose-dependent induction of the
91-kDa MEKK1 cleavage product (Fig. 5B). This process was
blocked when VSMC cultures were incubated with Z-DEVD-
FMK. Little or no MEKK1 cleavage was detected in the con-
trol cultures. VSMC undergoing anoikis contained this frag-
ment, consistent with observations made in MDCK cells that
have lost matrix attachment (6). Collectively, these data show
that, under conditions of suppressed Akt signaling, caspase
activation and cleavage of MEKK1 coincide with enhanced
JNK signaling and FasL expression.

Suppression of Akt signaling promotes caspase-dependent
FasL induction. To further investigate the role of caspases in
the Akt-JNK-FasL pathway, we tested whether suppression of
Akt signaling will induce caspase 3 cleavage and activation.
Immunoblot analysis of human VSMC transduced with dnAkt
revealed cleavage of caspase 3 by 24 h while no caspase 3
cleavage was observed in mock- or �-Gal-transduced cultures
(Fig. 6A). Caspase 9, which is activated upon mitochondrial
dysfunction, can act to cleave caspase 3. To examine the role of
caspase 9 in this process, VSMC were infected with combina-
tions of adenoviral vectors expressing dominant-negative Akt
and dominant-negative caspase 9 (Fig. 6B). Preinfection with
Adeno-dnCasp-9 inhibited caspase 3 cleavage caused by infec-
tion with Adeno-dnAkt for 24 h. Adenoviral transduction of
CrmA, a caspase 8 inhibitor, also inhibited caspase 3 cleavage.
However, this protection was most notable 48 h after infection
with Adeno-dnAkt (Fig. 6B). Finally, treatment with the gen-
eral caspase inhibitor Z-DEVD-FMK inhibited caspase 3

cleavage in cultures transduced with dnAkt, and a similar
cleavage pattern was observed when cells were placed in sus-
pension culture to induce anoikis (Fig. 6C). These last results
were corroborated by examining caspase 3 activity with a col-
orimetric assay. As shown in Fig. 6D, infection with adenovirus
encoding dnAkt led to a dose-dependent increase of caspase 3

FIG. 8. Induction of FasL by FKHRL1 is dependent on caspase
activity and c-Jun. Human VSMC were infected with adenoviral vec-
tors expressing GFP (control) or FKHRL1 or a combination of vectors
expressing FKHRL1 and TAM67 or dominant-negative caspase 9 at an
MOI of 100 each. Adeno-dnCasp-9 and Adeno-TAM67 were added to
cells 12 h before the addition of Adeno-FKHRL1. Other cultures were
incubated with Adeno-FKHRL1 and Z-DEVD (20 �M) simulta-
neously. After 24 h of infection with Adeno-FKHRL1, the medium was
changed to fresh medium in the presence or absence of Z-DEVD.
Cells were detached from the culture plate with 0.5% EDTA 24 h
following the medium change. Cell surface FasL expression was as-
sessed by flow cytometry using anti-human FasL antibody (4H9) and
FITC-conjugated anti-hamster antibody (solid curve). Hamster IgG
was used as a negative control (open curve).

TABLE 2. FKHRL1-induced VSMC apoptosis is dependent upon
caspase 9 and c-Jun activationa

Treatment Hypodiploid DNA (%)

Adeno-GFP........................................................................ 3.8 � 0.4
Adeno-FKHRL1 ...............................................................14.7 � 0.6
Adeno-FKHRL1 plus Adeno-dnCasp-9......................... 7.7 � 0.4b

Adeno-FKHRL1 plus Adeno-TAM67 ........................... 8.6 � 0.7b

a Human VSMC were infected with the indicated adenoviral constructs at an
MOI of 100 for 24 h, and hypodiploid DNA was assessed by flow cytometry 48 h
following transfection. Control cultures were treated with Adeno-GFP. Values
are reported as means � SEM from four experiments, and the level of hypo-
diploid DNA from the nontransduced cultures was excluded from each value.

b P � 0.05 relative to parallel cultures transduced with Adeno-FKHRL1 alone.
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activity, and activation was blocked when cultures were incu-
bated with Z-DEVD-FMK. Also consistent with the caspase 3
cleavage data (Fig. 6C), caspase 3 activity was low in mock- and
�-Gal-transduced cultures and high in cultures undergoing
anoikis (Fig. 6D).

Fluorescence-activated cell sorter analysis was performed to
examine the role of caspase activation in cell surface FasL
expression (Fig. 7). Transduction of dominant-negative
caspase 9 inhibited FasL expression under conditions of sup-
pressed Akt signaling (Fig. 7A). Similarly, preinfection with
Adeno-CrmA inhibited cell surface FasL expression (Fig. 7B).
Like the time course of caspase 3 cleavage, the effect of CrmA
on FasL expression was detectable at 48 but not 24 h after
infection with Adeno-dnAkt (data not shown). Finally, the
general caspase inhibitors Z-DEVD-FMK and Z-VAD-FMK
effectively blocked FasL expression under conditions of sup-
pressed Akt signaling (Fig. 7C). Taken together, there was a
good correlation between the reduction in FasL expression and
inhibition of caspase 3 activation under conditions of sup-
pressed Akt signaling.

FKHRL1 promotes caspase- and Jun-dependent FasL in-
duction. It has been shown that Akt phosphorylates and inhib-
its the nuclear translocation of the FKHRL1 transcription fac-

tor (4). Furthermore, it was reported that FKHRL1 transactivates
the FasL promoter and promotes apoptosis via a FasL-depen-
dent mechanism. Thus, to examine the role of FKHRL1 in
VSMC, we constructed an adenoviral vector expressing a non-
phosphorylatable form of FKHRL1 (Adeno-FKHRL1). Ad-
eno-FKHRL1 induced FasL cell surface expression (Fig. 8)
and promoted DNA fragmentation (Table 2). Coinfection of
Adeno-FKHRL1 with Adeno-dnCasp-9 or Adeno-TAM67 or
incubation of FKHRL1-transduced cells with Z-DEVD-FMK
reduced cell surface FasL expression (Fig. 8), implicating
caspase 9 activation and c-Jun-dependent transcription in this
process. Similarly, coinfection with Adeno-dnCasp-9 or Ad-
eno-TAM67 reduced FKHRL1-dependent apoptosis (Table
2), indicating the functional significance of caspase 9 and c-Jun
in cell survival under these conditions.

DISCUSSION

This study examined the role of PI 3-kinase/Akt signaling in
the regulation of FasL expression and cellular survival in
VSMC. It is shown that serum deprivation, incubation with PI
3-kinase inhibitor wortmannin, or transduction of an inactivat-
ing Akt mutant will lead to increases in FasL mRNA and cell

FIG. 9. Model of FasL regulation by Akt signaling. Suppression of Akt signaling leads caspase-dependent cleavage of MEKK1, which promotes
JNK activation and FasL expression. Like JNK activation, Fas-mediated apoptosis will serve to further escalate caspase activity, establishing a
positive-feedback loop that facilitates destruction of the cell. In this study, caspase 9, caspase 8, and c-Jun transcription were inhibited by adenoviral
transduction of dominant-negative caspase 9, CrmA, or TAM67, respectively. The mechanisms of caspase activation following the suppression of
Akt signaling (or activation of FKHRL1) were not addressed in this study and these relationships are indicated by the dashed lines. An alternative
mechanism not shown in this model is the direct transcriptional activation of FasL by FKHRL1 (4).
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surface expression of the FasL protein. VSMC express Fas and
are susceptible to Fas-mediated apoptosis both in vitro and in
vivo (1, 24, 46, 56). Thus, the coexpression of Fas and FasL on
the VSMC surface would be expected to contribute to toxicity
under conditions of diminished Akt signaling. Indeed, it was
found that incubation with neutralizing anti-FasL antibody
partially blocked apoptosis induced by the PI 3-kinase inhibitor
wortmannin or transduction of a dominant-negative Akt mu-
tant, demonstrating the functional significance of FasL expres-
sion under these conditions. Consistent with these data, VSMC
exhibited a cytotoxic activity toward cocultured Jurkat cells
following suppression of Akt signaling, a process that could
also be inhibited by neutralizing anti-FasL antibodies.

Jun is reported to positively regulate transcription of the
FasL gene (17). Therefore, experiments were conducted to
examine the role of JNK signaling in the Akt-mediated sup-
pression of FasL expression. Inhibition of Akt signaling led to
the induction of JNK activity in VSMC. The functional signif-
icance of this increase in JNK activity was demonstrated by the
ability of a dominant-negative c-Jun construct to eliminate
FasL expression under conditions of suppressed Akt signaling.
Caspase activation was also found to be essential for JNK
activation and FasL expression. Furthermore, caspase-depen-
dent cleavage of MEKK1 occurred when Akt signaling was
suppressed. It is well established that caspase-dependent
MEKK1 cleavage results in JNK activation and apoptosis (6,
25, 73, 74). Therefore, we propose that Akt signaling serves to
inhibit JNK activation and FasL expression by suppressing
caspase activation and MEKK1 cleavage (Fig. 9). Reports that
Akt phosphorylates and inactivates Bad (11) and procaspase 9
(5) are consistent with this hypothesis. Akt also phosphorylates
and inactivates the forkhead transcription factor FKHRL1,
and this factor transactivates the FasL promoter (4). There-
fore, modulation of FKHRL1 activity represents an alternative
mechanism of Akt-mediated FasL regulation. To explore the
role of FKHRL1 in controlling VSMC viability, an adenoviral
vector expressing a nonphosphorylatable form of FKHRL1
was constructed. This vector induced cell surface FasL expres-
sion and apoptosis in VSMC. Moreover, transduction of dom-
inant-negative caspase 9 or dominant-negative c-Jun apprecia-
bly suppressed FKHRL1-induced FasL expression and apoptosis.
Although these data do not rule out a direct link between
FKHRL1 and FasL gene transcription (4), they suggest that
activation of caspases and c-Jun can be a significant modulator
of FasL expression downstream of FKHRL1 (Fig. 9) and that
Akt- and FKHRL1-mediated control of Fas-mediated apopto-
sis is more complex than was previously appreciated. In this
regard, induction of the pro-apoptotic Bcl-2 family member
Bim by FKHRL1 (14) may be significant in the induction of
FasL through a caspase-dependent mechanism.

It is well established that anoikis, genotoxic agents, and
other stresses promote a cytotoxic feedback loop involving
caspase-mediated cleavage of MEKK1 and JNK signaling (6,
25, 73, 74). It is also reported that Fas activation can promote
MEKK1 cleavage through caspase 8-mediated activation of the
caspase cascade (12). The data from the present study suggest
that Akt signaling can control MEKK1 cleavage and JNK-
mediated activation of FasL expression (Fig. 9). Therefore, it
follows that FasL may also participate in a positive-feedback
loop that increases caspase activation following mitogen depri-

vation or other stresses that promote apoptosis via the inhibi-
tion of Akt signaling. The finding that cell surface FasL ex-
pression is involved in this process suggests that the induction
of apoptosis via the caspase-MEKK1-JNK mechanism can lead
to Fas-mediated destruction of neighboring cells, potentially
facilitating tissue destruction. For example, this mechanism
may be responsible for FasL induction and Fas-mediated cell
death in an isolated heart following ischemia-reperfusion in-
jury (33). Furthermore, focal tissue destruction through this
type of mechanism may be an important component of the host
response to pathogens (26).

The Akt-caspase-JNK regulatory axis reported here may
also provide a mechanistic rationale to explain stress-induced
FasL expression that has been reported in diverse cell types.
For example, FasL is reported to be induced by serum depri-
vation in PC12 cells (42), c-Myc transformation in fibroblasts
(30), oxidized lipids in endothelial cells (58), and chemother-
apeutic drugs in hepatoma and leukemia cells (18, 31). Since
all of these stresses promote apoptosis, it is conceivable that
FasL expression is triggered downstream of caspase and JNK
activation. Furthermore, this regulatory pathway may partly
explain why inactivating mutations in the PTEN tumor sup-
pressor gene, a negative regulator of Akt signaling, leads to
impaired Fas-mediated apoptosis (13).

Apoptosis of VSMC is commonly found in the inflammatory
fibroproliferative disorders of the vessel wall (71). Previous
studies have identified some essential regulators of VSMC
viability, including Bcl-XL (54) and Bcl-2 (53), but the signaling
cascades involved in this process have not been examined in
detail. The data presented here suggest that caspase-mediated
cross talk between Akt and JNK is an important determinant
of FasL expression and Fas-mediated cell death under condi-
tions of cellular stress, providing a molecular framework for
further analyses on the role of this signaling pathway in the
control of VSMC apoptosis.
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26. Grassmé, H., S. Kirschnek, J. Riethmueller, A. Riehle, G. von Kürthy, F.
Lang, M. Weller, and E. Gulbins. 2000. CD95/CD95 ligand interactions on
epithelial cells in host defense to Pseudomonas aeruginosa. Science 290:527–
530.

27. Griffith, T. S., T. Brunner, S. M. Fletcher, D. R. Green, and T. A. Ferguson.
1995. Fas ligand-induced apoptosis as a mechanism of immune privilege.
Science 270:1189–1192.
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