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Cross-linking of Fas (CD95) induces apoptosis, a response that has been reported to depend upon the Ras
activation pathway. Since many examples of apoptosis have been reported to involve AP-1 and/or the AP-1-
activating enzyme Jun kinase (JNK), downstream effectors of Ras or Ras-like small GTP-binding proteins, we
evaluated the role of these molecules in Fas-mediated apoptosis. Although cross-linking of Fas on Jurkat T
cells did result in JNK activation, increased activity was observed relatively late, being detectable only after 60
min of stimulation. Expression of a dominant negative form of SEK1 that blocked Fas-mediated induction of
JNK activity had no effect on Fas-mediated apoptosis. Furthermore, maximally effective concentrations of
anti-Fas did not cause JNK activation if apoptosis was blocked by a cysteine protease inhibitor, suggesting that
under these conditions, activation of JNK may be secondary to the stress of apoptosis rather than a direct
result of Fas engagement. Despite the activation of JNK, there was no induction of AP-1 activity as determined
by gel shift assay or induction of an AP-1-responsive reporter. The lack of a requirement for AP-1 induction
in Fas-mediated death was further substantiated with Jurkat cells that were stably transfected with a dominant
negative cJun, TAM-67. While TAM-67 effectively prevented AP-1-dependent transcription of both the inter-
leukin-2 and cJun genes, it had no effect on Fas-induced cell death, even at limiting levels of Fas signaling.
Thus, induction of JNK activity in Jurkat cells by ligation of Fas at levels sufficient to cause cell death is likely
a result, rather than a cause, of the apoptotic response, and AP-1 function is not required for Fas-induced
apoptosis.

Fas is a widely expressed transmembrane molecule whose
cross-linking by a ligand or antibody results in apoptotic cell
death (50). There is great interest in the mechanism by which
Fas signals cells to die, and a growing number of Fas-associ-
ated molecules and signaling pathways are being described.
Two molecules that bind to an essential intracellular domain of
Fas, the so-called death domain, have been identified by the
yeast two-hybrid technique: MORT1/FADD (10, 14) and RIP
(66). Coprecipitation studies have revealed that serine-phos-
phorylated MORT1/FADD (CAP1 and CAP2) and two other
molecules (CAP3 and CAP4) rapidly associate with antibody-
cross-linked Fas, forming a death-inducing signaling complex
(34). The latter two molecules have recently been shown to
represent an interleukin-1b-converting enzyme (ICE)-like pro-
tease (FLICE or MACH) that binds to the death effector
domain of MORT1/FADD (9, 49). Although these proteins
can induce apoptosis when expressed in transfected cell lines,
how they signal for apoptosis is unknown. In addition, two
enzymes that associate with intracellular Fas have been
reported. FAST is a serine/threonine kinase that is dephos-
phorylated, and thereby activated, when Fas is cross-linked
(71). It, in turn, phosphorylates a nuclear transcription factor,
TIA-1, a nuclear RNA-binding protein that has been suggested
to participate in signaling for apoptosis (70). FAP-1 is a ty-
rosine phosphatase that binds to the C-terminal portion of Fas,
distal to the death domain (59). Transfection studies have
suggested that FAP-1 may inhibit rather than enhance Fas-
induced killing (59). Finally, sphingomyelinase-produced cer-
amides have been shown to be generated by a number of
stimuli that induce apoptosis, such as tumor necrosis factor
(TNF) (33) and UV

irradiation (25), and have recently been found to be elevated in
cells induced to die by cross-linking Fas (23, 69). Given that
cell-permeative ceramides can induce apoptosis of Jurkat cells,
it has been hypothesized that ceramides may actually be es-
sential effector molecules in signaling for Fas-induced death.
Recent reports have indicated that AP-1 may be required for

some forms of apoptosis. For example, cJun has been impli-
cated in nerve growth factor (NGF) withdrawal-induced apo-
ptosis of PC-12 pheochromocytoma cells (78). AP-1, and in
particular cJun, has also been reported to be required for
ceramide-induced apoptosis of HL-60 human promyelocytic
cells and U937 monoblastic leukemia cells (60, 75). AP-1 is a
transcription factor that binds DNA in a sequence-specific
manner (at a site called a TRE) and activates gene transcrip-
tion (3, 17, 58). All of the identified Jun family proteins (cJun,
JunB, and JunD) can homodimerize or form heterodimers
with Fos family members. Fos family proteins (cFos, FosB,
Fra-1, and Fra-2) cannot form intrafamily homodimers and
thus cannot bind a TRE in the absence of Jun. Dimerization of
Jun and Fos is mediated by leucine zippers, and binding of the
dimer to DNA is via a highly basic region in the complex (3).
Transactivation of gene transcription is dependent upon the
presence of clusters of negatively charged amino acids found in
the amino termini of Jun and Fos family members (1). As with
any potent transcriptional regulator, the activity of AP-1 is
tightly regulated, in this case at both the transcriptional and
posttranslational levels. In the latter case, dephosphorylation
of serine and threonine residues in the C terminus of Jun is
necessary for binding to DNA, while phosphorylation of
serine-63 and serine-73 promotes transactivation (8, 11, 48,
65). Phosphorylation of cJun is mediated by cJun NH2-termi-
nal protein kinases (JNKs), which are in turn induced as part
of the Ras activation pathway (26). JNKs, also known as stress-* Corresponding author.
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activated protein kinases, are members of the mitogen-acti-
vated protein kinase (MAPK) group (18, 63). These kinases
are activated in response to UV irradiation, NGF withdrawal,
and Ras activation. In addition to cJun, the ATF2 and Elk-1
transcription factors are substrates for JNK (24, 77). Given
that activation of Ras has been implicated as an essential step
in Fas-mediated apoptosis (23) and that JNK and AP-1 acti-
vation is downstream of Ras or other Ras-like small GTP-
binding proteins in the signaling cascade, we asked whether
JNK is activated during Fas signaling and, if so, whether AP-1
activity is induced and/or essential for Fas-mediated killing.
The results indicate that while cross-linking of Fas does indeed
activate JNK, at low levels this is a consequence of a stress
response induced in dying cells. At higher levels of cross-
linking, JNK appears to be activated as a consequence of Fas
signaling. However, AP-1 is neither activated by Fas nor re-
quired for Fas-induced apoptosis.

MATERIALS AND METHODS

Cell lines and reagents. Jurkat T leukemia cells were cultured in RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum, 4 mM glutamine, 100
U of penicillin per ml, 150 mg of gentamicin per ml, and 5 3 1025 M 2-mercap-
toethanol (complete medium). The construction of mammalian expression vec-
tors containing the human cJun transcriptional activation mutant (TAM-67) has
been described previously (1, 12). Briefly, TAM-67 expression is driven by the
mouse metallothionein I promoter in pMexMth, which also contains the bacte-
rial neomycin resistance gene. Jurkat cells were electroporated with either a
control vector (pMexMth without TAM-67) or the pMexMth-TAM-67 construct
and were selected with G418. After subcloning, Jurkat cells expressing high levels
of TAM-67 were chosen for further studies (J-TAM1 and J-TAM9). Phorbol
myristate acetate (PMA) and phenylmethylsulfonyl fluoride (PMSF) were pur-
chased from Sigma Chemical Co. (St. Louis, Mo.). Ionomycin was purchases
from Calbiochem (La Jolla, Calif.). AEBSF [4-(2-aminoethyl)-benzenesulfonyl
fluoride hydrochloride] was purchased from ICN Biochemicals (Aurora, Ohio).
The ICE inhibitor acetyl-Tyr-Val-Ala-Asp-CHO (YVAD) was purchased from
Bachem (King of Prussia, Pa.), and the ICE-like protease inhibitor Z-Val-Ala-
Asp(O-methyl)-fluoromethylketone (ZVAD) was purchased from Enzyme Sys-
tems Products (Dublin, Calif.). Fluorescein-conjugated annexin V was purchased
from R&D Systems (Minneapolis, Minn.). cJun/AP-1 (Ab-1) antibody reactive
against the DNA-binding domain for Western blotting was purchased from
Oncogene Science (Uniondale, N.Y.). Supershifting pan-Jun antibodies or anti-
bodies to JunB, JunD, and pan-Fos family members were kindly provided by
Rodrigo Bravo (Bristol-Myers Squibb, Princeton, N.J.). Anti-human Fas immu-
noglobulin M (IgM) antibody (CH-11) was purchased from Kamiya Biomedical
Company (Thousand Oaks, Calif.). Anti-JNK1 antibody (C-17) (Santa Cruz) was
made against amino acids 368 to 384 of human JNK1 and is reactive to JNK1 p46
and, to a lesser degree, JNK2 p54a and p54b. The glutathione S-transferase
(GST)–c-Jun(1-79) cDNA construct was kindly provided by Omar Coso and
Silvio Gutkind (15) (National Institute of Dental Research, National Institutes of
Health [NIH]). The luciferase reporter construct TRE-Luc contains four copies
of the consensus TRE site from the collagenase gene, and the NFAT-Luc
construct contains three copies of the NFAT-binding site from the murine
interleukin-2 (IL-2) gene (52). A TK-bgal reporter was kindly provided by Juan
Carlos Zuniga-Pflucker and Michael Lenardo (National Institute of Allergy and
Infectious Diseases, NIH). Jurkat cells were cotransfected with the TRE-lucif-
erase reporter and pSV-neo and selected in G418, to make the Jurkat-TRE-
luciferase stable clones. The probes used for Northern blotting for c-jun, junB,
and junD were kindly provided by Michael Birrer (National Cancer Institute,
NIH). [3H]thymidine (6.7 Ci/mmol), 125I-protein A (30 mCi/mg), [32P]dCTP
(3,000 Ci/mmol), and [32P]ATP (4,500 Ci/mmol) were purchased from ICN
(Costa Mesa, Calif.). Oligonucleotides used in these studies were purchased
from Stratagene (La Jolla, Calif.). The sequences of oligonucleotides used in
these studies are as follows: AP-1, 59 CTAGTGATGAGTCAGCCGGATC 39
and 39 GATCACTACTCAGTCGGCCTAG 59; and SP-1, 59 GATCGATCGG
GGCGGGGCGATC 39 and 39 CTAGCTAGCCCCGCCCCGCTAG 59. The
pEBG expression vector containing a cDNA insert encoding an enzymatically
inactive dominant negative form of SEK1 (pEBG-SEK1 K3R) (57) was the kind
gift of Silvio Gutkind. The pcI expression vector (Promega Corporation, Madi-
son, Wis.) containing a cDNA encoding the human IL-2Ra (Tac) (36) and the
anti-Tac antibody (73) were obtained from Warren Leonard (National Heart,
Lung, and Blood Institute, NIH).
Nuclear extraction protocol. Ten million J-neo, J-TAM1, or J-TAM9 cells

were stimulated with 10 ng of PMA per ml plus 0.5 mg of ionomycin per ml or
various concentrations of anti-human Fas antibody CH-11 for various times.
Nuclear protein extracts were prepared by the hypotonic lysis method of Gold-
stone and Lavin (22). Briefly, cells were harvested and washed twice in ice-cold

phosphate-buffered saline (PBS). The pellets were resuspended in 400 ml of
ice-cold lysis buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 1 mM EDTA, 1 mM
dithiothreitol [DTT], 1 mM PMSF, 1 mM AEBSF, 1 mg [each] of aprotinin and
leupeptin per ml) and left to swell for 5 min at 48C. The suspension was centri-
fuged for 10 s in a Microfuge. The nuclear pellet was resuspended in 50 ml of
storage buffer (10 mM HEPES [pH 7.9], 50 mM KCL, 300 mM NaCl, 1 mM
EDTA, 1 mM DTT, 20% glycerol, 1 mM PMSF, 1 mM AEBSF, 1 mg [each] of
aprotinin and leupeptin per ml) and incubated on ice for 30 min with periodic
mixing. The resulting solution was cleared by centrifugation for 5 min at 48C in
a microcentrifuge, and the supernatant was collected and stored at 2808C until
required. Nuclear protein concentrations were estimated by the Bradford assay
(Bio-Rad, Hercules, Calif.).
Immunoblotting. Nuclear extracts were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) (10.5% polyacrylamide) under
reducing conditions and transferred to Immobilon P (Millipore, Bedford, Mass.).
After blocking overnight at 48C with 5% bovine serum albumin (BSA)–Tris-
saline (pH 7.4), the membrane was immunoblotted with an anti-cJun antibody
from Oncogene Science diluted to 1.25 mg/ml in Tris-saline–0.5% BSA–0.05%
Tween 20–0.02% azide, for 2 h. The membranes were washed three times in
Tris-saline–0.5% BSA–0.5% Nonidet P-40, incubated for 1 h with 125I-protein A
diluted 1:2,000 in Tris-saline–0.5% BSA, washed several times, and exposed to
Kodak X-Omat film overnight.
Electrophoretic mobility shift assays (EMSAs). Two micrograms of nuclear

extracts from unstimulated or stimulated J-neo, J-TAM1, or J-TAM9 cells was
incubated with a 32P-labeled consensus TRE oligonucleotide for 30 min. Binding
reaction mixtures consisted of 10% glycerol, 10 mM HEPES, 5 mM Tris (pH 8),
4 mMMgCl2, 0.5 mM EDTA, 60 mMKCl, 0.5 mg of poly dI z dC, 100 mg of BSA
per ml, 2 mM DTT, 10 mg (each) of aprotinin and leupeptin per ml 0.5 mM
PMSF, and 45,000 cpm of the end-labeled oligomer probe. A 50-fold excess of
unlabeled oligonucleotide was added in the cold competition assays. The non-
specific oligonucleotide used in these studies contained the Sp-1 consensus
binding sequence. In supershift competition, the nuclear extracts were preincu-
bated in the presence in 1 to 2 ml of antiserum for 15 min before addition of the
labeled oligonucleotide. Following incubation, the complexes were separated by
nondenaturing 4% PAGE in chilled buffer. Gels were dried and exposed to
Kodak X-Omat film overnight.
Transient transfections and stimulation of luciferase reporter of endogenous

JNK activity. Transfections were performed by electroporation. Cells were
washed in RPMI 1640 and resuspended at 107 cells/ml in RPMI 1640 containing
20 mM HEPES and 2 mM glutamine. The cell suspension (0.2 ml) was mixed
with 10 mg of TRE-Luc or NFAT-Luc and 9.4 mg of TK-b-gal in electroporation
cuvettes (0.4-cm electrode gap) (Bio-Rad Laboratories, Richmond, Calif.). Elec-
troporation was performed at 960 mF and 0.25 V with a Bio-Rad gene pulser.
The cells were then transferred into complete medium and cultured in triplicate
under various conditions. After 9 h, the cells were harvested, washed in PBS,
pelleted, and lysed in 40 ml of lysis buffer containing 25 mM Tris-HCl (pH 7.8),
2 mM DTT, 10% glycerol, 1 mM EDTA, and 1% Triton X-100. Samples (20 ml)
were analyzed for luciferase activity according to the manufacturer’s instructions
(Promega). b-Galactosidase (b-gal) activity was quantified as described previ-
ously (31). Reporter activity was measured with a Monolight 2010 luminometer
(Analytical Luminescence Laboratory, San Diego, Calif.) and is expressed as
relative light units. For induction of luciferase activity in J-TRE-luciferase cells,
cells were incubated in duplicate or triplicate at a concentration of 106 cells/ml
in complete medium with or without various stimuli. After 2 h, the cells were
harvested and lysed, and protein was quantitated by the bicinchoninic acid
method (Pierce, Rockford, Ill.). Equal amounts of protein from each sample
were then assayed for luciferase activity. To determine the efficacy of transfected
dominant negative SEK1 in inhibiting JNK activity, 503 106 to 753 106 cells/ml
were electroporated as described above in the presence of 50 mg/ml of pcI Tac
per ml plus 50 mg of pEBG or 50 mg of pEBG-SEK1 (K3R) per ml. The
electroporated cells were transferred into complete medium with 20 mMHEPES
and incubated at 378C. After 14 h, the cells were harvested and washed with cold
RPMI 1640 once, and dead cells were removed with lymphocyte separation
medium (LSM Lymphocyte Separation Medium; Organon Teknika Corporation,
Durham, N.C.). Under these conditions, 30 to 50% of the cells in each group
were positive for surface IL-2Ra as measured by flow cytometry with the anti-
Tac monoclonal antibody (73). The cells were counted, and Dynabeads (Dyna-
beads M-450 goat anti-mouse IgG; Dynal, Lake Success, N.Y.) coated with
anti-Tac antibody were added to each sample at a ratio of four Dynabeads per
Tac1 cell. After 1 h of incubation at 48C with gentle rotation, the positive cells
were separated with a magnet and washed once with complete medium. Cells
that adhered to the beads (positively selected; 0.5 to 1.5% recovery) and those
that did not (negatively selected) were adjusted to 106 cells/ml and cultured in
medium alone or with 1 mg of CH-11 per ml. After 60 min at 378C, the tubes were
placed on ice and the cells were washed once with cold PBS, lysed, and normal-
ized for total protein by using the bicinchoninic acid protein assay. A JNK assay
was performed with 20 mg of protein from each sample.
IL-2 production.One million J-neo, J-TAM1, or J-TAM9 cells were incubated

in a volume of 1 ml of complete medium with or without various stimuli. After
20 h, supernatants were collected and assayed for IL-2 with the IL-2-dependent
CTLL cell line as an indicator (45). One unit of IL-2 activity is defined as the
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dilution of supernatant that caused CTLL cells to incorporate half-maximal
amounts of [3H]thymidine.
RNA preparation and Northern blotting. Total RNA was prepared from 5 3

106 to 103 106 cells by using RNA-STAT-60 (Tel-Test, Inc., Friendswood, Tex.)
according to the manufacturer’s instructions. Total RNA (10 mg) was separated
on a 0.5% formaldehyde–1.0% agarose gel in 13 MOPS buffer (4.2 g of MOPS
[morpholine propane sulfonic acid], 2.67 ml of 3 M sodium acetate, 2.0 ml of 0.5
M EDTA, 0.72 ml of 10 N NaOH) and transferred to Hybond membranes
(Amersham, Arlington Heights, Ill.) by using 203 SSC (13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate). Ethidium bromide staining of the gels was routinely
performed to ensure the integrity of the RNA. After transfer, the membrane was
cross-linked by using a UV Stratalinker (Promega). The filters were hybridized
for 2 h in QuikHyb (Stratagene) at 688C with 32P-labeled c-jun, junD, orGAPDH
probes (Prime-It II; Stratagene). The blots were washed twice in 23 SSC–0.1%
SDS at 658C for 30 min and once in 0.53 SSC–0.1% SDS at 658C for 30 min, air
dried, and autoradiographed at 2808C with Kodak X-Omat film.
Apoptosis induction. Cells (106/ml) were preincubated for 4 h in complete

medium plus 10 to 20 mCi of [3H]thymidine per ml. The cells were washed four
times in PBS and resuspended in complete medium. Fifty thousand cells per well
were plated in 96-well flat-bottomed plates in triplicate and incubated with or
without CH-11 at various concentrations. After 5 h, the cells were harvested and
incorporation of [3H]thymidine was measured. The percent specific DNA frag-
mentation was calculated as described previously (80): (M 2 E)/M 3 100, where
M is the retained label in cells cultured in medium and E is the retained label in
cells cultured under experimental conditions. In experiments using ZVAD, the
cells were preincubated for 30 min with ZVAD at various concentrations before
addition of anti-Fas. In some experiments, anti-Fas-induced JNK activity (in
vitro kinase assay) and apoptosis (DNA fragmentation, staining with fluorescein-
ated annexin V plus propidium iodide, and trypan blue exclusion) were evaluated
in parallel cultures. Apoptosis of transiently transfected Jurkat cells was deter-
mined as described previously (44). In this assay, cells are transfected with an
expression vector for the gene of interest along with a b-gal reporter plasmid that
identifies transfected cells and allows cell death to be quantitated. Briefly, Jurkat
cells were electroporated, as described above, in the presence of 15 mg of
CMV-b-gal (39) per ml plus 100 mg of either the empty pEBG vector or pEBG-
SEK1 (K3R) per ml. The transfected cells were incubated for 12 h at 378C and
then treated in duplicate with various concentrations of CH-11 for 5 h at 378C.
The cells were harvested, centrifuged in microcentrifuge tubes, and lysed in 50 ml
of buffer containing 25 mM Tris-HCl (pH 7.8), 2 mM DTT, 10% glycerol, 1 mM

EDTA, and 1% Triton X-100. Samples (20 ml) were analyzed for b-gal activity
as described previously (31). The percent specific cytotoxicity was calculated with
the formula (M 2 E)/M 3 100, where M is the b-gal activity in cells cultured in
medium alone and E is the b-gal activity in cells cultured under experimental
conditions.
In vitro kinase assays. The solid-phase JNK assays were carried out by using

a GST–c-Jun(1-79) fusion protein coupled to glutathione beads as a substrate.
Briefly, to measure JNK activity in cell lysates, 106 cells were incubated for
various periods of time with various stimuli and then lysed in lysis buffer (25 mM
HEPES [pH 7.5], 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton
X-100, 0.5 mM DTT, 20 mM b-glycerophosphate, 0.1 mM Na3VO4, 2 mg of
leupeptin per ml, 1 mM PMSF). Fifty micrograms of cellular extract was mixed
with glutathione-agarose beads to which 10 mg GST–c-Jun(1-79) was bound.
After incubation at 48C for 3 h, the beads were washed three times with PBS
containing 1% Nonidet P-40 and 2 mM vanadate, once with 100 mM Tris (pH
7.5) and 0.5 M LiCl, and once with final wash buffer (12.5 mM MOPS [pH 7.5],
12.5 mM b-glycerophosphate, 7.5 mM MgCl2, 0.5 mM EGTA, 0.5 mM NaF, 0.5
mM Na3VO4). The beads were then incubated in kinase reaction buffer (12.5
mM MOPS [pH 7.5], 12.5 mM b-glycerophosphate, 7.5 mM MgCl2, 0.5 mM
EGTA, 0.5 mM NaF, 0.5 mM Na3VO4, 20 mM ATP, 3.3 mM DTT) containing
1 mCi of [g-32P]ATP at 308C for 30 min. The reaction was terminated by addition
of 10 ml of Laemmli buffer, and the phosphorylated proteins were resolved by
SDS-PAGE and visualized by autoradiography. For the immune complex JNK1
assay, 53 106 cells were incubated for 90 min with various stimuli. The cells were
then collected and lysed in lysis buffer plus 0.1% SDS, 0.5% Na deoxycholate,
and 1% Triton X-100. The supernatants were first immunoprecipitated with
normal rabbit antiserum followed by protein A-Sepharose (Zymed, San Fran-
cisco, Calif.) and then immunoprecipitated with anti-JNK1 antibody (C-17; Santa
Cruz Biotechnology, Inc.), followed by protein A-Sepharose (Zymed). Washed
immunoprecipitates were resuspended in 30 ml of kinase buffer (12.5 mMMOPS
[pH 7.5], 12.5 mM b-glycerophosphate, 7.5 mM MgCl2, 0.5 mM EGTA, 0.5 mM
NaF, 0.5 mM Na3VO4, 3.3 mM DTT, 20 mM cold ATP) containing 2 mg of
GST–c-Jun(1-79) and 1 mCi of [g-32P]ATP. Samples were incubated at 308C for
30 min, and the reaction was terminated by adding 10 ml of Laemmli buffer. The
samples were separated by SDS–12% PAGE followed by autoradiography. For
some experiments, phosphorimaging studies were carried out on the original gels
with a Personal PhosphorImager SI from Molecular Dynamics.

FIG. 1. Characteristics of JNK activation in Jurkat cells by signaling via Fas.
(A) Dose-response analysis. One million Jurkat cells per sample were incubated
for 90 min with the indicated concentrations of anti-Fas (CH-11). Cell lysates
were prepared and assayed for kinase activity with GST–c-Jun(1-79) or the GST
protein alone as the substrate. The results shown here are representative of eight
independent experiments. (B) Kinetic analysis. One million Jurkat cells per
sample were incubated with 100 ng of CH-11 per ml for the indicated times. Cell
lysates were prepared and assayed for kinase activity with GST–c-Jun(1-79) or
the GST protein alone as the substrate. Similar results were obtained in five
independent experiments. (C) JNK immune complex kinase assay. Five million
Jurkat cells were incubated with medium alone, PMA (10 ng/ml) plus ionomycin
(0.5 mg/ml), or the indicated amounts of CH-11 for 90 min. The cells were lysed,
and the lysates were precleared with normal rabbit antiserum; these pellets were
saved for the antibody control. The supernatants were then immunoprecipitated
with a JNK-specific antibody. All immunoprecipitated samples were assayed for
kinase activity with either GST–c-Jun(1-79) or GST alone as the substrate. Only
activity precipitated with the anti-JNK antiserum and assayed with the GST–c-
Jun(1-79) substrate is shown. Similar results were obtained in three independent
experiments. Numbers on the left are molecular masses in kilodaltons.
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RESULTS

Activation of JNK by Fas ligation. Given that JNK activity is
increased in some forms of apoptosis (78) and that Fas has
been reported to activate Ras (23), the question of whether
signaling via Fas results in the activation of JNK was ad-
dressed. Jurkat cells were cultured in medium or with increas-
ing concentrations of CH-11, an anti-Fas antibody that induces
apoptosis, and after 90 min cell lysates were prepared. The
lysates were assayed for NH2-terminal JNK activity with either
an NH2-terminal (residues 1 to 79) cJun-GST fusion protein or
GST alone as the substrate (Fig. 1A). There was a small
amount of baseline activity in unstimulated cells that was de-
tectably greater after stimulation with 10 ng of CH-11 per ml,
a concentration that induces apoptosis (see Fig. 9), and
reached a plateau at 100 to 300 ng/ml. The kinase activity was
specific for the NH2-terminal portion of cJun in that no phos-
phorylation of the GST protein alone could be detected, even
at 1,000 ng of anti-Fas antibody per ml. In two independent
experiments in which JNK activity was quantitated with a
PhosphorImager, the maximal induction was found to be 15-
and 24-fold over that with medium alone. Activation of JNK
was a relatively late event after Fas ligation, not being detected
until 60 min after stimulation and reaching a plateau at ap-
proximately 90 min (Fig. 1B).
To determine if the phosphorylation of the GST–c-Jun(1-

79) substrate accurately reflected the activity of established
JNKs, an immune complex kinase assay was performed. Jurkat
T cells were cultured in medium alone, stimulated with PMA
plus the Ca21 ionophore ionomycin, or stimulated with various
amounts of anti-Fas. After 90 min, the cells were lysed, the
lysates were immunoprecipitated with a nonspecific rabbit an-
tiserum followed by an anti-JNK antiserum, and the beads
were incubated with either GST–c-Jun(1-79) or GST alone in
the presence of [g-32P]ATP (Fig. 1C). As with cell lysates,
immunoprecipitated JNK had a small amount of activity when
isolated from cells cultured in medium alone, and this activity
was enhanced by stimulation with PMA plus ionomycin. Anti-
Fas readily induced JNK activity; a small increase was detected
at 10 ng/ml, a concentration that causes substantial cell death,
and very large increases were detected at 100 and 1,000 ng/ml.
This assay was specific, since no activity was immunoprecipi-
tated by an irrelevant rabbit antiserum, and no activity was
detected in the anti-JNK immunoprecipitate assayed with GST
protein as the substrate (data not shown). Thus, ligation of Fas
results in the activation of JNK.
Fas ligation does not induce AP-1 activity. Several ap-

proaches were taken to determine if activation of JNK resulted
in enhanced AP-1 activity. AP-1 was detected by its ability to
shift a TRE-containing oligonucleotide in an EMSA. Nuclear
extracts from Jurkat cell nuclei cultured in medium alone
yielded a single band (Fig. 2). As shown below, this band was
specifically competed by an unlabeled TRE-containing oligo-
nucleotide. As expected, AP-1 binding was induced by PMA
plus ionomycin. However, at 30 ng/ml, a concentration that is
maximally effective at inducing apoptosis, anti-Fas had no ef-
fect on AP-1 activity in Jurkat cells. In fact, no induction of
AP-1 could be detected even at a CH-11 concentration of 1,000
ng/ml (data not shown). To address the possibility that the gel
shift analysis was not sensitive enough to detect induction of a
small amount of AP-1, Jurkat cells that stably express a TRE-
luciferase reporter were stimulated with PMA or various
amounts of anti-Fas antibody for 2 h, and TRE-reporter activ-
ity was determined (Fig. 3). As expected, PMA caused a dose-
dependent increase in TRE-regulated reporter activity. How-
ever, despite the greatly enhanced levels of JNK activity

induced by anti-Fas, stimulation with this antibody caused no
induction of luciferase activity even at very high concentra-
tions. Anti-Fas did not have a negative effect on the TRE-Luc
reporter itself, since luciferase induction by PMA was not
inhibited by coculture with 100 ng of CH-11 per ml (data not
shown). Therefore, despite activating JNK, anti-Fas does not
cause a detectable increase in AP-1 activity.
Expression of dominant negative cJun in Jurkat cells. Al-

though it appeared that Fas engagement does not lead to
appreciable AP-1 induction in Jurkat cells, it is still possible
that low levels of AP-1 induction, or even basal activity, are
required for Fas-mediated killing. To address this, we used a
dominant negative cJun to inhibit formation of active AP-1 and
to determine whether this inhibition would interfere with Fas-
induced apoptosis. TAM-67 is a variant of cJun in which amino
acids 3 to 122 have been deleted (1, 12). The resulting 28-kDa
protein dimerizes and binds DNA but lacks the transactivation
domain. Jurkat cells were transfected with a cDNA expression
vector encoding the TAM-67 protein. Multiple independent
G418-resistant clones were screened for expression of TAM-67
by immunoblotting nuclear extracts with an antiserum that
recognizes the DNA-binding region of cJun, and which there-
fore binds both cJun and TAM-67. As shown in Fig. 4, a
28-kDa protein was detected in two independent transfectants,
J-TAM1 and J-TAM9. Another transfectant, J-neo, was G418
resistant but did not express TAM-67 protein. In J-TAM1 and
J-TAM9, TAM-67 was greatly overexpressed compared to en-
dogenous cJun, to the extent that endogenous cJun, which
migrates with a molecular mass of 39 kDa, cannot be seen in
Fig. 4, although it could be detected in prolonged exposures of
the film (data not shown). In multiple analyses, J-TAM9 cells

FIG. 2. Anti-Fas does not induce AP-1 in Jurkat cells. Cells were incubated
with medium alone, 30 ng of anti-Fas per ml, or 10 ng of PMA per ml plus 0.5
mg of ionomycin per ml for 75 min prior to the preparation of nuclear protein
extracts. EMSAs with labeled oligonucleotides containing the binding site for
AP-1 were performed.
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were found to express TAM-67 protein at a higher level (ca.
twofold) than J-TAM1 cells. Densitometric analysis revealed
that the level of TAM-67 in these transfectants was 20-fold
higher than that of endogenous cJun (data not shown).
AP-1 DNA-binding complexes in TAM-671 and TAM-672

Jurkat cells. TAM-67 protein produced by in vitro transcrip-
tion and translation dimerizes with normal Jun and Fos and
binds DNA (12). EMSAs with the consensus AP-1 site were
performed to determine what kind of DNA-binding molecular
complexes form in T cells that express TAM-67 (Fig. 5). Nu-
clear protein extracts from unstimulated J-neo cells were as-
sayed in the cold to enhance Jun:Jun dimerization and yielded
one major AP-1-binding complex (Fig. 5, lane 1). The mobility
of this band was not altered by incubation with an excess of a
nonspecific oligonucleotide (lane 3) but was eliminated by in-
cubation with an excess of unlabeled AP-1 oligonucleotide
(lane 5). Since unactivated Jurkat cells do not express detect-
able Fos mRNA or protein (reference 2 and our unpublished
observation) and since we did not observe any alteration in the
gel shift pattern after incubation with anti-Fos antibody (data
not shown), this complex likely represents a Jun dimer. Gel
shift analysis performed with nuclear lysates from J-TAM1
cells yielded a very different pattern, showing two major bands
with mobilities different from that obtained with nuclear ly-
sates from J-neo cells (Fig. 5, lane 2). The binding of these
complexes to the AP-1 consensus site was specific, as shown by
competition studies performed with unlabeled nonspecific
(lane 4) and specific (land 6) oligonucleotides. Similar results
were obtained with J-TAM9 (data not shown).
Antisera that recognize different components of the AP-1

complex were used to further characterize the nature of the
DNA-binding proteins. All of the complexes contained a Jun
family member (or TAM-67) as shown by incubation with a
pan-anti-Jun antibody (Fig. 5, lanes 7 and 8). Additionally, the
AP-1 complex from J-neo cells, as well as the slower-migrating
complex from J-TAM1 cells, appeared to contain JunB, since
a JunB-specific antiserum caused a diminution of intensity of
the original bands and the appearance of supershifted bands

(Fig. 5, lanes 9 and 10). Anti-Fos, anti-JunD, and anti-NFATp
antibodies had no effect on the gel shift pattern (data not
shown and Fig. 5, lanes 11 and 12), indicating that in unacti-
vated Jurkat cells these proteins do not contribute to the AP-
1-binding complex. Thus, the expression of TAM-67 resulted
in the formation of altered AP-1 complexes, with the faster-
migrating complex most likely representing a cJun:TAM-67 or
a TAM-67:TAM-67 dimer. As all antibodies that recognize
TAM-67 also recognize endogenous cJun, these possibilities
cannot be distinguished by supershift analysis. However, if the
complex were solely a TAM-67 homodimer, a more intense
band might be expected, implying that this faster-migrating
band probably consists of a TAM-67:cJun heterodimer. The
composition of the slower-migrating complex is unknown, but
based upon the effect of the protein-specific antisera, at least a
portion of it appears to contain JunB.
TAM-67 inhibits induction of endogenous cJun. c-jun, which

has nonconsensus TRE sites at positions 270 and 2185 of its
promoter, is positively regulated by AP-1 that is induced by
T-cell activation or stimulation with phorbol esters (2, 28).
Since an increase in AP-1 activity is essential for full induction
of c-jun transcription following T-cell activation (3), we ana-

FIG. 3. Anti-Fas does not increase transcription of an AP-1-regulated re-
porter. J-TRE-luciferase cells were incubated at a concentration of 106 cells/ml
in complete medium with or without the indicated stimuli. After 2 h, the cells
were harvested and lysed, and equal amounts of protein from each sample were
assayed for luciferase activity. The standard deviations for duplicate cultures are
shown. Similar results were obtained in six independent experiments.

FIG. 4. Constitutive expression of TAM-67 in two stably transfected Jurkat
cell lines, J-TAM9 and J-TAM1. Immunoblotting of nuclear proteins was per-
formed with an anti-Jun antibody. Numbers on the left are molecular masses in
kilodaltons.

FIG. 5. EMSA of the consensus AP-1 site reveals an altered AP-1 binding
pattern. EMSAs with nuclear extracts from unstimulated J-neo or J-TAM1 cell
are shown. Unlabeled oligonucleotides bearing the Sp-1-binding site (lanes 3 and
4) or the AP-1-binding site (lanes 5 and 6) were added as nonspecific and specific
competitors, respectively, at a 50-fold molar excess. For supershifting, binding
reaction mixtures were preincubated with a pan-anti-Jun antibody (lanes 7 and
8), a specific anti-JunB antibody (lanes 9 and 10), or a specific anti-JunD anti-
body (lanes 11 and 12).
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lyzed the induction of c-junmRNA levels in normal and TAM-
67-expressing cells. Stimulation of J-neo cells with PMA
caused an increase of c-jun mRNA within 30 min (data not
shown) that peaked 2 h after activation (Fig. 6). In contrast,
stimulation with PMA caused a much smaller increase in c-jun
mRNA in J-TAM1 cells. The inhibition of c-jun mRNA up-
regulation was reflected in the induction of cJun protein (Fig.
7). Treatment of J-neo cells with PMA caused cJun levels to
increase within 60 min, reaching a plateau at 2 to 4 h. Treat-
ment of J-TAM1 cells (Fig. 7) and J-TAM9 cells (data not
shown) with PMA also caused an increase in cJun expression
with kinetics similar to that for J-neo cells, but the levels
achieved were much lower. The expression of TAM-67 protein
itself was unaffected by stimulation with phorbol ester. Thus,
dominant negative cJun prevents the AP-1-dependent upregu-
lation of c-jun.
Stable expression of dominant negative cJun blocks AP-1-

and NFAT-dependent gene transactivation. The functional ef-
fects of TAM-67 on AP-1- and NFAT-dependent gene trans-
activation were determined. Jurkat cells were transiently trans-
fected with reporter constructs consisting of the luciferase gene
under the control of either AP-1 (Fig. 8A) or NFAT (Fig. 8B)
responsive elements. Stimulation of J-neo cells with PMA re-
sulted in up to a 160-fold increase in AP-1 reporter activity.
Expression of TAM-67 resulted in a substantially decreased
response in both J-TAM1 and J-TAM9 cells. Likewise, NFAT,
whose induction requires a Ca21 ionophore in addition to
phorbol ester (30, 43, 51), was induced poorly in these cells.
The relative levels of inhibition tended to correlate with
TAM-67 expression, with slightly greater inhibition in J-TAM9
cells than in J-TAM1 cells. Since AP-1 and NFAT are both

involved in activation-induced IL-2 production, Jurkat cells
with or without TAM-67 were stimulated and IL-2 production
was measured (Fig. 8C). Neither PMA nor ionomycin alone
caused J-neo cells to produce IL-2, but cells stimulated with
the combination secreted IL-2. Expression of TAM-67 mark-
edly inhibited IL-2 production, as J-TAM1 and J-TAM9 se-
creted only 15 and 7% of the IL-2 made by J-neo cells, respec-
tively. Thus, stable expression of TAM-67 in Jurkat T cells
inhibits AP-1- and NFAT-dependent gene transactivation.
Effect of TAM-67 on Fas-mediated apoptosis. Since TAM-67

prevents AP-1 and NFAT induction by a strong stimulus (PMA
plus a Ca21 ionophore), we asked if it would have any effect on
apoptosis of Jurkat cells. Cell surface staining revealed equiv-
alent levels of Fas on J-neo, J-TAM1, and J-TAM9 cells (data
not shown). J-neo cells incubated with anti-Fas underwent
apoptosis in a dose-dependent fashion, with death of approx-
imately 50% of the cells at 5 h with antibody concentrations of
1 to 50 ng/ml (Fig. 9). There was no difference in the dose-
response curves of J-neo cells and TAM-67-expressing cells.
Therefore, despite activating JNK, Fas stimulation neither ac-
tivates nor requires AP-1 to induce apoptotic death in Jurkat
cells.
Inhibition of JNK activity with dominant negative SEK1

does not inhibit Fas-mediated apoptosis. Although we were
unable to detect any increase in AP-1 activity, or any depen-
dence of apoptosis on AP-1 function, in Fas-activated Jurkat
cells, it is possible that JNK might play a role in apoptosis via
a nontranscriptional mechanism. To address this, we at-
tempted to inhibit JNK activity in Jurkat cells by expression of
a dominant negative form of SEK1, the kinase that activates
JNK (57). The plasmid pEBG-SEK1 (K3R) encodes a variant
of the wild-type gene in which a single point mutation results in
a lysine-to-arginine substitution at position 129, abrogating
enzymatic activity, and expression of this molecule prevents the
activation of JNK in a dominant negative fashion (57). To
determine if SEK1 (K3R) prevented Fas-dependent JNK ac-
tivation, Jurkat cells were transfected with a plasmid encoding
IL-2Ra chain with either the empty pEBG vector or pEBG-
SEK1 (K3R). Successfully transfected cells were isolated with
magnetic beads coated with anti-IL-2Ra antibodies. Cells that
bound (expressing dominant negative SEK1) and that did not
bind (not expressing dominant negative SEK1) to the beads
were assayed for JNK activity after being cultured in medium
alone or with CH-11 (1,000 ng/ml). As shown in Fig. 10A, Fas
induced JNK activity in Jurkat cells that had been electropo-
rated in the presence of pcI Tac and the control pEBG plasmid
or the pEBG-SEK1 (K3R) plasmid but did not bind the
anti-IL-2Ra beads (i.e., nontransfected cells). In Jurkat cells

FIG. 6. Expression of TAM-67 hinders induction of c-jun RNA. RNA was
isolated from J-neo and J-TAM1 cells stimulated with 10 ng of PMA per ml for
the indicated periods of time, and blots were prepared and hybridized with a
c-jun-specific probe. ns, nonstimulated cells.

FIG. 7. TAM-67 expression inhibits induction of cJun protein. Cells were stimulated with PMA and ionomycin for the indicated times, after which nuclear extracts
were prepared and subjected to immunoblot analysis with a cJun-specific antibody. Nonstimulated cells (ns) were collected at 4 h.
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from the same electroporations that did bind to anti-IL-2Ra
beads, anti-Fas induced JNK activity in cells that received the
empty vector. In contrast, anti-Fas failed to induce JNK activ-
ity in cells that had been transfected with dominant negative
SEK1. Similar results were obtained in four independent ex-
periments. Therefore, the dominant negative SEK1 was able to
prevent induction of JNK activity by anti-Fas in Jurkat cells.
To determine what effect inhibition of Fas-induced JNK

activity might have on apoptosis, the death of similarly trans-
fected Jurkat cells stimulated with anti-Fas was assessed. This
was done by transfecting Jurkat cells with a plasmid encoding
b-gal plus the empty pEBG vector or the pEBG-SEK1 (K3R)
vector. After 12 h the cells were cultured for an additional 5 h
in the absence or presence of CH-11, and the percent specific
cytotoxicity was determined as described previously (44). As
shown for one representative experiment of seven (Fig. 10B),
anti-Fas induced cell death in a dose-responsive manner. Im-
portantly, the sensitivity of transfected Jurkat cells to Fas-
mediated killing was the same in cells transfected with domi-
nant negative SEK1 as in those that received the vector

control. These results demonstrate that Fas-induced killing can
occur in the absence of JNK activation.
Prevention of apoptosis and JNK activation. JNKs are also

known as stress-activated protein kinases because they are
activated by environmental stress. Since JNK activation is a
rather late response after Fas cross-linking, we considered the
possibility that JNK activation is a response to, rather than a
cause of, apoptosis. To test this, Jurkat cells were stimulated
for 90 min with anti-Fas antibodies in the absence or presence
of ZVAD, an ICE-like protease inhibitor that prevents the
activation of a Fas-induced protease as well as apoptosis and
ceramide production caused by REAPER (54, 61). Apoptosis
was measured with fluoresceinated annexin V, a protein that
binds with affinity to phosphotidylserine moieties exposed on
the surface of apoptotic cells, which has been found to be an
early indicator of apoptosis (42). At CH-11 concentrations of
30 and 100 ng/ml, approximately 80% of the cells bound an-
nexin V (Fig. 11). The large majority (85 to 90%) of these cells
still excluded propidium iodide, indicating that they were via-
ble at this time. ZVAD completely inhibited apoptosis as
judged by binding of annexin V (Fig. 11A) and DNA fragmen-
tation measured in parallel cultures (Fig. 11B). Consistent with
recent reports (62), a related compound, the ICE inhibitor
YVAD, had no effect on Fas-induced apoptosis. Both concen-
trations of CH-11 induced JNK activity (Fig. 11C). While
YVAD had no effect, ZVAD completely prevented the JNK
activity caused by 30 ng of CH-11 per ml. In contrast, although
ZVAD prevented cell death at 100 ng of CH-11 per ml as well
as it did at 30 ng/ml, it had little or no effect on JNK activity at
100 ng of CH-11 per ml. These data are representative of four
independent experiments. We conclude that at relatively low
levels of Fas cross-linking, which are nonetheless sufficient for

FIG. 8. Stable expression of TAM-67 renders Jurkat cells less responsive to
activation stimuli. (A) Cells were transfected with an AP-1 luciferase reporter
construct and stimulated with the indicated concentrations of PMA for 6 h
before being harvested. (B) Cells were transfected with an NFAT luciferase
reporter and stimulated with PMA (10 ng/ml) and the indicated concentrations
of ionomycin for 6 h before being harvested. (C) Stably transfected J-neo,
J-TAM1, and J-TAM9 cells were stimulated with PMA (10 ng/ml), ionomycin
(Iono) (0.5 mg/ml), or both for 18 h. Supernatants were collected and assayed for
IL-2. The results shown are representative of at least three independent exper-
iments each.
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induction of death, inhibition of apoptosis prevents JNK acti-
vation. At “supraphysiologic” levels of Fas cross-linking, how-
ever, JNK may be directly activated.

DISCUSSION

AP-1 is a ubiquitous transcription factor that binds specific
DNA sequences found in the enhancer/promoter regions of
many genes. AP-1 also contributes to transcriptional regulation
by complexing with NFATp/c/x, Oct-1, NF-kB p65, and Ets
family members (7, 67, 74). AP-1 and NFAT are distal com-
ponents of the Ras signaling pathway (6, 27, 29, 64). Activation
of Ras, a small GTP-binding protein, results in a cascade of
events that begins with the activation of the Raf serine/threo-
nine kinase (40). Raf phosphorylates and activates MAPK
kinase (MEK), which in turn activates the ERK1 and ERK2
kinases. A parallel Ras-activated pathway induces MEK kinase
(MEKK) activity, which causes the phosphorylation and acti-
vation of a family of kinases known as MEK/stress-induced
ERK kinase (MEK/SEK) and results in the phosphorylation
and activation of JNK (19, 38, 47, 63). In some cell lines JNK
activity can be induced via a Ras-independent pathway, utiliz-
ing instead other small GTP-binding proteins, Rac1 and cdc42,
to activate MEKK activity (16), while in others these Rho
subfamily GTPases appear to serve as an intermediary between
Ras and MEKK in the signaling cascade (46). JNK in turn
activates cJun by phosphorylation of two serine residues in its
amino terminus (48). Ras-dependent kinase activation also
results in increased transcription of both c-jun and c-fos (64,
72, 79). Thus, activation of Ras results in increased transacti-
vation activity of previously synthesized cJun as well as an
increase in the levels of AP-1 components.
A number of studies have implicated Ras, JNK, and AP-1 in

signaling for apoptosis. For example, withdrawal of NGF from
PC-12 pheochromocytoma cells resulted in increased JNK ac-
tivity followed by apoptotic death (78). The apoptosis was
prevented by expression of TAM-67, suggesting a role for AP-1

in this process. Furthermore, expression of MEKK, which ac-
tivates JNK, resulted in the apoptotic death of fibroblasts,
suggesting that under some circumstances JNK signaling alone
might be sufficient to cause cell death (32). In other studies it
has been shown that ceramides, which are generated at the
plasma membrane by the action of sphingomyelinases, activate
MAPK and JNK and induce apoptosis in a variety of cells (55,
76). In one study using HL-60 cells, pharmacologic inhibition
of AP-1 activity or treatment with c-jun antisense oligonucle-
otides prevented ceramide-induced apoptosis (60). It has re-
cently been reported that stress-inducing stimuli (ceramides,
X-rays, UV light, and TNF-a) also induce JNK activity in U937
monoblastic leukemia and bovine aortic endothelial cells and
that dominant negative SEK1 (which inhibits JNK activity) and
TAM-67 prevent apoptosis (75). How JNK and cjun partici-
pate in these forms of apoptosis is not clear, since the death of
these cells, just as for Fas-induced apoptosis (20), is not pre-
vented by inhibitors of RNA or protein synthesis (41). It was

FIG. 9. TAM-67 expression does not alter Fas-mediated death in Jurkat
cells. Cells labeled with [3H]thymidine were incubated for 5 h with the indicated
concentrations of anti-human Fas IgM. Samples were harvested, and the percent
specific DNA fragmentation compared to that of untreated samples is shown.
The data shown are representative of six independent experiments.

FIG. 10. Inhibition of JNK activity does not diminish Fas-mediated cytotox-
icity. (A) Jurkat cells were electroporated in the presence of pcI Tac plus the
empty pEBG vector (V) or pEBG-SEK1 (K3R). After 14 h, the cells were
allowed to adhere to magnetic beads coated with anti-IL-2Ra antibodies for 60
min. After separation, equal numbers of adherent (positively selected) and non-
adherent (negatively selected) cells were cultured for 60 min in medium alone or
with CH-11 (1,000 ng/ml). Cell lysates were prepared, and JNK activity was
measured. (B) Jurkat cells were electroporated in the presence of CMV-b-gal
plus empty pEBG or pEBG-SEK1 (K3R). After 12 h, the cells were cultured in
medium alone or with the indicated concentrations of CH-11. After 5 h, b-gal
activity was measured and the percent specific cytotoxicity was determined as
described in Materials and Methods. The error bars represent the standard
deviations from duplicate samples.
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suggested that because of the well-described ability of AP-1 to
bind to other regulatory molecules, cJun might participate in
apoptosis by regulating the function of as-yet-unknown pro-
teins involved in this response (75). Fas cross-linking also re-
sults in the production of ceramides, and it has been reported
that signaling via Fas in Jurkat cells results in the activation of
Ras and that this is a critical step in the process leading to cell
death (23). In the present study, we investigated the conse-
quences of Fas signaling for JNK and AP-1 activation. Fas
ligation did cause a large increase in JNK activity. It is likely,
however, that this is not a simple response to Ras activation.
First, the kinetics of JNK activation are delayed, occurring at
60 to 90 min after cross-linking of Fas. This is in contrast to
JNK induction in fibroblasts or epithelial cells by epidermal
growth factor, UV irradiation, or TNF, which occurs within 15
min (48). We have also found that ceramide induction of JNK
in Jurkat cells is already at plateau levels by 15 min (our
unpublished observation). Another study recently reported
that treatment of Jurkat cells with CH-11, at a concentration of
2,000 ng/ml, induced detectable JNK activity 10 min after stim-
ulation (35). We have also been able to detect JNK activity 10
min after stimulation with very high concentrations of CH-11
(1,000 to 2,000 ng/ml) (data not shown), although as shown in
Fig. 1B, 60 to 90 min is required with CH-11 concentrations of
30 to 100 ng/ml. Since in Jurkat cells the concentration of
CH-11 required to cause early JNK activation is approximately
100-fold greater than that required to achieve apoptosis (Fig.
9), whether this finding has biological significance is unclear.

Second, JNKs are also known as stress-activated protein ki-
nases because they are induced under conditions of environ-
mental stress or exposure to proinflammatory cytokines (18).
Since Fas cross-linking causes cell death, we considered the
possibility that JNK activation was not a direct response to Fas
ligation but rather was a response to the stress of apoptosis.
Consistent with this, expression of dominant negative SEK1
did not inhibit Fas-induced apoptosis, and a protease inhibitor
that completely inhibited apoptosis caused by 30 ng of CH-11
per ml also prevented the upregulation of JNK activity. These
results support the hypothesis that it is cell death, not direct
signaling via Fas, that induces JNK activity under these condi-
tions. Interestingly, despite inhibiting apoptosis, ZVAD did
not prevent JNK activation when higher concentrations of
CH-11 were used. It is possible, therefore, that extensive liga-
tion of Fas may induce JNK activity, although with relatively
delayed kinetics. Since 30 and 100 ng of CH-11 per ml induced
apoptosis to an equivalent degree, the physiologic significance
of inducing JNK activity at high levels of Fas cross-linking is
unknown.
Despite elevation of JNK activity, at no concentration did

anti-Fas induce a detectable increase in AP-1 activity. The
failure to detect an increase in AP-1 binding by gel shift was
confirmed with a sensitive assay using an AP-1-responsive re-
porter construct. The reason for the dichotomy between JNK
and AP-1 activation is not clear, but there are several interest-
ing possibilities. First, it is possible that c-fos is not induced by
signaling via Fas. In T cells, JNK and ERK appear to have

FIG. 11. Inhibition of Fas-induced apoptosis and JNK activity. (A and B)
Induction of apoptosis by anti-Fas antibodies. Jurkat cells that had been prein-
cubated with medium or labeled with [3H]thymidine were incubated with me-
dium alone, 20 mM ZVAD, or 20 mM YVAD with 30 or 100 ng of CH-11 per ml
for 90 min. At that time the cells were stained with fluoresceinated annexin V (A)
or were harvested for measurement of [3H]thymidine incorporation (B). The
percentage of annexin V-positive cells (A) or percent specific DNA fragmenta-
tion (B) is shown. The standard errors of the means for percent specific DNA
fragmentation were always,5%. (C) JNK activation by anti-Fas stimulation. An
aliquot of the same cells analyzed for panel A was lysed, and JNK activity was
assayed with GST–c-Jun(1-79) as the substrate.
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different requirements for activation, since while phorbol ester
is sufficient to activate the latter, activation of JNK requires
calcium ionophore as an additional stimulus (68). We are cur-
rently exploring the regulation of c-fos in Fas-stimulated cells.
Second, AP-1 activity is regulated both positively and nega-
tively by serine/threonine phosphorylation (11). Thus, if Fas
induces JNK to phosphorylate the activating cJun NH2-termi-
nal residues without dephosphorylation of the negative regu-
latory residues (37), there may be no increase in AP-1 activity.
Third, the activity of AP-1 can be inhibited by its interactions
with other proteins, such as the glucocorticoid receptor, the
retinoic acid receptor, and the adenovirus E1-A protein (3, 53).
In addition, AP-1 activity is downregulated by binding to its
inhibitory protein, IP-1, a protein whose function is reversibly
regulated by phosphorylation (4, 5). In unactivated cells, un-
phosphorylated IP-1 associates with Fos and Jun; after phos-
phorylation by activated protein kinase A, IP-1 releases Fos
and Jun so they may bind DNA and function as transactivators.
It is possible that while signaling via Fas induces JNK activity,
it also promotes an interaction between AP-1 and one or more
molecules that inhibit its biological activity, a possibility that is
currently being explored.
A dominant negative approach was used to test the possi-

bility that AP-1, perhaps at constitutive levels, was involved in
Fas-mediated apoptosis. To disable all AP-1-containing tran-
scription factors, a dominant negative cJun was stably intro-
duced into Jurkat T cells. TAM-67 binds both Jun and Fos
family members and functionally inactivates AP-1 and NFAT
(12, 52). TAM-67 has been shown to block TPA/Ras-depen-
dent transformation of embryonal cells (1, 12) and the tumor-
igenicity of an epidermal cell line (21), and it inhibited apo-
ptosis of PC-12 cells deprived of NGF (78). Although cJun can
bind to Oct-1 and NF-kB p65 in vitro (67, 74) and NF-kB
activation of the human immunodeficiency virus long terminal
repeat is inhibited by antisense c-jun (67), the activity of these
transcription factors is not inhibited by TAM-67 in Jurkat cells
(52). Since TAM-67 retains the cJun DNA-binding domain, it
has the potential to cause molecular interference via two dif-
ferent mechanisms: (i) homodimerization and direct competi-
tion with endogenous AP-1 for DNA binding or (ii) het-
erodimerization with endogenous Fos and/or Jun family
members and quenching of their transactivational activity. For
TAM-67, the latter appears to be the predominant mechanism,
since a TAM-67/GCN4 chimera, which can only homodimerize
and thus can act only by blocking AP-1-binding sites, did not
inhibit AP-1 gene transactivation, while a TAM-67/Fos chi-
mera, which retains the ability to heterodimerize with cJun, did
(13). As shown in this report, TAM-67 employs an additional
mechanism to inhibit AP-1 activity, in this case by preventing
the autoregulated upregulation of cJun, the most transcription-
ally active of the Jun family members. Nuclear extracts from
unstimulated TAM-67-expressing Jurkat cells yielded an AP-
1-binding complex containing JunB and a faster-migrating
complex that probably contains the smaller TAM-67 protein.
The other component of the slower-migrating complex is un-
known, and in fact it is possible that it either represents mul-
tiples of dimers due to the high levels of TAM-67 or is a
complex of TAM-67 with an Ets family member, transcription
factors recently shown to bind to Jun family members inde-
pendent of DNA binding (7). Our results differ from those
obtained with epidermal cells transfected with TAM-67, in
which no alteration in the AP-1 gel shift pattern was observed
(21). This may reflect an alteration in the regulation of AP-1
family members expressed. It has recently been reported that
developmental and/or experimentally induced programmed
cell death of neuronal cells and thymocytes occurs normally in

mice that lack c-jun, c-fos, or both (56). In this case it is
possible that other members of these complex families might
have substituted for c-jun or c-fos. Nonetheless, the results are
consistent the notion that there are pathways leading to apo-
ptosis that do not involve AP-1.
The results of this study indicate that AP-1 is neither acti-

vated by stimulation via Fas nor, unlike for TNFR-mediated
killing (75), required for Fas-mediated apoptosis in Jurkat
cells. Furthermore, JNK activation is likely to be a result,
rather than a cause, of Fas-mediated apoptosis, at least at
levels of Fas ligation that are sufficient to cause maximal levels
of apoptosis. Further studies with cells transfected with cDNAs
encoding other enzymes in the Ras signaling pathway, or their
dominant negative forms, may help in exploring what role, if
any, JNK and MAPK family members might play in Fas signal
transduction.
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ADDENDUM IN PROOF

Since the submission of this article, Wilson et al. have re-
ported that signaling via Fas induces JNK activity in T cells (D. J.
Wilson, K. A. Fortner, D. H. Lynch, R. R. Mattingly, I. G.
Macara, J. A. Posada, and R. C. Budd, Eur. J. Immunol.
26:989–994).
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