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Mouse 3T3 fibroblasts derived from fetuses lacking c-Jun were used to define an essential role of c-Jun, a
main component of the transcription factor AP-1, in the cellular response to the alkylating agent methyl
methanesulfonate (MMS). MMS represents the most potent and selective activator of the stress-induced
kinases JNK/SAPK and p38, resulting in very efficient induction of c-Jun hyperphosphorylation and c-jun
transcription. This agent induced apoptosis with high efficiency in wild-type cells but not in c-jun™'" cells.
Resistance to apoptosis was accompanied by impaired expression of CD95 ligand (CD95-L), a well-known
inducer of apoptosis. The addition of recombinant CD95-L restored apoptosis sensitivity in c-jun '~ fibro-
blasts. MMS-induced apoptosis in wild-type fibroblasts or human lymphocytes was strongly reduced by
neutralizing CD95-L antibodies or transdominant negative FADD, confirming the importance of CD95 sig-
nalling in MMS-induced apoptosis. The loss-of-function approach in fibroblasts allowed the identification and
dissection of c-Jun-dependent and -independent processes upstream or downstream of CD95 activation. We
have found that c-Jun can act as a proapoptotic regulator in cells exposed to DNA damage via induction of
CDY5-L. Once activated, CD95-induced death signalling is not affected by the loss of c-Jun, demonstrating that

only the initiation and not the execution of stress-induced apoptosis depends on c-Jun.

Mammalian cells are exposed to many environmental cues,
including chemical carcinogens, tumor promoters, and radia-
tion, that commonly induce damage to DNA. Cells respond to
these agents by activating DNA repair enzymes and other
protection functions or by inducing the apoptotic program (for
reviews, see references 16 and 28). A critical role of the tran-
scription factor AP-1 in the induction of the genetic programs
regulating cell survival and apoptosis was suggested. For ex-
ample, transcription of the members of the jun, fos, and ATF
gene families, encoding AP-1 subunits, is highly induced in
response to UV irradiation and alkylating agents. The en-
hanced de novo synthesis and the activation of preexisting and
newly synthesized proteins by phosphorylation are required for
the subsequent induction of the two main types of AP-1 target
genes: those regulated by the c-Fos—c-Jun-specific 7-bp con-
sensus AP-1 sequence 5'-TGAGTCA-3’, as found in the col-
lagenase and stromelysin genes (1, 2), and genes such as c-jun,
harboring the c-Jun—ATF-2-specific 8-bp motive sequence 5’-
TTACCTCA-3’" in the promoter (3, 9, 22, 31, 49). However,
neither the type of AP-1 target genes nor the specific function
of individual members of the Jun, Fos, and ATF families in
apoptosis and cell survival has been identified conclusively.

The best evidence for a specific function of AP-1 subunits in
the mammalian response to DNA-damaging agents was pro-
vided by fibroblasts lacking c-fos. These cells exhibited an in-
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creased rate of apoptosis and, in consequence, reduced cell
survival upon UV irradiation (44). Thus, c-Fos-regulated genes
play a role in protecting cells from the cytotoxic effects of UV
irradiation. On the other hand, the lack of c-Fos results in the
loss of light-induced apoptosis of photoreceptors in retinal
degeneration (21), demonstrating proapoptotic and antiapop-
totic functions of c-Fos, depending on the cell type and extra-
cellular stimuli. Inhibition of c-Jun either by a dominant neg-
ative mutant or by a neutralizing antibody led to reduced
apoptosis upon nerve growth factor withdrawal in rat sympa-
thetic neurons. Similarly, interference with Jun activity re-
duced apoptosis in human monoblastic leukemia cells upon
induction of stress, indicating that c-Jun is required for pro-
grammed cell death (15, 23, 52). Correspondingly, ectopic ex-
pression of c-Jun in 3T3 fibroblasts increased apoptosis (10).
The proposed role of c-Jun as a mediator of apoptosis is
further supported by recent data describing the regulation and
function of components of the mitogen-activated protein ki-
nase (MAPK) cascades regulating AP-1 activity. Two types of
MAPKSs, JNK/SAPKs and p38, as well as common upstream
kinases, including MEKK, are activated by genotoxic agents,
such as UV and the alkylating agent methyl methanesulfonate
(MMS), to phosphorylate and thereby activate transcription
factors, including c-Jun and ATF-2 (reviewed in references 30
and 40). Persistent activation of JNK/SAPKs has been shown
to induce apoptosis (11). Persistent activation of JNK/SAPKs
by dominant active MEKK-1 resulted in hyperphosphorylation
and activation of c-Jun and increased apoptosis in PC12 cells
(37). Vice versa, inhibition of INK/SAPK activity by a trans-
dominant negative mutant conferred resistance to apoptosis
induced by various genotoxic agents (57). In mice lacking the
neuron-specific JNK isoform, JNK3, stimulation of the gluta-
mate receptors does not result in excitotoxicity and apoptosis
of hippocampal neurons (56). In line with these data, neuronal
apoptosis induced by the excitatory amino acid kainate is ab-
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FIG. 1. Expression of AP-1 target genes is reduced in c-jun '~ cells. Wild-type and c-jun~/" cells were treated with TPA (100 ng/ml), UV-C (30 J/m?), or MMS
(1 mM) or left untreated (Co), and total RNA was prepared at the indicated times. Probes specific for c-jun and the collagenase gene were used for Northern blot
analysis. Levels of expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were determined as an internal control for equal loading.

sent in mice expressing a c-Jun mutant protein which contains
amino acid substitutions at the critical JNK phosphorylation
sites (8).

Despite these different lines of evidence suggesting an im-
portant role of AP-1 proteins in cell death, however, a direct
link between AP-1 activity and the induction of specific initi-
ators or executors of apoptosis has not yet been identified by
functional means. Induction of apoptosis may be initiated by
activation of the cell surface receptor CD95 through binding of
its ligand, CD95-L. The subsequent cross-linking of CD95 re-
sults in the binding of adapter molecules, such as FADD and
caspase 8, to the intracellular death domain, leading to the
activation of the death-signalling cascade (5, 20, 34, 41, 46).
Interestingly, transient transfection analyses with human T-
lymphocytes showed that the induction of CD95-L by DNA-
damaging agents depends on AP-1 and NF-«B activities (33).
Moreover, a c-Jun—-ATF-2-like binding site which mediates
transcriptional activation of CD95-L and apoptosis in lympho-
cytes upon overexpression of MEKKI was defined in the
CD95-L promoter (17).

To elucidate the specific function of c-Jun and c-Jun-regu-
lated target genes in apoptosis in response to genotoxic agents,
we used immortalized 3T3 fibroblast cell lines with a targeted
disruption of the c-jun gene (45). We analyzed the cellular
response to the monofunctional alkylating agent MMS because
it represents one of the most potent activators of c-jun tran-
scription and c-Jun or ATF-2 hyperphosphorylation (38, 50)
and the most selective inducer of the stress-induced signalling
pathways involving JNK/SAPK and p38 (38, 50, 54). We found
that c-Jun-deficient cells, in contrast to wild-type cells, failed to
induce the apoptotic program upon MMS treatment. Lack of
apoptosis was accompanied by a strongly reduced induction of
AP-1 target genes, including the CD95-L gene. Apoptosis sen-
sitivity in mutant cells could be restored upon the addition of
recombinant CD95-L, demonstrating that c-Jun is not required
for the expression and activity of downstream components of
the CD95 death-signalling cascade. Reduction of MMS-in-
duced apoptosis by dominant negative FADD or by neutraliz-
ing CD95-L antibodies further underlined the critical role of
c-Jun-dependent CD95-L expression and CD95 signalling in
the induction of apoptosis by genotoxic agents.

MATERIALS AND METHODS

Cell culture. Wild-type and c-jun '~ 3T3 fibroblasts were cultured in Dulbec-
co’s modified Eagle’s medium containing 10% fetal calf serum. The following
human cell lines (described in reference 26) were used: JURKAT (acute human
T-cell leukemia); JAPO, a JURKAT subclone resistant to antibody to APO-1
(«-APO-1); BJAB (human B lymphoma); and BJAB-FADD-DN (human B

lymphoma transfected with pcDNA3-FADD-DN). These cell lines were cultured
in RPMI medium containing 10% fetal calf serum, 100 U of penicillin per ml, 100
wg of streptomycin per ml, 25 mM HEPES, and 2 mM L-glutamine.

RNA isolation, Northern blot analysis, and Southern blot analysis. Total
RNA was prepared as described by Chomczynski and Sacchi (13). Northern blot
and Southern blot analyses were performed as previously described (44). For
the amplification of CD95-L and B-tubulin, the following primers were used:
CD95-L, 5'-CAGCAGTGCCACTTCATCTTGG-3" and 5'-TTCACTCCAGAG
ATCAGAGCGG-3' (amplified fragment, 550 bp); and B-tubulin, 5'-TCACTG
TGCCTGAACTTACC-3" and 5'-GGAACATAGCCGTAAACTGC-3" (ampli-
fied fragment, 317 bp).

Analysis of apoptosis and flow cytometry. Cells were incubated with various
doses of MMS. To measure DNA content (apoptotic nuclei), cells were har-
vested, washed with phosphate-buffered saline, and lysed in a hypotonic buffer
containing 0.1% sodium citrate, 0.1% Triton X-100, and 50 pg of propidium
iodide per ml. The fluorescence intensity of propidium iodide-stained nuclei was
determined by flow cytometry (FACScan; Becton Dickinson, Heidelberg, Ger-
many) with Cell Quest software. Segmented apoptotic nuclei were recognized by
subdiploid DNA content. Early apoptotic changes were identified by staining of
cells with fluorescein thiocyanate-conjugated annexin V (Bender, Vienna, Aus-
tria) and analysis by flow cytometry as described previously (25).

To measure the expression of CD95, cells were incubated with Jo2, an ago-
nistic antibody specific for mouse CD95 raised in hamsters (Pharmingen,
Hamburg, Germany), or nonspecific polyclonal hamster immunoglobulin G
(Pharmingen) and analyzed by flow cytometry with a fluorescein isothiocyanate-
conjugated secondary antihamster antibody.

Stimulation of cells. Recombinant CD95-L was derived from supernatants of
stably transfected 293 cells (27). Neutralizing CD95-L monoclonal antibodies
MFL3 and NOK-1 were purchased from Pharmingen. Antibody a-APO-1 was
prepared as previously described (14).

RESULTS

Reduced expression of AP-1 target genes in fibroblasts lack-
ing c-Jun. The interstitial collagenase (collagenase-3) gene and
c-jun represent the most extensively analyzed AP-1 target
genes used to measure changes in Jun- Fos- and Jun-ATF-
dependent gene expression, respectively, in response to phor-
bol esters and genotoxic agents (1, 2, 9, 29, 31, 44, 49). To
confirm the requirement of c-Jun in AP-1-dependent gene
expression, we compared the mRNA levels of both genes in
immortalized 3T3 fibroblasts derived from wild-type mouse
embryos and embryos lacking c-Jun (45) in response to well-
known inducers of AP-1 activity, such as the phorbol ester
tetradecanoyl phorbol acetate (TPA), UV, and MMS. In
c-jun~'" cells, part of the coding sequence of c-jun is replaced
by the neomycin resistance gene, yielding a c-jun—neo fusion
transcript whose expression is controlled by the intact c-jun
promoter (45 and references therein). Since previous studies
have shown that maximal induction of c-jun is reached after 45
min (for TPA and UV) (3, 47) or 2 h (for MMS) (54), RNA
was prepared at these times. In addition, RNA was prepared
6 h posttreatment, representing the time point of maximal in-
duction of collagenase (1, 19, 42). As shown in Fig. 1, the
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induction of c-jun and the collagenase gene was very efficient in
wild-type cells. Importantly, the absence of c-Jun resulted in a
decrease in basal-level expression and a strong reduction or
complete loss of induction of the c-jun and collagenase genes,
respectively (Fig. 1). Induction of the stromelysin-1 gene, rep-
resenting another c-Jun—c-Fos-regulated target gene (29, 44),
was observed in wild-type but not mutant cells (data not
shown). These data demonstrate that the induction of both
classes of c-Jun target genes regulated by either c-Jun—c-Fos or
c-Jun—ATF-2 heterodimeric complexes is greatly impaired in
c-Jun-deficient cells. Residual induction of the c-jun promoter
in mutant cells might be explained by the ability of ATF-2 (or
ATFa) homodimers to bind to the c-jun promoter and func-
tionally compensate, at least in part, for c-Jun—-ATF hetero-
dimers (50).

Reduced apoptosis of cjun~'~ fibroblasts after treatment
with MMS. Previously, we have observed reduced AP-1 DNA
binding and transactivation of AP-1 target genes in fibroblasts
lacking c-Fos, leading to increased cell death, in response to
UV irradiation (44). To analyze the consequences of defects in
c-Jun-dependent gene expression for the cellular response to
genotoxic agents, we compared the rate of MMS-induced apo-
ptosis in wild-type and c-jun~'" fibroblasts.

Apoptosis was measured by propidium iodide staining and

FIG. 2. The absence of c-Jun confers resistance to apoptosis after treatment
with MMS. (A) DNA fluorescence histograms of wild-type and c-jun~'" cells
stained with propidium iodide 24 and 48 h after treatment with 300 .M MMS.
The percentage of cells with a hypodiploid (sub-G1) DNA content indicative of
apoptosis is shown. The two horizontal bars represent apoptotic cells (M1) and
intact cells in the different phases of the cell cycle (M2). (B) Apoptosis of
MMS-treated (400 wM) wild-type (@) and c-jun~/~ (O) cells 24, 48, or 72 h
posttreatment was measured by annexin V staining and flow cytometry. Specific
apoptosis was calculated as described previously (27) (see also Fig. 4B). Each
point represents the average of three independent experiments for which the
deviation was not more than 20%.

flow cytometry. At 24 and 48 h after treatment with 300 uM
MMS, 50 and 56%, respectively, of wild-type cells showed a
hypodiploid (sub-G,) DNA content, reflecting apoptosis (Fig.
2A). Apoptosis was also induced at 200 uM MMS, although at
a lower efficiency (data not shown). Surprisingly, c-jun~'~ cells
did not exhibit a significant increase in apoptosis at 24 h (4%)
and 48 h (3%), even at 300 uM MMS (Fig. 2A). Also, at 72 h
following MMS treatment, wild-type cells showed a much
higher rate of apoptosis than c-Jun-deficient cells (data not
shown). To confirm these differences in apoptosis by an inde-
pendent assay, we measured staining of phosphatidylserine
exposed on the outer cell membrane by flow cytometry. In
agreement with the data obtained by propidium iodide incor-
poration, annexin V staining showed that at 24, 48 and 72 h
following MMS treatment, only wild-type and not mutant cells
exhibited a higher percentage of apoptosis (Fig. 2B). To rule
out the possibility that the reduced rate of proliferation of
c-jun~'" cells (45) is responsible for the reduced rate of apop-
tosis, we measured apoptosis 6 days after MMS treatment by
propidium iodine staining. At this late time point, apoptosis in
cjun~'" cells was still below the rate of apoptosis in wild-type
cells measured at any time point after MMS treatment (data
not shown). These data demonstrate that c-Jun is required for
the efficient induction of apoptosis in response to the alkylating
agent MMS.

Efficient induction of CD95-L expression by MMS in wild-
type but not in c-jun~'" cells. Recently, in lymphoid cells, the
induction of a master regulator of apoptosis, CD95-L, by
DNA-damaging agents was found to depend on the pres-
ence of both NF-kB- and AP-1-binding sites in the CD95-L
promoter (33). Having found defects in the induction of
known AP-1-target genes in c-jun~'" cells (Fig. 1), we com-
pared the expression of CD95-L in wild-type and mutant
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FIG. 3. Expression of CD95-L is impaired in c-jun '~ fibroblasts. (A) Wild-type and c-jun '~ cells were treated with 400 .M MMS, and total RNA was prepared
6 and 22 h later. The expression of CD95-L was detected by reverse transcription-PCR and quantified by Southern blotting. As an internal control, the PCR product
of B-tubulin is shown. (B) Levels of CD95 in wild-type and c-jun~/~ cells were measured by staining the cells with nonspecific hamster immunoglobulin G (—) or a
CD95-specific antibody (Jo2) (CD95) followed by flow cytometry. (C) Wild-type cells were treated with supernatant from 293 cells containing recombinant CD95-L
protein in the presence or absence of a neutralizing CD95-L antibody (NOK-1) (see also Fig. 4). After 24 or 48 h, apoptosis was measured by annexin V staining and

flow cytometry. The experiment was performed three times in duplicate, and averages (= standard deviations) are shown. The rate of apoptosis in wild-type or c-jun "~

.

cells treated with supernatant from 293 cells transfected with an empty vector was below 10% (data not shown). (D) Wild-type and c<jun /" cells were treated with
either 400 nM MMS, supernatant from 293 cells containing recombinant CD95-L protein, or both (CD95-L plus MMS). After 24 h, apoptosis was measured by annexin
V staining and flow cytometry. The experiment was performed three times in duplicate, and averages (+ standard deviations) are shown.

cells in response to MMS. For wild-type fibroblasts, we ob-
served a strong increase in CD95-L expression upon MMS
treatment (Fig. 3A) which resembled the kinetics of induc-
tion of collagenase and stromelysin, reaching maximal levels
at 6 h and returning to basal levels or below at 22 h post-
stimulation (Fig. 3A and data not shown). In contrast, basal-
level expression of CD95-L in c-jun~'~ cells was reduced,
and induction by MMS was almost completely absent (Fig.
3A). Only at late time points after MMS treatment was a
small increase observed. However, the level of CD95-L tran-
scripts in MMS-treated mutant cells was still below the basal
level seen in untreated wild-type cells (Fig. 3A). In contrast
to those of CD95-L, the levels of expression of its receptor,
CD95, were similar in wild-type and mutant cells (Fig. 3B).
These data identify the CD95-L gene as a novel c-Jun-
regulated target gene and open the possibility that the loss
of induction of this gene is responsible for the defects in
MMS-induced apoptosis in c-jun '~ cells.

Addition of exogenous CD95-L restores the apoptotic pro-
gram in cells lacking c-Jun. To analyze whether c-Jun-depen-
dent expression of CD95-L might be a rate-limiting step in
MMS-induced apoptosis that is missing in cjun'" cells, we
examined the rate of apoptosis upon the addition of recombi-
nant CD95-L protein. As shown in Fig. 3C for wild-type fibro-
blasts, apoptosis was very efficiently induced by recombinant

CD95-L. The apoptotic effect of CD95-L could be reversed by
the addition of neutralizing CD95-L antibodies, which prevent
the binding of the ligand to its receptor (Fig. 3C), demonstrat-
ing the specificity of the recombinant protein. Importantly, in
wild-type and c-jun '~ cells, the rate of apoptosis was greatly
increased with similar efficiencies after the addition of CD95-L
(Fig. 3D). These results imply that the expression or activity of
cellular components acting downstream of activated CD95 is
not significantly affected by the lack of c-Jun expression. The
induction of apoptosis in both wild-type and mutant cells was
also observed through agonistic antibody (Jo2) binding to
CD95 (data not shown). Interestingly, neither in wild-type nor
in mutant cells was CD95-induced apoptosis significantly am-
plified in the presence of MMS (Fig. 3D), suggesting that
CD95 signalling is the major pathway which mediates MMS-
induced apoptosis.

MMS-induced apoptosis can be inhibited by blocking of the
CD95 signalling pathway. The strong induction of CD95-L by
MMS in wild-type cells and the ability of recombinant CD95-L
to induce apoptosis in cjun '~ cells suggest an important role
of this protein in MMS-induced apoptosis. To confirm this
assumption, we measured the efficiency of MMS-induced apo-
ptosis in the presence of neutralizing anti-human or anti-
mouse CD95-L-specific antibodies. MMS treatment (200 or
400 wM) resulted in increased apoptosis in wild-type but not in
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mutant cells which was easily detectable by changes in cell
morphology (Fig. 4A) or differences in annexin V staining (Fig.
4B). In wild-type cells, the MMS-induced apoptosis was strong-
ly reduced by neutralizing CD95-L antibodies (Fig. 4). In line
with the lack of CD95-L expression and induction of apoptosis
in cjun~'" cells, neither untreated nor MMS-treated mutant
cells were significantly affected by neutralizing CD95-L anti-
bodies (Fig. 4).

Additional evidence for the importance of the CD95 path-
way for MMS-induced apoptosis was obtained with an acute
T-cell leukemia cell line (JURKAT) or a human B-lymphoma
cell line (BJAB). In both cell lines, apoptosis was induced by
direct triggering of CD95 with a CD95-specific agonistic anti-
body (a-APO-1) or, to a lesser extent, by MMS (Fig. 5). A
subclone of JURKAT cells that is resistant to apoptosis in-
duced by a-APO-1 exhibited a decrease in the rate of apoptosis
in response to MMS (Fig. 5). Residual apoptosis in these cells
may be explained by MMS-dependent induction of other
death-inducing ligands, such as tumor necrosis factor alpha
(TNF-o) and TNF-related apoptosis-inducing ligand (TRAIL;
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FIG. 4. MMS-induced apoptosis can be inhibited by neutralizing CD95-L
antibodies. (A) Wild-type and c-jun~'~ cells were left untreated (Co) or were
treated with 300 uM MMS in the presence or absence of a neutralizing anti—
mouse CD95-L antibody (30 pg of MFL3 per ml) (anti CD95-L). Apoptosis was
detected by microscopy. Very similar results were obtained with a neutralizing
anti-human CD95-L antibody (NOK-1). (B) Wild-type and c-jun '~ cells were
left untreated (Co) or were treated with 200 uM MMS in the presence ([J) or
absence (m) of a neutralizing CD95-L antibody (30 pg of NOK-1 per ml).
Apoptosis was measured by annexin V staining and flow cytometry. A represen-
tative of three experiments with similar outcomes is shown. The standard devi-
ation was less than 10%. When we calculated the percentage of specific apoptosis
according to the formula 100 X [(percent experimental apoptosis — percent
spontaneous apoptosis in the control/(100 — percent spontaneous apoptosis in
the control)], MMS-induced apoptosis in wild-type cells in the absence and
presence of the neutralizing antibody was 38 and 18%, respectively.

for reviews, see references 5, 34, and 41), or triggering of death
receptor-independent pathways. Correspondingly, BJAB cells
stably expressing transdominant negative FADD (12), which
blocks CD95-induced death signalling (Fig. 5), exhibited an
almost complete block of MMS-induced apoptosis (Fig. 5).

Taken together, the data obtained for different cell types
demonstrate that the binding of CD95-L to its receptor and
signalling via the CD95 pathway are essential for efficient
MMS-induced apoptosis. Thus, the absence of CD95-L induc-
tion in cjun~/ fibroblasts very likely is responsible for the
failure of these cells to undergo apoptosis.

DISCUSSION

AP-1 has been suggested to play an essential role in the
cellular responses to genotoxic agents. This role includes the
regulation of genetic programs associated with protection and
survival functions and the induction of apoptosis. Here we
have genetically defined the function of a specific subunit of
AP-1, c-Jun, in apoptosis induced by alkylating agents, such as
MMS. This class of genotoxic agents represents the most po-
tent inducer of c-jun expression and the transactivation func-
tion of c-Jun protein (38, 50, 54). Fibroblasts with a targeted
null mutation in c-jun exhibit a defect in MMS-induced apo-
ptosis. We provide different lines of evidence that this phe-
notype is due to reduced expression of a major initiator of
apoptosis, CD95-L, whereas events downstream of CD95 sig-
nalling function in a c-Jun-independent manner.

First, the expression of the CD95-L gene is highly induced by
MMS in wild-type fibroblasts but is almost completely abol-
ished in c-Jun-deficient cells, identifying the CD95-L gene as a
novel c-Jun target gene. This conclusion is in line with previous
findings showing strongly reduced CD95-L induction in cells
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FIG. 5. MMS-induced apoptosis in human T and B cells. JURKAT cells, a
resistant subclone (JAPO), B-lymphoma cells (B-CO), or B-lymphoma cells
expressing a dominant negative version of FADD (B-FADD-DN) were treated
with 400 pM MMS (B) or a CD95-specific agonistic antibody (a-APO-1; 1
wg/ml) (A). Apoptosis was measured by annexin V staining and flow cytometry
48 h following treatment. The numbers are averages of three experiments, each
performed in duplicate. Error bars show standard deviations. m, untreated cells.

expressing a c-Jun mutant protein which lacks the critical INK/
SAPK phosphorylation sites in its transactivation domain (8)
and a reduction of apoptosis and CD95-L expression in PC12
cells upon overexpression of a c-Jun mutant lacking the JNK/
SAPK phosphorylation sites (37). Second, the addition of re-
combinant CD95-L induced apoptosis with a high efficiency in
both wild-type and mutant fibroblasts. Upon binding, trimer-
ization of the receptor, CD95, is induced, leading to the re-
cruitment of adaptor molecules, such as FADD and pro-
caspase molecules. In turn, a cascade of downstream caspases
is induced, leading to degradation of chromosomal DNA and
cell death (for reviews, see references 20, 34, and 41). Obvi-
ously, c-Jun is not absolutely required for the expression and
activity of these cellular components located downstream of
CD95, because we were able to restore CD95-L-induced apo-
ptosis in mutant cells. In agreement with our findings, in
JURKAT T cells the overexpression of a dominant negative
c-Jun mutant which blocked nonselectively total AP-1 activity
interfered with AP-1-dependent gene expression but not with
CD95-induced apoptosis (36). Induction of the apoptotic pro-
gram by recombinant CD95-L demonstrates that the lack of
apoptosis in the mutant cells cannot be explained by a consti-
tutive upregulation of antiapoptotic genes. We have found the
activity of the transcription factor NF-kB, which has been
described to induce the expression of survival genes, depend-
ing on the cell type and treatment (7, 39, 48, 53), even to be
slightly reduced in c-jun~'" cells. Moreover, we did not detect
major differences in the expression of members of the Bcl-2
family in wild-type and c-jun /" cells (unpublished data).

In the presence of neutralizing CD95-L antibodies, MMS-
induced apoptosis is not completely blocked. At present, we
cannot exclude the possibility that the activation of other
death-inducing ligands, such as TRAIL and TNF-q, also con-
tributes to MMS-induced apoptosis. However, when we mea-
sured the expression of these ligands, only very low levels of
TRAIL were found in both wild-type and mutant fibroblasts,
and these were not further increased upon MMS treatment.
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Moreover, neither in wild-type nor in c-jun '~ fibroblasts was
the induction of apoptosis by recombinant TRAIL observed.
The amount of TNF-a expressed in wild-type and c-jun™'"
cells was below the level of detection, even after MMS treat-
ment (unpublished data). These data, together with the previ-
ous finding that TNF-«a treatment of embryonic fibroblasts
does not induce apoptosis (55), strongly suggest that neither
TNF-a nor TRAIL contributes to MMS-induced apoptosis in
fibroblasts. In contrast, in T (JURKAT) and B (BJAB) cell lines,
apoptosis can be efficiently induced by activation with TNF-q,
TRAIL, and CD95-L (26). We found these cells also high-
ly susceptible to MMS-induced apoptosis. Whether or not c-
Jun is required for apoptosis in these cells remains to be
determined. Nevertheless, the reduction of MMS-induced apo-
ptosis in cells expressing a dominant negative mutant of FADD
further underlines the critical role of death receptor-induced
signalling in alkylating agent-induced apoptosis, a role which is
not restricted to fibroblasts but can be extended to lymphoid
cells and most likely other cell types.

What are the mechanisms of MMS-induced expression of
CD95-L? Alkylating agents, such as MMS, are very efficient
inducers of the JNK/SAPK and p38 pathways in many cells,
including fibroblasts and JURKAT cells, but do not affect the
growth factor-induced Ras-Raf-MAPKK-MAPK pathway (50,
54; D. Wilhelm, A. Dieckmann, and P. Angel, unpublished
data). In the presence of an inhibitor of p38, MMS-induced
expression of c-jun is significantly reduced and correlates with
a reduced rate of apoptosis (I. Herr, D. Wilhelm, and P. Angel,
unpublished data). These data strongly suggest that both JNK/
SAPK and p38 MAPKSs are required for the full activation of
MMS-induced c-jun transcription and c-Jun-dependent CD95-
L expression. In fact, numerous reports describe a correlation
among JNK/SAPK activation, CD95-L expression, and the in-
duction of apoptosis (8, 18, 24, 33, 35, 56; for a review, see
reference 6).

Most likely, the critical transcription factors serving as a
substrate of JNK/SAPKSs and p38 to regulate c-jun and CD95-L
gene expression are c-Jun and ATF-2. These proteins are most
efficiently phosphorylated and, in turn, activated by alkylating
agents, and c-Jun—ATF-2 heterodimers have been identified as
binding to and activating the c-jun promoter (50). They also
bind to the CD95-L promoter to mediate the induction of
CD95-L and apoptosis in response to MEKK-1 overexpression
(17, 18). On the other hand, in the human CD95-L promoter,
NF-kB and Jun-Fos recognition sequences have been defined
as being required for induction by genotoxic agents (33). How-
ever, in contrast to c-jun, c-fos was only weakly induced by
alkylating agents (unpublished data). Treatment of cells with
activators of protein kinase C, such as the phorbol ester TPA,
which hardly activate INK/SAPK and p38 kinase activities (54)
and which induce neither CD95-L expression nor apoptosis
in wild-type or c-jun~/~ fibroblasts (A. Kolbus, 1. Herr, and
P. Angel, unpublished data) are very efficient inducers of c-fos
expression (4). These data strongly suggest that c-Jun—-ATF-2
rather than c-Jun—Fos is responsible for INK/SAPK- and p38-
mediated transcriptional activation of c-jun and, subsequently,
CD95-L in response to alkylating agents.

While INK/SAPKSs and p38 are required for the induction of
CD95-L, consensus has not been reached for the requirement
of JNK/SAPK (and p38) activation downstream of activated
death receptors. Depending on the cell type and death-induc-
ing ligand, data either supporting a function of JNK/SAPKs in
apoptosis or describing a lack of correlation between JNK
activation and cell death have been obtained. In some cases,
JNK activation even interfered with apoptosis (for a review,
see reference 6 and references therein). When we measured
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JNK/SAPK activity in wild-type and c-jun '~ cells, no induc-
tion was detectable in response to recombinant CD95-L (un-
published data). Treatment of wild-type and mutant cells with
MMS induced a characteristic transient activation of kinase
activity that was seen in other cell types (50) and that returned
to basal levels after 6 h. No additional increase in JNK activity
was observed at later time points, when CD95-L induction
reached maximal levels and apoptosis became detectable (un-
published data). These data represent another line of evidence
that INK/SAPKSs activation is required for the initial phase of
the apoptotic program in response to alkylating agents, tran-
scriptional activation of CD95-L, but is not absolutely required
for the cellular events downstream of activated CD95 leading
to cell death. In agreement with this concept, in thymocytes
from JNK2 knockout mice, apoptosis induced by an agonistic
CD9Y5 antibody is not affected (43).

In addition to MMS, we also observed an almost complete
loss of CD95-L induction in response to UV irradiation, as
measured by reverse transcription-PCR and Western blot anal-
yses. Accordingly, the rate of apoptosis is reduced in c-jun ="'~
fibroblasts, as determined by measurement of lactate dehydro-
genase release, sub-G, DNA content, and annexin V stain-
ing (unpublished data). These data are in agreement with the
reduction of UV-induced apoptosis in fibroblasts expressing a
c-Jun mutant which lacks the critical INK/SAPK phosphoryla-
tion sites (8). Interestingly, others have observed even en-
hanced rates of UV-induced apoptosis in primary fibroblasts
from c-Jun-deficient mouse embryos (55), suggesting that
c-Jun, like c-Fos (21, 44), can exhibit either proapoptotic or
antiapoptotic activities, depending on the cell type and intra-
cellular and extracellular conditions.

Most recently, c-Jun-deficient fibroblasts have been used to
establish a critical role of c-Jun in the regulation of cell pro-
liferation (32, 45, 55). Obviously, c-Jun represents an intersec-
tion of multiple pathways which regulate cell proliferation and
apoptosis, two apparently opposing phenotypes. Some of the
specificity of c-Jun function is presumably based on the choice
of the heterodimeric partner, dictating sequence specificity
and, in turn, the subset of AP-1 target genes to be addressed.
Reintroduction of c-Jun mutants that select and sequester a
preferred partner subunit (51) may help to identify subgroups
of c-Jun target genes involved in either cell growth and/or
apoptosis. A shift in the equilibrium of the expression of such
distinct classes of c-Jun target genes, in conjunction with alter-
ations in c-Jun-independent pathways, will contribute to the
decision of the cell to proliferate, to activate survival factors, or
to induce the genetic program of cell death in response to
extracellular signals, including genotoxic agents.
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